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Structure, Function, and Connectivity of Cerebral Cortex

in Humans and Nonhuman Primates
David C Van Essen?, Matthew F. Glasser!2, and Chad J. Donahue!? i

1Department of Neuroscience and 2Department of Radiology, Washington University School of Medicine &,

The cerebral cortex is the dominant structure of the primate brain and is responsible for many
sensory, motor, perceptual, cognitive, and emotional behaviors. Understanding how the cerebral
cortex ‘works’ requires deciphering how various functions are mediated by complex networks
involving billions of neurons organized into a mosaic of highly interconnected parcels (cortical
areas). This lecture will summarize recent progress in analyzing cortical organization and function
in humans and nonhuman primates, including macague monkeys, chimpanzees and marmosets.

Each cortical area differs from its neighbors in function, architecture, connectivity,
and/or topographic organization. These differences are often subtle, and generating an accurate,
consensus parcellation for each species has been a major challenge. In humans, there are added
challenges, owing to the complexity and variability of cortical convolutions and the variability of
areal boundaries relative to these folds. Recent progress in parcellating human cortex includes a
180-area per hemisphere map based on high-quality multimodal data from the Human
Connectome Project (HCP). In nonhuman primates there is no consensus for any species, but it
is likely? 3 that there are around 140 areas per hemisphere in the macaque monkey and around
100 areas in the marmoset. Thus, the total number of cortical areas differs by less than two-fold
among intensively studied primates, whereas the differences in brain size (and cortical surface
area) are much larger (e.g., >100-fold greater in humans vs marmosets)%. Cortical expansion in
different evolutionary lineages has been highly nonuniform, as evidenced by the progressive
differences in lightly myelinated, presumably higher cognitive) regions in humans compared to
chimpanzees and macaques® and also marmosets (T. Hayashi, unpublished). This is supported by
results from interspecies registration®’ and by analyses of presumed homologous regions such as
prefrontal cortex®. Such analyses will benefit from improved registration algorithms®10, from more
accurate delineation of homologous areas and functional subregions in different species, and from
identifying regions that emerged in one lineage but not another.

The extraordinarily complex patterns of cortico-cortical connectivity has been analyzed
in macaques and marmosets largely using anatomical tracers. In contrast, human connectivity
analyses are largely based on indirect in vivo methods, including “functional connectivity” (FC)
using resting-state fMRI and “structural connectivity” (SC) using diffusion imaging and
tractography. Direct comparisons of tracers vs tractography in the macaquel! reveal major
limitations of SC measures for quantitative connectivity analyses. Direct comparisons of tracers vs
FC in the macaque (ongoing collaboration among the labs of H. Kennedy, T. Hayashi, D. Van
Essen) should aid in understanding the strengths and limitations of FC approaches in nonhuman
primates and, by extension, in humans.

References :

1) Glasser MF et al., (2016): Nature 536:171-178. 2) Van Essen DC and Glasser MF (2018): Neuron, in press. 3) Van
Essen DC, Glasser, MF, and Donahue CJ (2018): Brain, Behav. Evol., in press. 4) Herculano-Houzel S (2009): Front.
Human Neurosci. 3:31. 5) Glasser MF et al., (2013): Neurolmage. 93 Pt 2:165-175. 6) Van Essen DC and Dierker DL
(2007): Neuron. 56:209-225. 7) Chaplin TA et al., (2013): J. Neurosci. 33:15120-15125. 8) Donahue CJ et al., (2018):
Proc. Natl. Acad. Sci. USA 115:E5183-E5192 . 9) Robinson EC et al. (2017): Neurolmage. 167:453-465. 10) Garcia KE et
al. (2018): Proc. Natl. Acad. Sci. USA 115:3156-3161. 11) Donahue CJ et al. (2016): J Neurosci. 36:6758-6770.
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1) Koike T, Tanabe HC, Okazaki S, Nakagawa E, Sasaki AT, Shimada K, Sugawara SK, Takahashi HK,
Yoshihara K, Bosch-Bayard J, Sadato N (2016) Neural substrates of shared attention as social memory: A
hyperscanning functional magnetic resonance imaging study. Neuroimage 125:401-412.
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1) Yamins DLK, DiCarlo JJ (2016) Using goal-driven deep learning models to understand sensory cortex. Nature
Neuroscience 19:356-365. 2) Horikawa, T, Kamitani, Y (2017) Generic decoding of seen and imagined objects using
hierarchical visual features. Nature Communications 8, 15037. 3) Shen, G, Horikawa, T, Majima, K, Kamitani, Y (2017)
Deep image reconstruction from human brain activity. b/joRx/v 24031.

5



HR R L

INTERNATIONAL SYMPOSIUM




— FER> R L 9H8H 15:45-16:15
Multi-modal parcellation of the human cerebral cortex
Matthew F. Glasser

Departments of Radiology and Neuroscience, Washington University in St. Louis

For over a century making a map of the human cerebral cortex has been an objective of
neuroscience. Understanding the specialized information processing units of cortex, the cortical
areas, requires that they be delineated in an accurate and reproducible way. Historically, cortical
areas have been defined based on microstructural architecture, functional properties, area-to-area
connectivity, or within-area mesoscale organization—topography!. Many of these studies were
carried out using invasive techniques in post-mortem human tissues or in non-human primates.
Here we capitalized on the high quality Human Connectome Project (HCP) MRI data that allows us
to measure architecture (cortical thickness and T1-weighted/T2-weighted myelin maps), function
(task-based functional MRI), connectivity (resting state functional MRI connectivity), and
topography (resting state functional MRI visuotopic connectivity) non-invasively in living human
subjects?. We rethought the traditional approach to brain imaging analysis3-> generating precisely
aligned and spatially sharp group average maps of these non-invasive modalities. To map cortical
areas, we used locations of sharp change in group average myelin maps, cortical thickness maps,
task-based functional activation maps, and functional connectivity maps from the 210P group. We
focused on locations where these gradients co-localized across more than one modality to take
advantage of converging and complementary evidence. We used a semi-automated parcellation
approach, where neuroanatomists chose the maps most useful for each areal boundary and drew an
initial guess at its location and then used an algorithm to draw the final boundary that best fit the
available data. The last step involved painstaking description of each cortical area and relating it to
the neuroanatomical literature to see if the area had previously been described. We found 180
cortical areas in each hemisphere, 83 of which had previously been described and 97 new areas.
This map took years to complete using the semi-automated neuroanatomist driven approach, which
would be impractical for application to individual subjects. For this reason, we trained a machine
learning classifier® to recognize the unique multi-modal fingerprint of each cortical area. This
classifier was able to identify these areas in individual subjects automatically, even in cases where
areas had atypical relationships with their neighbors relative to the group pattern. Indeed the areal
classifier detected 96.6% of cortical areas in the 210V dataset that was not used for either
parcellation or classifier training and reproduced the parcellation at the group level with a
correlation of r=0.965. To best make use of this new map of the brain and areal classifier, one
needs only to acquire high resolution T1-weighted and T2-weighted structural MRI (0.8mm isotropic
or better), resting state fMRI (2.4mm or better with 1s repetition time or better), and a field map, as
leaving out the HCP’s specialized task fMRI battery resulted in an areal detection rate of 96.4%—
essentially the same as with it included. We anticipate that this new map and the improved
approach to brain imaging it was derived from will accelerate progress in understanding the brain in
health and disease.

References :

1) Van Essen, D. C. and Glasser, M.F., (In Press). Parcellating Cerebral Cortex: How Invasive Animal Studies Inform Non-Invasive Map-
making in Humans. Neuron. 2) Glasser, M.F., Coalson, T.S., Robinson, E.C., Hacker, C.D., Harwell, J., Yacoub, E., Ugurbil, K., Andersson, J.,
Beckmann, C.F., Jenkinson, M. Smith, S.M., and Van Essen, D.C. 2016a. A multi-modal parcellation of human cerebral cortex. Nature,
536(7615), pp.171-178. 3) Glasser, M.F., Smith, S.M., Marcus, D.S., Andersson, J.L., Auerbach, E.J., Behrens, T.E., Coalson, T.S., Harms,
M.P., Jenkinson, M., Moeller, S. Robinson, E.C., Sotiropoulos, S.N., Xu, J., Yacoub, E., Ugurbil, K., and Van Essen, D.C. 2016b. The human
connectome project's neuroimaging approach. Nature Neuroscience, 19(9), p.1175. 4) Glasser, M.F., Sotiropoulos, S.N., Wilson, J.A.,
Coalson, T.S., Fischl, B., Andersson, J.L., Xu, J., Jbabdi, S., Webster, M., Polimeni, J.R. Van Essen, D.C., and Jenkinson, M., 2013. The
minimal preprocessing pipelines for the Human Connectome Project. Neuroimage, 80, pp.105-124. 5) Robinson, E.C., Garcia, K., Glasser,
M.F., Chen, Z.,, Coalson, T.S., Makropoulos, A., Bozek, J., Wright, R., Schuh, A., Webster, M. Hutter, J., et al. 2018. Multimodal surface
matching with higher-order smoothness constraints. Neurolmage, 167, pp.453-465. 6) Hacker, C.D., Laumann, T.0., Szrama, N.P.,
Baldassarre, A., Snyder, A.Z., Leuthardt, E.C. and Corbetta, M., 2013. Resting state network estimation in ndividual subjects. Neuroimage,
82, pp.616-633. 7
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Computational neuroimaging and the cortical pathways

for seeing words
Brian A. Wandell

Stanford’s Center for Cognitive and Neurobiological Imaging, Stanford University

There has been extraordinary progress in measuring and modeling the tissue properties
and activity in the living human brain using magnetic resonance imaging. Reliable
functional measurements can be made at the millimeter scale in individual subjects,
significantly enhancing the value of these techniques for both scientific and clinical
applications. One goal of visual and cognitive neuroscience is to build computable models
that predict these functional responses. Such computational neuroimaging comprises a
small fraction of functional neuroimaging, which mainly focuses on statistical
comparisons of different groups or statistical comparisons of a single group measured
with different stimuli or tasks. | will describe why computational neuroimaging applied to
individual subjects is a useful method for both scientific applications and developing
diagnostic measures of visual and cognitive disorders. | will illustrate these ideas with
examples from work designed to clarify the brain circuitry that is essential for seeing
words. | am hopeful that combining quantitative measurements and computational
models, supported by reproducible research tools, can provide a strong foundation for a
human neuroscience that benefits society.

References

1. Computational imaging of human visual cortex. Brian A. Wandell, Annu. Rev. Neurosci. 1999. 22:145-73.

2. Computational neuroimaging and population receptive fields Brian A. Wandelll and Jonathan Winawer.
Trends in Cognitive Sciences, June 2015, Vol. 19, No. 6

3. Diagnosing the Neural Circuitry of Reading. Brian A. Wandell and Rosemary K. Le, Neuron 96, October
11, 2017
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1) Sporns O, Tononi G, Kotter R. PLoS Comput Biol. 2005 Sep;1(4):e42. 2) Pasternak O, Kelly S, Sydnor VJ,
et al. Neuroimage. 2018 May 2. pii: $1053-8119(18)30361-6. 3) Sotiropoulos SN, Jbabdi S, Xu J, et al.
Neuroimage. 2013 Oct 15;80:125-43. 4) Rubinov M, Sporns O. Neuroimage. 2010 Sep;52(3):1059-69. 5)
Sotiropoulos SN, Zalesky A. NMR Biomed. 2017 Jun 27.
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1) Van Essen DC et al. Neurolmage (2013) 80: 62-79. 2) Glasser MF et al. Nature Neurosci (2016) 19:1175-1187. 3)
Autio J et al. Neurolmage, submitted 4) Hori Y et al. in preparation 5) Simpson EA et al. Sci Rep (2016) 6:19669. 6)
Weiss A et al. Sci Rep (2018) in press 7) Yokoyama C et al. Abstract for46th Annual Meeting of Soc Neurosci. (2016)
779.11
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17 Z2AZ7MRIC & % & b RE{S&RIFR
FIH A RERARFEREZIZR

17RAZ(T)TOMRA X =2 v 7%, BBARMRES L OCHBRRIZEGHROMAICEWOERAINTE
TW3, BFEAIICIE. SNRIFBOAMEINY 2 ICONTEHRAITIEINL., 3THSTTICEMT % £2.33(F
B< 5%, STCORKREIMMATTTIELRA—SNRT, 2D70.65mm, 3DT0.756mmZE TEEERENLT
5, 2L, BHIGHE (B0) CXEHSSH (Blt) O —MHICLYEEL ST 2HEL H
%, BEROO Y FT7X ML, BAREOMEEEZIIRZIUEEZECTL. T2ELUOT2 EMNRELR EDE
FHICL>TEEIND, TTTETHERER. T2ME - T2 MEIZERET 2, THEDERIZ. HUVLEIREZ
WMRELIMRT > FA 757 4 PASLTORANES LT 5 L TENTH S, T2*0OIEMEIE. #Kik
BYTHFIUANE/AEVICLZ IV TR MERT B, BATHSOANE—EHAIE, BOL T 0 —KH
(TE) ICEBIL TiBINg %2, A—0ay b7 X ML T, TTTH LY EVWTEAERTE, BUSHE
MZEETE5, L LEEEOELGE, B#HEN T —REMICEWT, ESEREHENIEKRT
HEWD) BEIENEL S,
AR E# I EH 2 A 7T MRIG & F I OESCREZ( Z AR - BT 2R TRHWLW S NIRD T
W2, 7IUng<—hw (AD) BLUBERAEE (MC) EZ20—fITH5, =EM0REIBEGRIE
BEAIILDETIEBEMCHIMEEA, T2*aY F SR MDOZLIZT 204 RRICH T 286
A HABEEORE AT 2720 IR NS, ADEXRE LIcgLWEARNS#ERE (0.166mm) (<
£2BEY 7 74— ROREFETIZ. 7YEZTEL (CAl) TELREES N, ZOFEEIE
BoRDE. ADDIERIC—B L TR o, CAlFB L EERLERE DRICERELERENMRESINTL
%o WUIMEBZEQ)CHUNEM(3), 100uFKFELNI BT I 04 FH(T)IZH T2 HLEIC L 2 MREER(L
BZEA(4-6)7% EOBEMRICE VLT, WRHELOMICEREEZRDTWD, RFTORETIE, EEHTF
ERRELT-EBEIANLEFHFLVWQSMT LI XL ZHATHZ LT, EEICBEVWTD
0.15x0.15x0.65mm& W5 @BFRE THMEEZAIEHL L. STV EFHOAY b T X MTED L6
BEEzRE L TW5(8), AIZIEMICAESI e CaBE CREANRLESA Y E—4X2a4)L(9)T
&, ERRECREBBEZFMICREARICAS EHFEINDS, £/ATTTIE, MRRXZ baxay
— B DERBOEED LT SO FRFREM LEL T, 702 I VEPGABAL & DNEY)
DIREAHE L. WEEBTICHDELEREZECI L2, —F Vi (PD) ICEWTHERIE
HEATHEY, PIZISBRARTEZERE (SN) L OMOBRELDBENATREL 72> T 5(10), 7SN
DEFERHPPDEEICEVWTRELATRERLI-ET2RED H 5 (11,12), FMRITIE, RKRTEZ
ESNE DEITEE = XBI AR & 7 > T 5(13),
TT-MRTIE, /EEkL Y bEWERDEE - IV 7 X MDA ELOND, Itk SFE MiEX
RELTHRDVRWICELC S D EBFIND,
2HR (1) Kerchner GA, et al. Neuroimage 63:194-202 (2012). (2) van Veluw SJ, et al. J Alzheimer's Dis 39:163-7 (2014).
(3) Brundel M, et al. J Alzheimers Dis 31:259-63 (2012). (4) van Rooden S, et al. Alzheimers Dement 10:e19-26 (2014).
(5) van Rooden S, et al. Neurobiol Aging 36:20-6 (2015). (6) van Bergen JM, et al. Sci Rep 6:35514 (2016). (7) Serrano-
Pozo A, et al. J Neuropathol Exp Neurol 71:694-701 (2012). (8) Wei H, et al. ISMRM2018: 5005. (9) Zhang B, et al. Nat
Biomed Engineering in press. (10) Deistung A, et al. Front Hum Neurosci 7:710 (2013). (11) Kwon DH, et al. Ann Neurol

71:267-277 (2012). (12) Cho ZH, et al. Mov Disord 26:713-718 (2011). (13) de Hollander G, et al. PLoS One 10:e0120572
(2015).
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DA Sz Eh I HEER
Fh £5 HRHESRATRAN MgEER 0V |

ZLDADBROBVRKICHEERAR—VREDEP N7+ —T VA TRWMEREZERT Z LN TELR
BABHDLDTIEHEWNTEAS D, £F72, UNEUT—2 a3 >DRFBICEVWTHESEERIEZRT LT
BEOEMZSEHT IENEETHD I LARBINTITWE A, BEARCEE N ESEEE. 35
EBEMBEORIEICHEST 2R A DX LAVCRRBRIGEKIZTHERAZ L, INEF TCEREFHIET
D EVhbN TV AR E BRIKESH © 7% 5 PRAER L. RO EBEEICBEZORRIEALE
BN TE, BH4lZ, TOLH B L EBRZRCHBREARZMAT I zBEL. BEARICEBSL
TW 5 FRLigHR O BHRESFIEEEICOWTHRL TWb, AFEETIE, fMRICX % & ~DOEERE
YEDRFFT & YL TORPITER OMEENIRIEIC L > THOL MR - TE 2, LA FHEEEIH TR
HEBIIOWTERL L,

3k -
1) Nishimura et al. (2007) Science;318(5853):1150-5. 2) Nishimura et al. (2011) PLoS One. 2011;6(9):e24854. doi:
10.1371/journal.pone.0024854. 3) Sawada et al. (2015) Science;350(6256):98-101

14



— SR OLFEE?  9H8H 11:00-11:25

KIFERERT — X R— XD 5 B 2 D FaiE & s
BB HItAY Xv—F - IA PV IEBREAFRE X —
AL KFIMCEFAT BEEBREF. HIRFEILA T 14 HIL - X ANV TR ‘\

AARBEHESICERL THE Y., 65RULOTHEOESITEZRICEML, —HLI6EULT DN

BAOIRD TN T WD, SEtEE0mMEE LT, RAEOBERIBENO—F%EUL->THEY,

2013F (214005 A, Wh B FHEZ AND E800FAEHEEHONTWES, £/, FHEDELER
Fip & OFerf (CIEFRAE. WOEBEEESZEOERNZ CHEE L TW57-9HIC, XD Nk % 7 g2 7%
BRUMNZ., RAAEROZ L IIBBERFOERICEETH D, TD-HICIE. MORE, MIEA ED
EOICEHR, EDLDBECERCEFTEENEET Z2HNZHONICTH I EICLY ., RAEFDK
FELZIMZ 5 Z L, BEMEARICBLWTRERERNHDLEEXTWD, 2F Y, BEltds
ICHIL T B7-0IC1E. TRDRIEZ RKRICEHS, Whp b3 —RFHHNEETH S, —RFHzERET
51217, —A—ADEGEER. BEERICEIL7=ERFHTH 5. @MLFHOERNEETH 5,

B2, ERMLFHAEERT SIS, KIEET —2R—XEANCEZMEINVETH D, TDT1-HIZ,
HALILINEFTEICHMRIZFOE LTz, 5m~80ME THOEHEH L 23000\ D KRR NERT — X
R—X e L. BifeRe, Ritee. AN e, EEER. £EFEEERL S L OEREICEBL TE4 D
FAMRZH L &/, R, NEERDICHELASZX 2ERE LT, B4 O}RBILICEELSX
ZERANMELMICHRS>TWD, FIZIE, BEIZEITONE, THZH. BUETILI—IILFFERETIL,
BISESREIEERDRINEMED H D EHHL MDA > TW =D, F4ld. BEAICEVWTHEEREE & §i5A
HEERORAIKABEICEEAGHEBENH D EEBASHNIC L, RIC, BELNEBICESLT

WBRABEEEDN O NICH > TW3, ZD-0FH41Z. THZTHEROREE L INERICHEEN D % L&
2T, IBHnRETH S, Body Mass Index (BMI) & BXFERE & DR A &M L 72, Z DFEER. BMI&
BEAENEEREHEEI DL EEFBELNICLIZ, DF Y, BETHIIEFEEEBEFELN /NS W

EEBEOMILEZ, TOBERELTE. BEICL2MAILTFVILEEDLERD, BEOHMERRE%
MATWAERTHERE, BRORGAEZ ONTWS, WINIZLTH, BIFRBAHEERIZ. X
EEAMBILZIENEZOND 2D, NNEBZRAIEERRVINZ 2 I1C1E. BRBLEER CTH IS
mE., ¥RE. SRMEREEZERTHIENEETHIARUNATERINDG, ZDLHIZ. FLlE
TNE T, BRI, MR AR INER T — X N— R EVER L. BXBIERD 5 A 7= B 70 PN HOZE R O IN D,

BICED LD BEFBENNFE, MGICEEZSI 5 ZHoMNILTERY, LarLlasrs, &
FTEREETEBEROBEEERANED L D ICHAECIRGICEET 2NIEREZBONITHE > TULR
W2 ENZ4AHY, INOZHONIZT S EHNTREFONRERICTT 5—RFHICEVWTARESE
EThHBEEZDODND,

Xk -
1) Taki Y et al., Alcohol Clin Exp Res 30:1045-1050, 2006. 2). Taki Y et al., Obesity 16: 119-124, 2008. 3). Taki Y et al.,
Human Brain Mapping 34:2292-2301, 2013. 4) Taki Y et al., Human Brain Mapping 34:1857-1871, 2013.

15



— SR OLFEEF?  9HSEH 11:30-11:55
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EiE BE TP AYAFIRESHIR NEEEESY ST

4
—

L%
ABOBHEEIZ, L <M1 - BEMIEND, MEFAFE. MEICHEBL, &tk . £AEA
ICRRENDZENTH S, INODEFRSERECTEES L4V, EHRNICIIHFROEZNEE
ETHMHTHD, MIALET MG EROEZIBHEEZICEVWTLERLEERTIED 2D
MHRARPCHMAR L E 5T 2, —7A. BUER. BB CPEEE. BRRE. Bf) & L o7&
DEFF &L VIREROBHEST TRO OND ZeNE L BHREZFORONLRELERKT 5, LHL,
MICHEET 2ERNEHAROEFCELY TENLERTH2BEPEORBE R ZEHNL ML E L
O BRBRZOT—<ICHIREFAVEDLZ,N 57, LA L. IMRIZFLICSHRERMNA X —2 >~ T DR
M= ezl LEFP BAFOVRELSE L. FENLE - BORMEGMRIER L, 5
HIEE DRITHI 4 DHTIE A2 (MBI REBRICE OV TE L AADRRPRENLITEE
RIIKFT 2, LDFER. ZHNIERBETH Y. EYPENICHEI—TERWL, FFS. BEL TE/M
BRICEOWT, ERZERL, FHAREDOBEREZLLD ET2EEHLH D, BHESICROLOMN
LZITHEBOERICIEZHAINI AN, BRREDEENEEING, BELIIERREDREEZH
ARBFEME L TRA. EYENEIREFBODIT L2 2T TE L, BENVRYBATERESE
PREMEREEZNRICLICBRAIIGEA T, INETZIRYVIRZ ELEHICSEDODERLEICOVTHLHMN D,

3HR ¢

Takahashi H. Monoamines and assessment of risks. Curr Opin Neurobiol. 22(6):1062-7,2012

Takahashi et al: Norepinephrine in the brain is associated with aversion to financial loss. Mol Psychiatry. 18(1):3, 2013
Tei et al: Collaborative roles of Temporoparietal Junction and Dorsolateral Prefrontal Cortex in Different Types of
Behavioural Flexibility. Sci Rep. 7(1):6415, 2017

Takeuchi et al Amygdala volume is associated with risky probability cognition in gambling disorder. Addict Biol. 2018 in

press.
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THIRETTHTN ZENRETT, fhfcbld, HRMEOREGTER. LWhid Lo ER] %
FIBILTHNL, o EER22LAICLT, & Hl\/lRl;e%sﬁ%%mtﬂ“’ STER L ORIERTR
EEEHTUWETL, KEETIE, BEOLDY I 2L —2 3 0RE30MMERMAEBBRREICEHET S
METERIK 4 EDRICOVWTHN I B TW A EET,

AR

1) Nakahara H. (2014) Multiplexing signals in reinforcement learning with internal models and dopamine. Current
Opinion in Neurobiology. 25: pp.123-129.

2) Dayan P, Nakahara H. (in press) Models and Methods for Reinforcement Learning, Stevens The Stevens’ Handbook
of Experimental Psychology. Volume 5.

3) Suzuki S, et. al. (2012) Learning to simulate others’ decisions. Neuron. 74: 1125-1137.

4) Fukuda H, Ma N, et al. (in revision) Computing social value conversion in the human brain.
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