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llow enerocaptive atomion {EA} aheB neurat roprc$.ntatolls of
ths extolnal wo d k woll chanctorizsd, y6t tiutG is lnown about
how irtorocaptive attention {lAl attcrs neulat rop.oselltariom of th6
tody's intomal st.tc. WG contrasiod visuat EA against tA toward
rospintion. Visual EA modulatod stdate and oxrrastti.te corticos
and a lateral frodoDadetal "exccuiivo' nstwork. By codrait
rospiratory lA modulared 6 pqsteiLllgg4iagion sonsitive to
rosDhatory fisquoncy, consktcnt with pdmary iitcrocsdive con6x,
6nd a post€dor limbic and medial padrrat netwo*; inctudhs th6
hiptocaripus, prscrrrrs, and nidcingdato conex. tuftior dictin-
guishirC betwcon EA and lA nrtwork, ardnion-dsps tant
comoclivily analy$6s reveabd thai EA onftamod visllat conex
connoctivily wit[ rho inf€.ior padetal tofut6 ind putvinar of tb6
thalamur whib lA onhanccd insula connoctiriry with tho poctcriot
vedomodial thalamus, a rolay ol th€ laminar I spinothatamocort-'ical path$,ay $pcorting inlerocettivo atlerence. Despita iioig
comectiyity bstwso0 thc posto or and the antorior insula,
anatomicnl p.rcollation of tic insda rowalod a gradilnt 0f lA to
EA rccruituncnt along it! posto or-arterior axir. lhese rssdts
$u0grsr that disrinct networks may sqport EA ad tA. Frdlornor6,
the rdtcrior insula i! mt an area of puro bodl qwarcnsss }ln may
link roprescntatons of ihe outlidc td d with thr bodys insmat
statc--a polantial bacis for cmoiional 6xp6rienco.
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 rrentiod ellos for dre selection and mainrenance of
bchaviorally relolnt sigMls, while slpprcssing conrextu,riry
nrelelnnt ioformarion. In exch of iision (Br!t.rrd\(i rnd
l)clb( 1999), hcffiog (ll.ll ct d. :o(,1)), rouch (l,ruc. .r !l
2rx)(t, ta*e (\'cklhuiz.o .t al. 2{}01, afld ouacrion (Zcllrro
cl xl 200i), attcrdi.g towtud r pirticular sensort srtmulus
sclcctively enbmces domain.specilic cortical rep.eseniations,
sugA€sdog that atientiond tuoduladon of senso.y rcprc*nti
tion is a turdamental principle of dre hlnd ne{ous sysiem.
Attention miy be cxogcnous,.ued reoexively lry a flashidg light
o! suddeD pain. or endogcnous, inrenrjorilly direcred ro svot

s€arch for misplaced kqs. tbth cxqenous
and cndoaenous attentior { wc.tully atrect the cotrtenls of
awareness (llcrgcr ct d 2{}(t5; (:ho!8 iml Blxkt l1)(J6)i md ir is
gcnenlly beli€!€d thar borh forms of arrcorion recruit
r connor dorsrl liont{Darieral neu.al netwo.k (Ro{n cr it.
l99ri !.clcn ct il 2(ror), a sinale n€ur, nerwork for the
tuodubtion of sen$ry lwreDess. ln contrst ro this rich
hiltory ot sndling the exlermeprir€ senses, much less is
known abont the role of attenttuo in inte.oceptioo. the faculty
of s€nsiflg the body s lnrernal stnc, propos€d by \\ illirm .lm6
(ls9r)) to be the b$is for rhe elpe.ience of emo&)os. Ir is

() n" ,rn'd 4r1 Mihd br o\rod rnr$nr frlls d nd$ (aft(t
tu Fnii$d!tr, Prru c.!Dr jdm

lnkrovn whcrher the systems for dnccrinA L\ Jle shucd
vidr rhe e*eroceprivc wherhe. artention
dkected toward interoceptivc *sarion crn modularc primiry
tnte.oceptive .ond.

While the exteioceptive seoses h4e s€l-defined snsory
corrical regions, it w6 otrce dgDed rbat inre.oceprivc allerenrs
were roo difftise to suppofi a pdmary sensory isteroceptive
.egion affordhS interoceptir€ ,rwffeness ((iinnon l92a). Thts
dgument rus conrnry lo .omdon expericncc, in which
interoceptior atrords awareness of specilic visre.al $ares of lhe
body, in.ludiog seflsatbns such 6 b.eathinA, Dusea, blushinA,
swallowiD8. md saticty ouhlcs liiS+; (:.un(ror :lllo2). Like the
extdoceptivc seNcs, IA may be cued cxogcnously, 6 vhen
odc\ sloma.b begins to ache folowing a spicy meal, o.
erdoSenously, 6 wlcn one locuses on the feelinSs of ones
bre hing or he,rtbeit. Supporting lha theory $at m h,
tctuccpriv€ network prolides awtrcoess ot rhe ixrd),s ioterml
.tate, a lminr I spiDothrlro@orrical parhvay vd .eceDtly
proposed to .arry symp heric afiercnts rhar signal ihe
ph_vsiol.Aic condition of aI dssucs of ihe body ((:tuig
2r)0-l). By $.ry of the bEidsrem pdabra.hi.l nuclcus rod
posletior pdt of tbe venrodedirl thalamic ouclci, ibese idprits
prcject to the poste.jo. g.anule md middysatuuh .egbns of
the insubr cortex, se.virg as primrry interoceplivg !q(.1
0t)'nr (r rl. I 999). while prinry inte.ocepritc sianils lrivel io
mid/postdior gtut rJ .nd drtg nulff iosuld rcprcse.rational
fields (rlui ct rl. .]005; l:ror cr rl l00i), inrcrtreprilc
aweeness is thought t(r dcpcnd upon further prcpagarion of
intcroc€ptir€ sigsals ro the_anr.rior a8rmul.r insul.! which has
beer argu.ld to refect the intcgr2tion of affereor physiologicar
siSDals with hi8hc. o.der contextual informatkn (l)rrnisi{)
cr rl l0(X)i (,nig ,lrl{l-2, 2i) ); C.il.hlc} -?Ooi; ItLls.hler rt :d

l{)09). lor eximple, in an elegirt exarnimdor of in!€roceptive
monirorinS, p:uticiFnts decidcd if rhcir hedrbeats rnltched
the f.equency of iuditory rones du.ing tu.crion.l dignetic
rca'nrn(c imrging su..es'tuI hc!rhrrr mirrhrnS wa NGi.
rted witb acriviry in the riShi dysgranulnr aoterior i6ula aod
mrcrior (1fl8ulrlc (o.rex (AL( r r, "r,t,'' ,r ,'t .,ur'r.
. o,r\isrcrr \ irh rrcnri.nJ ft,'JulJlio. of lrtcr ti..erGensor'
and viscercmotor cortical repres€ntarions but sot earlier,
primata ioteroceptive cortex.

Howoe., despite evidcnce for its rolc in ioreroceptive
a,wafefless ((iil.hlq .r rl. 200i. ltnirt)r (:r al -2(x)7), mrcrior
itrula activity is also commolty Nociarcd sith eriero.epti\€
t.Ltks requiring cognitive conrol (l)ua.xo r.rl O\er :{)(X);
l)crlih\ ct rl.2ol)5), such 6 thc suppre$ion of nrdeet (,\ftrt
d rl :{Xli) or mainretnce of ielevant (hni,jr ct .U. l00l)
iifomatioo. Anterior iNula rcrMq durina idreroception may
therefbre rcflect cndogcoous attention demards, manipulaing
interoception at thc ltvel of conscious asareness. Like rhe
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aorerio. iniulA the ACC is linted to btb inrsmertive (Mdiord
rnd (:rn.l)hr l(rl0) od cxreroceprive rwrenes, (Posftr ird
Pclq5cn !,,v,\)). Tog€th$ rhese reg'ons may form a rltpid
feedback loop berween sensory nrtegrarior in the irsuta xnd
behivid.l resporss in rhe ciqtulate co.tex (,\ll'n.o cr d :lxtt),
regtu.lgs of whether tbis seng)ry infonnati(m is inrer.rceptivc
or dre.ocepti!€ in miAin- Inorher porotial codplicarion is
that mt€rior insula acriviry may simply rcfl(t f€elings of
unceruinty durirS inte..rception (snr8(r c1 !l :lx)9). sine m6t
visccromoror a.rivity. such $ the heanlExr, is poorly detecred

To cotrtrol for these confouodi.s cxplanarions in characrer,
izida rh€ neural basis of U, rhe prernt study consider€d
a mor€ powertul geoeraror of vjscerosersory sianals: respi.a,
ri!'n. Rsprarion ir uoiquc mong inrc.ocenrive sauccs a it i\
Seoen'lly meoable ro direct .loluntary conrol dd consciou
inspecdon. We investigared wheiher interoception is repre-
knted io djsrincl neunl reSiods from exte.oception. Using fte
ftech icd respirarory sigoal to cortum rbe posterior insda's
role 6 primary viscerosensry co.rex, w€ examined whe&er
arrenrion to respirarion.r€lared sensarims nodulated signal
strength and coonectiviry in primary iflleroc€prive cortex,
r€latirc ao when ii is unartended during visual attentlon. Wc
lirrther eximined whether rhe ant€rior itrula was ictiiated
during IA, wben cortEred with visurl attenrioo suppressiod
md maintenaoce t6ks that share tbe coStririv€ demanG of
interoception- This approach a.fiordcd a compalison of tbe
aetworks $rpponina inreroception with a wcl-characrerized
netwofk for extefocepriofl.

Mar6dali and Mctnods

Th( presedt srudy com68 lA 1o rhc ink.nal *.s.rions of .cstin.ion
agains. rxtcro.rpiiyc a(cniion (rA) b visually pcscntd wo.ds. r:a
wa opca.iotrdiz.{ though r combination of 2 rcks that jdvolyed
prcccsing of crlcmdl stjduli klccled .o conrrol fo. .jiSertnt porefui.l
.tccutive tuflcrion dcmmds i(latd 10 rA: l) l.b.ck maint.ndcc:

'nd4.iining 
a s.ihulus .ep.c*rrlrion onlidc in wo.king mcnory and

2) qanitivc rupprcssion: suppr.$ine thc prcccsinS ot arttmil
rcsF)Ms ro crtcrnat stituulus .eprese nBrions Mli $mce is
nc.esary io. obkryinA cbdgcs ir srimdation ftom one bredlr to
$c next, while sDpprc$io. is ne.essry fo. inhlbiti.g .obpcti.a
euccs of qtchal srjmul4ion to f..N atkfltion on int(Gcptire
s'gnds. n'g.atu., tlk* 2 I lsts mry allow fo. btlrc. dis.riniddion
of i.l.ro.tption relatcd neu.rl (tntiy by controllins fo. rhc naior
itlcntional dcmmds r<qdrcd tu. su$ai.cd IA.

Twent'.sen pdt.ipors (2{) woh.ni m€m ,Ac .r5 . r26t.) wrre
rccmirtd ftoo a.onhuni.y smple th.ouAh an infomltjon scssion on
ar6s rcduc.ion ar sr. Jokph! Hospilal in n)rcrb. At padi.ipbrt
wdc right'hdded, hqlihy volunttcf. who p.didcd infomtd .o4scn.
acco.diog to thc Cd.djan T.i.ouncjl Poticy S(d€m.nr on lithicat
G)nducr for Rc*rch hvolving Htrnbs, md rhr trcccdurcs wcc
appmvcd by the R$edch Ethics Doards of the Univc6iry oi ]b.onb,
thc Centrc for Addicrion.nd Mcntal Hc lh, and su.nyb@k and
Woncn's Colfugc H6lrb S.ienccs C.nrc.

Sonr pdiciprnb had rcccrth complercd I co!6c in Midtutnes-
Bascd Strss Rcdu.tion ar rhc tin€ ol smning, whi.h i.w,ved ratning
in th. monitoring of inre.oc.?iivr sign"Ls. For lhis
cofrple.ion F^ oo<lclcd $ 4 biu.iarc cou.ialc in rl .naly*s
p.€scnrcd heiq Dfliaioning ou. hinjnq..€lard yriee hom th€
expt.itucntd t6k contr66. Subanaltscs of l.rining.ndyc pdidpmts

Pl{!2ol13 akllljd Mrddiim dlnreuerrne cdd !ddzr

1t akiLlblc in thc supDlcincnrx$ tlil(rid, prdiding a highly siDild
p4n€rn of resuhs h thok discNrd bflow.

Pfticipdts wcre hinrd on thc .listirclior bcscen th. a cxperi,
dcnrrl 6ks, brcadulonjlo4lg (:Bftarhr"), s!,_.!ing rll!-Inory mq'rk"
ndcc ("Maintain"), and .ognitra supt.casiotr ("Suptrcs') p.io. to
tunctioml nagneti. re$irocc imasing (ruRo ddr r.quisnioo. For.hc
Br. hc rok, p3di.ipmis wod i.srrucr.d .o focus on a tuztior cmss
P.ese.rcil io ihc .e.rcr of rhcir visunl licld rnd ro a{rnd to rhe
se.soe_ Npc.rs of their b.earb, rhat is, in th€ nokr rhm1t, chcst'and
ditF6.n!b, *nbonl inlorfionrlrtaftrrifryheir r€spirarory rhythn.
lo. thc Sopp.ess.sk, panidprnrs $crc i.struc.ed to rerd
scquenrjdly p.€scnted words, btrt ro i ibir any $rr of slbscqlcnt
.ognitirc or cmotional rc{rorsc, to "lrccp ftcir ninds bladk" whilr
atlendjtg to rhc visnally p.(scnted stinulus For thc Man ain task,
participa.rs wc( akcd to hnkc a k€y p.css wherdc. rhc saoc
wo.d sG rcDcarcd in a stqu€nla' oI rijs!d!.!rcs!n.cd word stimuti
a, "r'h".i ;.rl

1hc blek rlcsign cxtcrimcn. ws conpo*d of altemating btft,{s of
imeroc€ptive (Brcithr) and cxteroccpriye (Mainhin o. supprc$)
3ucntioo tsl$. IjMh conditim wc 16 s,in blo.k doorion Nd wa
immcd'itely pre.cded by a 1o s inrlncliiin sc.(n consisring ol a vrsu.l
cuc li.lur€ abovc rhc iask nme One run ir dr scrn.er consistcd of
2 qc.nions of each .ondifiod, add €rh padcipmt compkted 2 ruas
of dndomly o.der.d condnion bldl(!

In thc rA 16ks, a singlc wo.d appdred on the scen for ,J s in
dudtion, follorvcd by a 2 s i.lcBtimuhs int<Nrl duang whi.h a blmk
scrcen wn ptuknlcrli a 6 ! total stiftu,ur duotion shi.h apprcimarN
rhc av$rgc rcspimrion de io hnmans (shc.vro! 2orxtj, n chi.s the
dudiotu oa word and brclth stinuli. Id th€ MdjnI.in taslq onc
.ddonly positioncd word in ea.h b,6k wat .e!€ared.

'ro atpmxinak thc scf.fc{s dcmands ol ihc br€rth nonitdng task,

t@nnitya.eit adjr.tilrs vo. cho*n d word sljonli for the !A t6ks
Orritr .L J roo_). l]isht *6 ofwo.d lists wctu .otrtuc1cd from ! wc,l
esrablishcd lis. or pe.s.rliry-rair words (nrd..so. l r('.]), vhich lend
.heosclRr to d<.T, l@cls of prccssirg ((.9., Criik ntl I ..lhrd r 972)
vord lis6 we.e rodonty atignrd to ..eh .ondiiot

hagidg dak w..r collrcitd wnh a Signr t.T MRt srstcn (cv/i
hardwdc, txa.3 sftwdq cc.cral Elccr.ic Mcdi.rl s]5lcms, wiukesha,
vr) with a s.n ,.d quadrate biftlcagc hcad.oil stjmllus prcacnration
w6 .o.rrcllcd by thc Pr€*nration $ftwdc prkar (Ersim 9.8ri
Ncuobrhavioml Sy$cms, ln ., Albary, CA) Stinnlt wcr. pruscn..al on
! rea..mounicd pmjc.tion krccn, *. a. ! (native) 102.t x 76a

For crh pdicip r, a 3D mag.c.izarion p.cPd.! dpid &qubniot
Sradirm <ho pulsc scqudcc *6 used b obiair a high-.retDtion
IIw€jghted sr .ruml mlumr. Tlr imiging p@ddr$ wcre 6
follm: rcp€titton rhc (1R) = 20Oo mN r.ho rim€ (fi) - 2.63 nsi
nar.i!:256 t r92; ficld orvic$ (rov) = 256 x 256islice thicknts =
1.3 mm thi.*i 192 oblique uial slic€siro.d acqujsition nmc= 65 min.

filRl wd .o..hclcd uing ?: w.ightcd singl..shot spird nFour
t'spdce tmjectftiG optimized fo. sclsilivily 10 lnc blod o:rgeM.ioa
locl-dqrnddl (RoLD) cfied (Tt/TR/flip anale ; 30 m/200o ns/
70". 20 tm Fov, 5 mm slicc rhjctnc$, (* by 61 nltrix, 26 sli.es in
obllque aial o.icnktion), imprcving rbc cap.blliiy to a.quirc t RI
siAnals in (Aions of high masnctic susccptibliiy ((in^d 1nd l-xN
llxrl). Th( n6. I0 images in sch run $crc discddrd 10 (morc
scdncr rquilibr.rion etrccrs
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hteroceltUtc Se$nitky Pilot St!.tr
Pilot raty*s *erc condlclcd ro cns!rc trigh interocct rivc *Gitjyily
to the rcspirarort signal S€lcD pitot pdictpinrs perto.eed n brcarh
nonilori.g r6k in vhich they wce akcd ro monitor thti. r.spirlrjon
md i0 .cspond I ith a bu(on trcs on dtry cjghth brealh. padicipa.ts
pcrfo.mcd this nornoring .ask jn 3 njn btoctrs, p.ovidnra i mor.
rGo.ons rcsr of sds.iincd artcntion b respinrion thm wolld bc
r.qDircd in lhc main srudy bralh oonno.i.g blocks. pirljcipdts
conpletcrl { notriro.i.g blocks, fo. a .onDi.cd 12 nh of brcad
monnoring pc. !ftlicipet R.c h moniro.ing ...uract, wd mco!rcd
relariR .o rhc objcclivc sian.l obtaircd non I sspinti@ b(t dD.ina
rhis t6k. Mo.no.ing cm. w6 .onpu1<d 6 .he dsiadon ftoo a
bre.lhs at <ach button press, sdmnrd accs nll blocks. Monitori.g
rccua.f us arcma.d 4ros dl pa.ri.ipants 10 prcvide a bchiviodl
index of lnicrceptive sosnMry

Dufing r,! panicitanls $ere dirtcrd to a(crd ro the jntdrd
*nsdioni $$cid€d wnh br.ahiry. Howoo, a(cnrion lowed
(spimrion oay r€srnt in .csPiaeq. slowin8 (r.9., Jernnre d d
19t.2), notdtirly atrccling.hc BoLD r€spos. (ilim cr il .2006). To
control aor confounding €ffecrs of rcspiiatory .hrn8c beMecn tA od
L^,un!(utu .$ttrdon *a m(6uii.l uiing I nsl,'mr'or i4-t.
fir\p'm'oO q'snJ wi\ vmd(J dr ri, ttl J'l erly/iif l-ry .rah
pdticipor in MatLh (Rzlx)9b). Rcspnarory signat w6 ljncaly
dctcndcd, dd a lN.p.s BuucNorth nlt.r $6 .pplic{ ro rcnovc
rspjdtory frcqDcncy g..atc. thin o.5 Hz (l)audns ofbrcdhing ilstcr
rhm I b.ruh €Ery 2 s). ted on rhe abscncc or high pwt. ldtG
,bwc this ftequcncy actus oadi.ipsls. Restimtory pcaks Md roughs
*t.€ .nimat.{ lsing a .ohring n€.hod, which ws .oftobodttd wjlh
visual ispcctjon of pcak md rrough placmenr, and whcc p.inary
i(qurdcy esrimalcs correlat.rd hjg y wnh . fsi rourld trmro.m or
rhc dnh (/ > o8 fo..il p.ni.iyrn!s).

At the lirsr lnel of analyris (wirhin peri.ipmr), rcspi.atory phe
Chc cy.lc of iGpi.atlon and c{rimrion) s6 nodeted {s a duisan(c
ctresor,6 ir ii linkcd to mo.ion.ctlted floisc in rvRr dlra
R$dBttr) pha wb hudclcJ by (;ine TnJ (unt.inina $i1\ b'1, troughs d "-l," and TRs condning cither boih pcaki dd roxghs

Ar the *co.d ldcl or aralysis Gtuup levcD, sr nodctcd respi.aro.y
nrt and crficicn y (respiatory $ldnc pcr timr; Rw) fo. cach t6k
hlock To 6css rcsp'abry atc, rh! !qc4r rime lltMcs esptaii4€
siand koughi wsaalaulardior..h TR 6ing a 5 lR slidi.g wi.dw
.cotcred on thc TR in qu€srion. To 6ess R\|T, dpir.rort sisnal
.$ang€ ftom pcal to thc ay€Rgc or thc 2 3utroundins rouds wt
conpukd dd Jnid(d bl th( rim. t\'sco rhe I rrotr8h\ (t.,:;r ,,.at
Ih or 1992). Rcstimtort mL xnd RvT we.c borh in.tudcd in dl g$trp-
loel todcls 5.olaiatcs, co.rrolli.g for lrcdge rcspiqrton in cch of
rbc B.rathc, Sqrpress,..d Matnkid cordnions in lbe lido.ial mod.l.

Ilr.donri etiurion was dct..frincd ftom th( BOLD sign t uing
Sk.istical Pmct.ic Mappiry (SPM'. Unircbfty (bU.g. tondon,
London, uK h( p r/\ \ \'ril i0n.tr(r x. rkr'sor,,'\onNr.(, slJnrj) fouow,
ing .econsttu.rion (sPM' DrcoM inpon ulility), thr rimr s.r,cs
tunctional drla *c.c sp idly .orgislcred and gliSncd 10 .orrcci for
noriod wi.tin dd bdwen turctiond !.ns (trmslational motion
Ijaadces w€rc l.rs rhin 1.5 on fo. an txdi.ipDts) hd cdegirl(rcd
wnh $ci. 4.w€'ghrcd $tudu.nt imagc Thc n idagc ws bias
corcct(l md rgincnred usinS lcnplatc (Intcmadonat con$djum
for B.ain Mappind d$d. tr()bability maFs for *dy,whitc m.(d and
cricbrGpinal iuid. wa.Dlo* Diramcr€s wc.r obraincd ftom lhc tissuc
tugncnt.tion ltroccdu( ed suhdequcntly aDplied b thc rimc serirs
dala ((.ampling 10 3 nnr \oxels). Imrg6 wc.c warp€d .o nomalizc
thc dara inrc . (omnon srcrcota.ti. refcrcncc space (Mootrcat
Ndrologi.al hs.iru.r) md Ih.n spatiilly sm@rhd to a 6 mmr rr -
widrh 2r hallmdimnm caussi kcmd. Finaity, ro conrrct fo..fiaogcs
jn $€ glottal BOLD rdpon* acGs lhr tid€ serj6, we atDti€d I ntot{t
n€an dcftnding pro.€d!.c (\rr(c] cr.t .20{rr)

Filtt Lerel Statistlc4l M.M ets
Folowing p.cprcccssing, individDal ,arii.ipinr dmc series s,crc
snbnitlcd to a li6r locl gcncr2l lincr stltjstjcd mdrct (tii\r)n (r.
1995) t,snra rhr SPMS dcsign {rciti.ario., r6*-sprcilic box.a.
stihul$ tun..ions wcrc coivolvd sith thc .monic htnodvnmi.
rc\|on{ nrncrion xnfirrl} moJ.ftnC .hc nn<1\ ^r rh( B;jhr,
Supprs. ind Mainrain t6ks. Edh pdiciDlds.nrlcl inctudcd wnhin
*ision glob.l s.alirg and the ARt Dcihod of cs.im.rinA ltoporut
auroclrreluion d wcll as thc corr€c.ions fo. ftspidrory the.

Se.ord' le t e I S 14 i sl i. a I Mod e I s

Eqen4fuhl tultmsts a d @rrrcL To cxdinc diffcrnrial c,icc6
of al.cmional fo.us, D.sitivc effcci t.o rrsls for e&h cxpc.imcnral
.o..1'1id (a.calbrj suppicss, and Mrjd.lio) wcrc dmin€d f rtc
sccond l@rl using a rcpcatcd-tudurcs aoatysis of ymidrc (ANOVA)
Within this modrl, the LA Br€athe condition *d doubty wciahred
2grlrsr thc lA SDppress and Mlinlaid <ondiiions 10 form the Anrntion
.ontan (L{ - EA). To doiry $c conrribution or rhc lA md EA
.ondftions, *c additionaty modelcd a ask ftce b6clinc condirion,
obdincd by avcngina ioadnc. ft( lo.s .!e pcriods rhlr prcccded
cach task block. Ad.litional analtrs of thc cxpcriocdal isk profl.s
rclr1tE Io bsclint and of tlre *-Futc IjA tTks tlarivc to IA ee
aYrilablc in .tu \urDl(mrnrn\ illr l.

Grcuplarl I .odbsts lbr A$enlioo cftects u*d I rcxel beisht
rhrghold ofP < 0.01(?> 3.46) od vox.l cxrc oa(>106ba*
thresholdr lxplonro.y dr,lsrs, rhrr is, cxmjnation of respi.alion
d.c-.clalcd 4tiritt od psy.hophysiological irlcn rions, nscd a .c-
dued height thftshold of&- < 0.Oo5 (I> 2.6a). hur m inc(6ed
voxrl qten. rhreshold of X > 10, equivrtnt to a finilrvisc rm. ..rc
ol PNr < o.05 in i Montc carlo simdation (Nphasi,n, hnp:;:
rhi nilr gor, :tirildo.dr,,Vt)hilii pd0.

Mediution cou6c compl.iioA m.!n rcsrri.atory mic. md RvT in
ca.h ofthc 3altrtion larkswca I iflcluded as nuisocr cos.i.rcs itr
rhe sr.ond-lev€l ANOVA mod.'Is. Wr cxamined thc .cnral activity
snlciated with rhc rerpiratjon cofti2.rs to nodcl rhc ncurrr
.orcht s oa mc.hotcll r.spiatbn.

Pdn ry repfte"tatioa coni.al reBta"s of inreresr. rhc MlJ.rcn
$ftwre paclGec (h (D,.// \r N\r sph.sc rd u/.dnrd,/rodd/h.i.tur')
$as usc.l to acneatc a pdo.i 8my nlttcr msks for visud md
inr€re.?tivc conic€s to prc$e rcc.uitmcm of rh.sc (*ions by rhe L{
and [A con.litiotrs. 'ro chldtdizc rhc visual (gions, a conjunction
imagc ws bldc bcscen rhc visuai Brodmon dtlas rcgiom 17, 1a. and
19. To chmckrizc thc intcoc€p.ivc regio$ of nr(cst (RoIs),
a .onjuction imag. % nade bcM<n riah! od lcft Aurodlted
Atatomicrl lab.ling id$ insula rugions, a dignal e4roni.d arl6
dclincatinA macroscopic b.rin s.ft(tu(s (tr.uri(,\rror( ri rl
-:00r) EA atrd IA coodnions wcr. d@i.ed in rhci. byporbrsrrd
ROls, h.lusilrly mfkinS fo. the visurl reAion in rhc IiA > IA
conrpa.ien D.l in.lsjvely nrnsking fo. rhc insula (?nln ftr rhc IA >
IiA .onparison M(fl !..ccrt signal changcs fo. Id l-! md tlr res.
condnnrn wc.c cxrrbtcd ftom thc p.ii.rl clustcB of a.tiviry in c!.h
of the* r€gions using th( MrsBar tuobox ror SPM (hup:/r dsbrr
sourcclirrgr nrr). Pra&cl supplcmd.ary adilFcs of rhe Acc, a e8ior
.clatcd to borh l ed IjA (Posnrr ind }crcrxr. lrrr); ltr.ttaflt i..t
c.n.rLi ,2olo), arc avai,abl€ in th€ supddrrtrLrn uarrrid

Iasul4r .ones subleelor.l ROIi Eight gdy da(c. ROIS v€k *lc.tcd
rccording ro th( oatomical divisjonr of .h€ insulf gyri s dctincd or a
high'rcsludon ?i.w.i*htcd rcoDtatc anaromtcrl rotune. ba*d on
wc:U .hri.te.ized ctloa..hn.lbnic divisiors (\trnrtam :md rrurv)n
l9s2i (hihrri,r.t al 199-) ttuulf gy.i roged fton thc lnrcrior
(ccse.y gyrus, rhrough rhc sho.r md rong $-ri of lh( middlc inslta,
rd into die shon md long gyri of thc lctt.ior iosula (c.ais 2009). To
lc(ount for d,,sgmllr and agmuh. .ellule laycr divisions of rh€
otrrior 1nd niddlc irsula gy.i (cbikrma cl xr i9rr), rhc ac.cs4
and short ay.i wdc forth.r prtnion.-d nro dodl dd yentral
sub.e8ions. Irsula. ROIS w€.. hand down on cch ma.odicd slt.r
Ning MRlcroo, selecri.S only g€y m'tter 6p.cts of rhc gl,.i ed w€rc
cx.lDsivdy n6t€d to c.su.€ rhd no ovr.l4p'ng yoxcls weft kitcred
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(Ilq I). All Rols c$rftd a luncriorit imaging vohnc ot at le6r 27
yoxch .onrpurblc to 3.mm sphcricrt R{)rs brt ,nitpld rlonA thc

In thc rn!tumical ROI a..ltscs, mce (imc .ou6!s vcrt drrrdLd
fon cach ROI using thr IIhBar lootb{}x. tb. ca.h pdi.ipani mcan
p.rcc signal cbrnSc $ as cxrn.r.d sLpadtety for thc ra, EA. md r.{
condnions Dnarcncr scores lk(vcen attcmion .ondnio,s (rA - rA)
truc crlculzlcd withnr subj!.. lo. cach rcgbn b rqfcscnr rhr
i(..tionrl llrnirg ofrhrl rcgio.. lhis cnrionat runing sco.c fo. cach
ROI wis .ddped !.tu$ thc do^al Md ycrtrat losrc.br-anr$jor dis
ot thc irsDla 6 m d priori amlysis of idteresr. Atkntbn2l rlni.g s.o.cs
$,crc dnidcd idto a 5-ic.d dorsal zorc md a 3.s(d vcnt.al zonc for
rcnd anrlysis. Ihc dorsal zone ROIS vsc strbjrclcd lo i 2 (lcii vs. dghr
hcn'sd.rc): 5 (stcd l*rtnr.) rcpcard n.dnrcs Ariov^, \.hilc tht
rc.trd zonc Rorswerc sdbi(ctcd o a2 (lefi !s igh( hc,njspheie): 3
(sccd bc ion) ftFilcd.nr$u.ts Ari()v,l

Vholabtiin a alJsls fhe L{ yc6os E  con{r{sr ws repljcrtd
$'itlrolt inabdi.d lrasks to Do.e lidrty cxroi.c lr.g{ sc.tc t Mit
DA nctwo.ks. Addirio.ally, ro dckminc rhc tuocft)nii co.nc.tirirv of
rhc \\ J rJ rnk n,..frtr! Ro^. t.mm,nh(rn J !.rJ rr g,un\ rf i!
s.lc.!€d Dsing thc Ix ak lA > liA sxel fomd nr Oc inrcxf,epiivc region
atd th. plak In > IA voxrl found tn the visu ftgn'n Timc *.ics
lctiviq, wB cx.ded ftom cd.6 of (h$. r.tun(s $n$ rh. ti6!
.i8cnra.iarcs of ca.h volumc's bri. wriglrtrj €a.h sccd s dlta $,c.e us.d
6 n re8(ssor ro prcdici n.rrvadon jn rhevisait aod inr.(.?tic RoIs.
{h. LA dJ l\ \i,nn(\rvirL mrt. $(r( (nmtr!,t 

'F'nc 
r unt {-,

ANO\IA i, SPIU, allowi.g for idc.rifcati.n of .cAions si8tri6.!..ty morc
cor.lat.d wiih onc scd lhrs rhc oihc.

Psychophlsiological njte.rcrio. mdtscs (PPIS) wcn al$ pc.fonn.d
to ef,anrin. lnc ctrt.ls orarcntion o. nmcdond conne.dvny (t.i:(!r
(1 rl l9t):r (;ir.lnirn cr id ?or)j) tn a PPI mattsii ked loxct stgnal,

cxFrinc.ril .ondition, md thc 
'ntcm.tion 

bctvcd lhen.( cn.dcd
b simulun.ous tuartrsors io. brai. aciiliry in crch subic.ti rhe
inlcktbn tc.n is dclircd rs trc p( u.t of rhr .ordirkrn ind secd
sieorl rctjrcso |Irl Mrl}sis bcrt. cstin cs lhc .ctarionship bc$ro
s.cd rcSnrrs thm tu.ctionrl connLctivir_v atonc, ds n jdc.litics 1!sk.
rcl cd.hangcs in cono(dlnywhilc cookollnlg tu.rhc main dfcds oi
.onnc.tn iiy and .o'dirion tr l)l,l dlly{s fo. bdh thc risual and thr
nac.occprivr ROI5, lA \rb codcd !r $c posnilt v.ri$lc nr rhc tA
Yersus l"{ condi.ion ({rt$or

Re3uhs

Respir4fion Bebodorol Pllot
we eftpbycd a respimrory belt 6 an objeclne meAurc of
rspnatory liequedcy h rhe main study but did mt requirc tiut
panicir}nrs codm their breaths or rcqnnd with a burron p.eir
to rwid altcring ftc ncural expresstun of pure IA Dui.g
debriefing foflow'og the scmninS session, no prnicipant
reponed ditrolry in being able to se6€ theif fespimrion during
lhc breath mmitori.B r6k. In 

^ 
sepat-are pilor study of rcspir.tory

tuonib.jng .bility, panicipaflrs demonstffed oetr perfect
ri c"n( y in ,r.'nirorina rhcf r.\prrron otcr d crrf;dd ttri rl
of time (alrrage of 9791, stmd{d dolatioi = 0.03%)

ResPtatton Asallses

Mecbai ica I RespirGtiut
overall. participmrs respired at d ftequency of0.21 U7, or t2.5
breaths p€. minurc, similar to tlr popularion ave.r*e obsNcd
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respiErion .are (sh(^\rr .l)06). Participarr respirft)ry
frcquencl disriburioos were rer.ly idcnricat ber*ecn rtren-
tion conditions (fig lr). lb fornaltv tcsr for any ditre.erces,
mein rcspi.ilory signris wcre ddtzed as I furcrion of
nlentbn corditiod, with t) icspimtbn mrc, 2) volume, and
3) RvT, erch analyzcd scpai{ely in repeatcd me.su.cs

^NOVA5. 
No eficcrs of .nteodon werc found ibr respinrory

rdte o. volume (l,is -lrrr). Respirxtory efliciedcy (Ryl), which
is linkd to g.al lnucr activity ind€pendcnrly of respirarory
motbn (llinr (r r 10116), w.s ,lso eqdv.tent rcross ntentjon

To confrm that theft wde no diflbrences in dcpft of
.espAation driling BOLD sign:d differcDc.s, thc rctationship
lErwcrd rite md volume wr-r examiftd in I corrchdod lnrlysis,
usinS ..ne aod volume estimlfes liom exch puriciplnr ra5k bl6k
(1,,9 1,0. R€spirttory nre v,ri stongly negativcl, cooclarcd
$ith respiratory tidil volumc (r:rr ={.85, Z < o.ool), such rhar
farrer breads {,erc slnloweri fiowever, lbis mre^oturre
cel.uionship wns equndenl betwecn jnreroceptiic d extero-
€cplilc tAtks (ri.t..,{.in D : -0.82, ,;*,."-.o,,,- = o.aO. nrrcit
2,,i, ,o., = 0.36, nor siSnilicnt ifl.s.l). The cqunalcrr resDiratory

Efiects olAtlention
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- 1510
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R6pn tbn Fr.qcncy (Hz)

Respiration Volume
Etrects ofAllenlion

pattern bctwecn fttenlio! coodlions sugges6 rh|r rny BO )
ditrere.ces obscscd between l\ a.d nA are morc likelv .o
Rfl(r.h,ng$ du( h rfl(nrhu rlM m(.hr i(Jrd,r(rcn,$,,,

Resl]ttutbn Relate.l Neurat lctirit,
we f.s. attempted to bcalizc puradvc prjmary intdoceFive
corref, Dsing .rn objecri\r and ob!€r!?blc viscdosomatic signal.
'Io do so, we examjned rtivation Asociatcd wirh changes in
respiratorl .ate bct*cen lask blocks.]he r€a mosr rctiablv
ffsr)ciited wnh respirstory rirc du.ins tA w.l5 found in rhe
right brr8 gyrus of thc posterior insDla (',.r{, =:1.0, " 

< o.oot rt
pcrk .y = 39i 1' = -2r1 z = 2t, k = 221J. such nr lilslcr
rcspiratn)n v6 ltukcd ro greater icti!.rtnn (r rg J /). Rrst h(r
malysis of dris conel.rion .6 n fun(ioo of alierrion condition
rcvcalcd rhat brcafiina r.re .rdd oeuul acriliry srs more
cot.clarcd duri.g lA whco brearhina wrs attendcd (,i,,.ujr4 =
1r.63, P < O.o5) mrher rhxn durina It\ when brcathirg was
uoattcnded (,i,,",,r.5: = 0.23, s.s.r rdn,.s, = o4o, P < o.o5). The
arer most reliably rr$ciated {'irh rcspimrory rntc durirg IA
{6 the righi soDaro*nsory co.tex (r, -u = J.9, p < o.oot n

Respiration Frequency
Effecls ofAttenlion
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perkl-45i1= Jo;z= 5.1, &= t80) (l:ig ir). Rspimtion ms
reli.bly associared with sonuk\sensny adivity drring Fn
(.nDr6oi,o5, = o.59, P < o.OJt) but not durinA rA (4..urir_ =
0.38, n.s..), ,lthouSh rbe IA iftl Ert correlatio$ did nor
signidcmdt difrer ftom each other (/d@,.r, = 0.35, ns ) A!'jlsis
of respnabry .drelatcs widnr the ,naromical lnsuta ROIS
cor imcd .ha. dle p€ak lA-s$ciared region Ms part of rhe
dor$l pGrerior long gyrus ot the rjgh! isdr. Sscral orher
rcgbrs wer€ correlared with rgpi.mory rate, including the
poslerjor cingulate, which w6 negatir€ly conetated wirb
.eipimtion in both aiientiod .onditions (S pplLm(oia.J, l6tc t).

IA 
'rmrs 

EA! C@,kal N)t Arotls^
To inrcstiSar€ tbe eflecrs of .rtrention on primar), cortical
.ccruitmeot, we compired signal change berween the rA and
rhe EA condirions wfthh rhe interoceprive insula! conex Rol
(,!l subreSions of bilaremr insula) .nd ihc visurl cortcr ROr
(Bmdmm arear t8Asl 17,la,and t9)_ comparison of alrentnrn
conditions within th€se clusters ofaciivarion suggesred a strorg
dis$.iation betvcen tA nnd E io iheir prnDary rep.es€nrarion
regions. rvirhin the inreroceptive conex, tA wa asociated
with greac. bilxreral posterior md middle iDsula |rctiviry
(Smdular zone, P < I x lo'e, 4.r, = ata ar peak :r = 3ai != -21;
z = 2t, k = \29), wherc.t wirhin rhe visurt conex. rr\ w6
6$.izted wirh greatet recrdirment of bitrt€.at vcnrrl
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occipital regiorr (RAs 17-19, t, l' = 5.6, P < I x 10 3, al pe*
:t= 12: )t = -(.(\ z= 21, & = 151) (fis. i).

IA tPslts Ett lrt ular Cofi4t SnbreAto-al ROI Analrs(s
Ea.h anatomically dended nrsula ROt wrs invesrigrtcd for
atenrional tuning effects (lA - EA). Fo. rhe dorsal zone, a mdo
€ffect of sced location ws obsened (4,,* = 25.36, P < |
t 10<).with I recruirmeqt ofposrcriorreaiods gMnaway to
!A iecruitment in anterior resions (l,jg 5). l! sinilaf ante.ior
to posterior axis was fourd for lhe 3 venrd zone Rots (/,) 5, =2t.tt.P<l ^ lO').Noc0.ct.ot lar.rdliq w€rc ob\cncd. tn
folbw up tests, lA resulred in siSnificant acrivrrion relative to
bscline for all idsula locatbns excepr for ibe nost lnrerior of
the dorsal and venr.d Rors (116 > 2.35, P < 0.o5); convefscty
IA rcsuitcd in xctivrtioo relarive ro bilselioe fo. ali lo.atioos
excepr for the most posrerio. of tbe dorsal ard vent.i{ ROIS
(116 >2.7,P<0.0r).

IA Msas EA: vboleBtatu Analysls
'lb cha.acrcrize the bmadcr arr€ntlon networks impticrted io
IA and !4, L{ md ra{ were compeed acro$ .he whole bnin
(lrbl! l). IA w6 asso.ined with bilatcral activirl aloog ihe
pcstcior to midiGula as wetl as hippocmpus, ciudate,
precefl..al, .nd postcenral g'rus exteddiog ioro rhe midcin-
gula.€, prc.uneus, md posre.joi ctnguhte (ais 6.?./r). F-A vi6
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Figur.5. nsula anetuiod luiino by anatomlcalparftons. A siqnilidant eftect ot
insula rocation was louM, sdch that ntero.eptw bias shils to exteroceDtip bias
from poste ior to a 0ter or i6ula A dala polnb arc prese0ted relatNe ro the basetine
coidition, as a^ averaga ol eftafd l]ghtms0lallOnal (alBishl do^a rnsula oerce
s gnal change piots hr inloroceplNe ard exterocepiive @cru roerr as a Iunct on ot
oc2t m. {b)Seed locdons shown saginaliy across rhe do6al enlra|insub 1.)tght

venlralinsula anenton tuniru plols lleil and ishr sde aveGgedJ E orba6represenr
standad erols Asrerisks .e!rcsent a€s ot siqnilcafi dii{erene belween A aid
EA AC = accessory gyus; AS = anterorshoftqyrusj MS = mid dle shon qyrusj PS

= poste.or shon qyrus; AL = antedor lorq qyrus; PL: posteior onq gyrus
Astersts {'}dem€ s oniJicmt {P < 0 0l) lA lf €d}!n$s EA lin blue) dteremes

(rr.16 = 4.6 ai pcak P < 5 x r(t5, x = tt | ! = -.15, z = 27, k -- a3)
aad to both the venrrai arrerior nucleus and the pulvind of the
tbalamus (4.r. =.1.a ar peak P < a \ r(f'.:t=4, f=Ot z-9, k=
o/u) {ru. ,/) rerntse k,lA.

Th€ present stndy ofiers .l l'laior nndings. Fiist, chinacs in
rGpiratory rate djrecrly modulated signd io rhe .jghr post$io.

E oo

9"' It
t?
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lsGathe lsupp€ss
I MarDraii EBasehe

Figorc 4. Effecls ol atremoi on prmary rcpreseiration codces lor visiof and
ia€.oception. lA recrulhenr {red) widrin rhe irsub Fot l@d boder) and EA
recrutment {b@J wirhin the vlsual co.t* FOt lbtue boder). as defined by rhe
conlrast betlveen lA aid EA. Peak reqions n each n0 lbbeedo(testw*e 6edd
seeds reglons 1o explore shore bra n frnclotut connecrviry. The breathe {rcd|,
manhin h@m). $ppBs lbtue). aid baselioe per0d lEayl % sona charue otoh
arc displayed n a bar graph for lhe i^$ta ed visul nos E or bars .epresent

associatcd wirh actMty in primffy md secondary visud
cortices, bilareral dorsolareral p.ef$ntdl correx, dorsomedial
prcfrontal cortex, ioterior md supdior parietal conex. biiarenl
ftontal opercula, anterior insuti, herd of rhe caudate. and the
cerebellom (l is 6c.r.

IA 
'l€6us 

EA: Cott qdd4l
Wc ncxt exrmined tuncrioml coonecrility a.ross tbe whole
br}in usinS the intemceptivc and Usual s€cd reSions, acmss rhe
whole time courie. The {xrrerior insula *ed show€d robusr
bilireral cornectiviry along the enti.e asrcrio.-postcrior dis oa
thc insuh cortex. hsuh coo.ccriviry exteodcd medialy ioro
rhe rhalmus, uudrly inn) rhe piraltppocarupus, md rostrrlty
into thc prcaenuar cingulne add frontal oper.ulun (t'i8. 7r).
'thc visual ROI w6 posirively associarcd wjrh botb venrral and
dorsxl .egions of occiiral cortex |ls well as the do.solar.ral
prefron$l con€x and intrap&ieial sulcus (i ig. lr).

PPI5 were dred empioyed ro ex,rminc hov attention
modulrred whole bnin connecdviry paiterds wnh each tA
and DA sensory .onical seed rcAion ( t':lbtc .t). rmpofii'1rly, rhe
PPI analysis coflrrollcd for thc etle(rs of connecdviry md
condition described above, modcli.g rhe cf€cts of nrcnrion o.
tunctioMl comectirity. Using dr righr tusula inteioceprivc
seed, IA predicted in.reas€d seed connectivity with contml .

er:[ lefr posterior insuh compred with En (r,,r5 = 4.3 at peak
P=r x ro-', r= 39tr=-9 z= 6, t= 69) as wcl r5 grcitcr
insula connccrivity to the pcrerior ventromediil thdamus
(r, :6 = 3.a at p€lk Z < 5 t t0-, r= 6i /= -15i .:= 0. t = 10.1)
(l:ig ?.). Using rhe visual e\rcroceptnr *ed. !A p.edicred
greater su.l s€ed coonecrivity ro drc inf€dor prrietal lobtrie
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Sranuh. insulq evidencing ilr tunction ,$ p.imdy_ j4tcrocjP

,titc conex. Sccodd, shilc &t modulit€d pridart dd sccond-
rry visurl conical .eaio$, lA modut{ed primiry md s€condaly
inrdoccpriv( .egioN in rhe tffrc.ior gdnular lrd middle
dtsgtuurar insulr corticcs, suptsning rbe h'pothcsir that
artention scflcs to incrcase tbe "gain" of yisc€r9ledqry_
r-ecdp4-e tield\ foiltdily scnsaiion. rtint, citiroieptton ano
inrcrmeptioo .ppcr to rely ooiliss(rciablc attention nciworks:
DA s6 asriited with i wcl.ch@cre.izcd late.al f.ontopd'
icral nerwork (c.9., (:(rhcnr rDrl -\huhnin .:r}lt-:) dd incr€ard

tcntion'depend€nt connccliviry betr€cn the visual conex
.nd both the inferior pdictd conex md tllc visual thal|lmus. By
conr.dq IA war chaficr€rizd by a F6teriorfimbic, insulN.!4d
medirr Fricd network and incrsls€d attcntioo.depcnd,ent
c'ono€ctiyity with the homologous F,srerior insular conicrl
liclds rnd putntive inreroccprive thalamus. Iinauy. thh study
dcmonstntcd novel dls$cl$lc recruitmcnt of the antcrio. and
posrerior instrh in a singlc pandiAm: rhcre wff r a.aded
altendonal runiog of iNula! .€spoo*. with inlenreeptir.
rcspoNs in thc posreiio. insula shifting towrd exteiG-cprive
r(srnr\ io morc antedor aF. 

"vhilc 
porrarn)i i;\uh

activition wrl predicred by tentioo ro rhc br€ath, consisrcnr
with a mle in supponing interoaepttve sen_sory awffcness
((lrirchlq rt xl lr)oi),.nd momenr to momcnt self-awrrcoess
(|&h d rl -10():), antcrio. insul2 actilation was better
prcdicred by ntlenrion- to axtc.nal yis{i _stimuli, consistenr
with irs role in the atriburion of srimulus salience (:{(l$ (( d
:h)o:) or arrributing monv.lion_al-signitican!€ .o pai-o (c.&,
Pfl\'( jLitrr l.'.rn ' r rl. .1,,1 L. requirir8 an t$4cnN of
cnwonmental context bcyond rhe body. l1rls intemal/(xiernal
disrinctior sultLcsts that the middle, dyq.anrld portiods of
thc insula might serae as r (gion of mukisensory intrgrition
b€tween inrcmccptirc and cxtn)ceptitr inDuts, atrording o
integratrd rcprcrntarion of rr*nr moment expc.irn.e
(( ]rxi.c ?009).

P.| a.l 13 aF iid tt(rtirit

Rtght bMta ncp@udot ard Resptrutory s{na,
(btuistot with irs onomic.l imemtions by afferent viscer-
oscnery pr$$:rys, posterior iosula activity cor.elatcd directly
with .espnarory ra.e. Howcvcr. tbis couplinS w6 depend€ot
upon attentk,nal trminS: r:lsk'avemSed rcspimtory rurc pre'
dicred riAht fx).srerior in$llh acrMiy whcn rdpimtun w6
attcnded during 4 s'here.b it i$read predicted somatGeo'
s(,ry activity during EA IA drc.efo.e rppers to alre. .el.cso'
t:llion of req)lrntory stimulfiton by strording r deepe. visceral
rcpresentarion ol respiraiory signal thnn the surlicc.based
rcp.Bentattuns prcmoIe.l in the ab6€ncc of such arrcotion.
Indeed whilc lA rffras io increa-se the Saio of intetffcptir€
sigoal through in$e$rd rnaannudc of posrcrio. insula-
acrivation, ir rlso appcrs to incrcasc siSnal conduction:
connecrivity andyss of the riSht isuh &monstntcd Sreater
coonecdaity wirh dre fx,stc.ior ventsmcdial thalatnus, poten-
tirlly reiecting increased rclay of the hminr I spinoth&mo-
cortical p3thrury bpothcsiz€d to suppo.t interoceptive
nlTc.cnce (( triS .l0o-: )- A similn pittern of cnhanced coupltng
ws ob*d€d bctweo the vitu4 tb4gqullnd r.sual conic€s
during EA suS8esring thar p4lltged,ga'ErqiylE bctwcm
ritcnded prlmary .ep.es€ntnion conicG aud thalanic relqt
m{y be a common propcrty of rhe artentioul sys.cm.

ln addnioo, we foutrd that tnsula scnsitivity to rcspiratory
frqu€ocy chmg€s w6 enhaf,ced d!.ing IA Io respirallon. It
would thus app€ar rbat IA.crvcq Z!4crions: fi6_t, lo increas€
thc gain of ocu.al rcsponsc in the attended interoccptrve
sensaty-ti!1d, ini.rncing v*ccrosomatic signal oplitudc rd
$econd. ro increas€ rh€ sclccrivity of intcroceptive ncuroos,
couptn8 rheirs(.nsirMry rochng6 in rhr air$d;d dimrnsion.
rhlr is, GpiFlory frcquenct, to b€tter mcd the r6k dcmmd
of atrentlon to reryiptory signal drroughout thc cntire
r€Diratory cyclc. llter€d sigrnl gain, combined wilh dtered
sclectivit.y of ncuronal reactMty, hat alreidy been dcmon
stmte(t in the cr:se of extcro(cpriv€ visual anendon (\turN
!! \\'ojciulik .:0r!+) md apF,rs to b€ a prop€ny that crrends

n c Eatentcqpdae Ant rt rr IBtlo?
D6pite strong l acdvation in lhe post€rior insul4 and mltuit
anenrion.independen! conflccriviry bctwcen postcrior and
antcrior insuh rcAioff, L{ w.rs s.il a wc:*er predtctor of
anrcrior insutr aciivny rhm l,A Resting-st,rte conncctMiy
mrl's6 of the insula sugae$ rbat the posre.ior md .nte.ior
insulr may bc tunctiooa$y dildnct, with only otcrio. .e8ioN
implicared in €xrcrcceptive f{xal attention (\(lson cr il -ll) I o).
Wi(hio the conrcxt of exlcro.cpttrc pr.rdlgms, thc anrcrtor
i 5ula has becn argu€d to play r c.ittcrl .ole in atlcntioo
switcbinS (\t(,ron rnd I (khr 2010), Frtlculi.ly, in sril.'hing
bctwe€n exccutive co rol ofrdks simila! io the mainrcnance
ta.sk employed in lhis study and the 'dchult rnod€ nctwo.k"
atsociated with t$k-tie€ bmjn acdviry (sr(hrrln er d, ?oo8).
Rcc€nt applications of grnph trreory havc distinguished
muhipte sst6ystcns for thc lop dowo' control of bchavior.
distinguGhios b€rw€en rh€ mrinr€.ancc of contml in the
mcdial prer.ontil conex rnd the ioteg.alion of fecdback ,nd
adiustment of behavior in a lateral ftontopari€tal ncn{ofk
(l),^cnbxch cr xl. -20{)8). \ttril€ antcrior insula (tMty
consistent wirh llvitching bctwcen lAk bkxks q'6 appar€nt
d!.ing E\ lhis cffcct w6 indcp€ndenl of lA which acdlated
a distinct nctwo.k that included th€ f)stcrior insula Such
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results rcinJor.c thc ider rhar mrerior insula acrivatbn may
rcquire the intcgrarion of serMry i.Iomathn wnhin an
. \lcrnrl ral {(nr.\t .Jrhcr rhJn rnrt ro((trnL \'n.o4 in.
fo.marioo in pddcqla!.

Despirc not rctiRfi)g for a pu.elr' jflrcroccprive ta5k, rhe
anle.ior insula mxy sdll be impo.tant for represcnting a broider
cNirotrmcntal contcxt in Nhich to siftarc interoccprivc
\rn\ ion. rrJx(rh(r po\r(rior rnd Jnrra.x rn\ulJ regi.n\ ma)
integrate incroceptive and elrerocrptirc infornation ro
constitutc thc individual s scnsc of sell in the prescnr mon]ent
(c.9., J,rb d al 200rj (;Rii: 2Oo9). Such i sugiestiotr nnds
support io Deuroanalomy: tutrcrion across insulu gyri is tikely
heterogeneous. comnrnsumtc vith uriations in co.reciivny
alonS thc insular posrcrior-ilnterior ixis. Postc.ior regions of
rhc insula reccive inpurs liom somatose.5ory associarioD
conices (tlrsolor ind \lulion l9iili [rnaldxn tt il. l91iat
md have bcen Iidked to mulriple lb.ns of hrcrcc€ptile

rcprcscntation, including curxneous srimul*,on (S(hreidcr
(I rl l99j), pain and temperaturc sensarion (tiisrl cr rl
r99+), and sense ol4ercy h innb nbvcn,(trr (Krmih (i rl
,11)05). Uolike su.face lxrdily sctuarion rhrt is sonrar(nopic.li)
rcpresent€.| itr somatoscosory .orti.esj iote.oceprive rcpre,
scntarion such rs pain is i.st som oropicrlly oraanized in
dosd fx)sternr tusula rc8tuns (e.g.. ln1!,ks (r il 2005).
inrplicating tirc posicrior instrla as a primi.) viscdosonatic
co.tq. Conncctjviry. how6cr, shif6 liom somaroseo$ry
corti.cs in the posterior insula ro rfu srriatun! in the middlc
ids.rla (\lrnon rml l-c\irir zlx)i) rnd finally ro fic ACc Dd
orbitofronral cortices in anterior iosuh nDclei (irig lorlj),
The 2n.e.hr md middle insoh miy rherefo.e inregmre
viscerosomliic sigMb nrio a motiv$knrd space that no lon8er
dnccrly represents bodily sensarion ((j.irchl(! 1005). For
erumple, whilc rhc physical temperltur€ of rhemal stimuln-
tion predicr5 posterior md middie irsnla acrivirt, subjective

(.(t'.d od{ Pag.9.l 13
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into a broxder mqrilarional contexr. I'oecther lviih rhc ,\(:C.
rhc rnte.nrr irsDla is hou to I spccialircd nrbsd of a;rticdt
n(orons known Von lcon<Do ncnrons, lvh)sc funcrion may be
rhc rapjd inte'gorioa ol sene.y fcedback idtorM&)n in rhc
nrsuh ro infom b.'hxvioml .esponses i. the ACC (,\ttnxn (r nt
:orrii (.rrig 2i)1)9). Snrce i]\ in the prcknr sludy t$k was
cndogcnoush cued md.lid nor r.quire io.{eml respo.s.
thc r.rndtfteor ol dris motivfbnal imcgnrion ncnvork m.ry
not hr\t lxcn ncccss!ry. ln supplementrry andlyscs nraitablc

nlings of tbernul inreosn_v r.e associaled \!nh the arre.ior
insuk atrd orbitofronril .orrex ((rr.,it rr rt tr)01)).'Ihus, whitc
wc liDd rh irttcdti)n ro interoccprile ioprlls m(xlutales
acrility in the caud.i 60ccrs ot the insula. rosrel tusrdd
rt rJiri In,'' hinJ \ r.(, r.d sign. \ s'th c\tirt^ctt^( n,tr({rr
tirklds, linkirg cxrcrnd s(nnDli with drei. rcsulladt cficcts od
tlle inrcrnal sralc of rhc bo{ty.

The anterior inslh's uniq!. ncuropbsioloat, rnly hclp to
cxpl.in iL\ imF).laocc for thc irrcSrutn)n of dispme sersltions

Par.l0d 13 a(cn.d),! w dd,
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A@lomic egioi Cusrd

recruted commotr ncD.al rerworks thar include .egio.s, such as

thc lateral prefiostal and pos.erior p.fietal cortices (lnnlge rr xl

-2rX)1; rrv(trdrlkco.1 rl..200lJ), md conoectMr/ malrRs
dcmo6r.ared rhat E{ incresed cdrnectniiy betwcen visual
r€AioG and rhe inferio. ptrietrl c(mex. In additio4 the abiliq io
r€gulate proccssing of erteroccptive sgnal5 ltas been Atrilred
with the fmntal operculqm (for review. see ,\ntr .r .1. l{n]),
whc6 workiog memory mrlntenance rask commotly recruit
thc dorstarcrrl preftontal corter ard supc.(tr p4ielil crmices
(\\'cndclk.r .t d 2o0ll) ,5 well ,s codrte (\1.\rb and
{liq:lrrs 2n):) ,nd c€rebellun (l)6nbnd cL .1. l$7). ,\ll of
thes r.Aio6 we.e mo.e active during ["4. tban L\ supponing
their cxter<rcption'specifi. role. Moreover, this EA network hs
be€n Iinkcd to nonvisual €it€rcceprnc senery slsiem, such s
hgqilg oolrns.h i d zltor( 2(D5).

Ry contrar!, IA recruired a distioct limbic and par.limbic
nerwork. tA'relarcd riivity extendcd bcyond primary inte.o-
ceprive ard somatosersory regions to include the an.tomically
condected poste.ior cidgulatc Ard hippocampur (lckrrt cr ri.
lo09), wbich may be criticd for rbe representatior of brode.
contextqal infomrtion (\trgt cr xl.20o(r,6 well 6 fte
pafacenr4l cortex. wbich is sso.iated wirh scNorimotor
crulgcment (Jrrrzrn cl rl .100'). Together, these contcxtual
and viscerGomatic regions may constitute i bdis for our
,6h'sical snse of emb.xliftert in the sorl4 a hypothesis
cdnsisient vdrb the hiah sscirti(m bct\€ed dasogno.sia md
poster:or insula Iesions ((rmtrrh rl .1. -?005). lurthemo.e, lA
promoied Sreater insula conrccrMry with thalarnic rcl2ys or
rhc visc€osomntic spinothalrnaic rrrct, sugg€sting that the
deplqnenr of the LA oetivo.k dire.tly inpRcts ktrory
alf€r€nce m rhe neoirorle!

seveal cririques oI ihis interpretalion or thc clata tuigbt be
ofered. One mighr ar8uc that the obsened etfecb e

indi$tors of medml efiort mther thm artentional focus, tbat
a lack of prefrortal recruitment during IA coDld denote a lack
of etron rtfter than a dif€.ent q?e of atrention. Although $ie
do not have a metusur€ of relative cognirive etrort in tlrc IA rnd
EA r6ks, prio. wo.k suggcsts that focusing on interoceptive
sBres !.turlly requires greater cqnitive effo.t thm .*tcro-
c€prion. ai erle.oceptive signils oftcn m$k competing
interoceptive cues (l.rd$i.k ltor(odxrl md \cutcld 1985i
u{thcr xnd lknrl -2002). Greate. f.ontoprietal activatiod for
lA is rhe.efore less likety a ieflection of the motrnt of
.e$ufces rccded but rather the kind, suppo.ting a dis.inct
network fiom IA. A second obiecrion may ri* about the
specilicity of rbis IA network rtiftion: even if IA cu bc
associared wirh a disriicr neural network. perhrps lA networls
dise fom atrending to internid seNtion broadly, including
rhoughr\ rnLl memoric\ rJrher rh,d inr€rocentn€ rcritir)
sp€cific.ruyt however, the presenr nndings differeffi e L{
netwo.Ls ftom ihose supponing i cda y generated and
stimulss independent dmught, which r€cruit medi.l md
do$ol.teral preftontal co.tical ci.cuits r,nhe. tlld the in-
terceptive network demorsi. ed here (e.9., (ihri\rtf (t rl.
2ool; (iilbert rt il. 2o0s), mrking ir unlikely rha: miod
wmd€ring is d.Mog rhe obsrveil task difierences linally,
one might questioq rhe ptausibility of the proposed dissocia'
iion: why vould the neural ncrworks supponing EA ditrer ftom
rhos€ suppo.rina rA? we conjecture that exteroceptive s€nsory
s'srems corrain ! crirical alocenrric spinial component to
locne the distal stinulus in the externrl environment relativ€
to the orgmism, The cxception to this is taste, wh.xe primary
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mlidc, we obssed that while rostral regions ol rhe ACC did
show pref.rential rccruitmeot du.ina L\ relni\€ to !4 only E

modulated ACC conneciivity: during I,d the ACC demoGrated
inc.€ased ra5k.r€lated connectMty with the visual ROI, where.rs
no modulation of ACC connectfitty w$ obcerved during lA with
the insula- Thlls, while both the ACC and the anterior insdr may
be r(ruiied by I4 a ned fo. intcSnting sersiion into a bmadc
motivatiotul coorext mly b€ ncce$ary to nrlry eng€e rhis
nerwork of Von Economo renrors.

The present rcselrfch supports the idca of the insula actiog
6 r bridge belwceo L\ dd E networks. Strona IA tuning was
observed 

'n 
the posterior insula, while the illlerior insula ws

primdly tuned towdd E mthc. ran acting as a marke. of
viscerat and smaric Ndeness (e.g.i Dma(nr !t xl ?000).
Nscrtheles, artendon.iddepende r connectiviry was ob-
served between poste.ior insub lA regions ind aoterior insula
XA regions. Iunhermorc, prior rcsearch indicates tbat while
eDdogenous lA appeam ro rcc.uit posterior insDla r€8ioos
.lassica[y dsociared with involunrary visce.al sensation (ea.,
Ariz ct al. 2(X)0j l)uponr ct rl ,:{J(}i), IA may also promote
rec.uitment of mterior insula regions when interocep-
tive infomation mu$ be integftted in a broader exteroceptive
cooiexr (c.9., singo d . 2l)09)- Funber .esenrch erflmining
the efects of ifltegrating intcroc€ptive signal ioto externrl i6k
dcmatrG would dircctly tesi this i.teAJftbn hyfrothesi!.

Ener.rceptle 1jg6es lrtweptlw Ne,wr.h.t
The present study srygesrs that the frodtoparieti ex€cutive"
aireorion rerwo.k (scflc] !t rl :007) may be specdized
rowed raks requirinS extero.eptive noritoring. This well
chdrcrcized frodroparierrl nerwork was recruited during [A.
regddle$ of wbedn exreroception w5 delined ,-s zttertio.
towdd_ exiern l yjsu4-sjilquli (mainteoance) o. away fron
inrenai 'isruli r\uapr$iont. vrinrenrncc ad \urtir(\siun

(iniPr c{cx P.$ ll ol 13



senery conica.l ficlds res e id the insula as wcu (Iruridr cr rl.
t999); iodecd, trrte ff.Iy be considered a b.idge between
exteroception nnd jdteroceptioo. An IA system for mapping
intern l body sensations radica[y dif€rs ftoD I"{ laterrl Aontal
ud posrerio. peietil spatial representations, h thin, it r€larcs
sensrtiod within the intennl ontext of rbc self rarhe. rhan
spatiatly r€lating extern l objects to a separatle sclf md
deriving their signilicance. In sun, the dissociation b€tween
IA and EA suggests a commoo att€niional modulation of
primrry rcp.esmtarion but originating from distinct attedtioral
modulatory sources. Interoception nay rlse fron aratomicauy
distinct, evolutionarily older linbic r€gions th! provide
a prcseot-ceote.cd context fo. semations originatiog from
the insidc of the body (trrb ct ai. l00l! (irlig ,:1)09).
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