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Ultrahigh field fMRI: Biophysics and Applications

Seong-Gi Kim
Center for Neuroscience Imaging Research, Institute for Basic Science;

Department of Biomedical Engineering, Sungkyunkwan University, Suwon, Korea

Ultrahigh field human MRI systems are increasingly available around the world for obtaining high-
resolution functional architectures such as functional cortical columns and layers. Since MRl is a measure
of hemodynamic responses to neuronal activity, it is crucial to understand vascular types and sizes
responding to neuronal activity as well as neurovascular coupling (1). Relevant to this issue, various MR
contrasts have been employed in the fMRI community such as BOLD (gradient echo and spin echo),
cerebral flood flow (ASL), cerebral blood volume (contrast agent, VASO, arterial CBV), diffusion-weighted
fMRI (2), and recently direct neuronal imaging (3). To utilize these fMRI methods for high temporal and/or
spatial resolution MR, it is necessary to consider both sensitivity and specificity. In my laboratory, we have
used orientation columns and cortical layer models in laboratory animals for over two decades to examine
biophysical properties of various TMRI contrasts and neurovascular coupling (4). These animal studies can
guide human fMRI researchers to decide which approaches are most appropriate and what are the spatial
and temporal properties. In my talk, | will discuss underlying physiology, specificity, and sensitivity of various

fMRI contrasts, and present preliminary data of 7T human fMRI studies (5).

References
1) Kim & Ocawa, JCBFM, 32 (7), 1188-1206,2012

2) LE BIHAN ET AL, PNAS, 103, 8263-8268, 2006

3) TOIET AL., SCIENCE, 378, 160-168, 2022 vs. CHOI ET AL, BIORXIv, 2023.05. 26.542419, 2023

4) Kim & UGURBIL, METHODS, 30, 28-41, 2003; FUKUDA ET AL., PHIL. TRANS. R. Soc. B 376, 20190623, 2020
5) HAN ET AL., NEUROIMAGE, 264, 119675, 2022; HAN ET AL., NEUROIMAGE, 241, 118435,2021
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What is the ultimate spatiotemporal resolution of human functional

MRI? Insights into how brain vasculature influences hemodynamics

P

Jonathan R. Polimeni
Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital. Department of
Radiology, Harvard Medical School. Harvard-MIT Program in Health Sciences and Technology,

Massachusetts Institute of Technology.

All fMRI techniques in use today measure brain function only indirectly, by tracking the changes in blood flow,
volume and oxygenation that accompany neuronal activity, and this has often been viewed as the fundamental
limitation of the technique. However, recent evidence from microscopy studies has shown that the brain's
smallest blood vessels respond far more precisely, in space and in time, to neuronal activity than previously
believed [1]. This insight suggests that the “biological resolution” of fMRI is intrinsically high, and, with
sufficiently high imaging resolution, it should be possible to extract more meaningful neuronally specific
information from fMRI—if we can understand how brain vascular anatomy and physiology shape the
hemodynamics that generate the fMRI signals.

In this special lecture, | will describe ongoing efforts to improve the neuronal specificity of fMRI and pose
the question: How far can we go with fMRI? The limits of fMRI spatial and temporal resolution are actively being
investigated using advanced imaging technologies. While high-resolution human fMRI studies are increasingly
operating at the boundaries of what is achievable, a key challenge is that the vascular architecture of the brain
reflects its structure and function across spatial scales. Both classic and modern vascular anatomy studies have
shown how the macro-vascular geometry is coupled to the tissue geometry, including the gray matter folds and
the white matter tracts, while the micro-vascular density closely follows borders of subcortical nuclei, cortical
areas and cortical layers [2]. | will present evidence that both the large- and small-scale vascular anatomy
strongly influence patterns of fMRI activation and describe strategies for how to account for this.

As examples of the intrinsically high biological resolution of fMRI, I will present results showing cortical
columnar and laminar imaging, and new directions in the emerging field of "fast fMRI" that show how the BOLD
response can track surprisingly fast neural dynamics. Lastly, | will share our recent progress towards building
bottom-up biophysical models of the fMRI signals based on realistic large- and small-scale vascular networks
and dynamics that provide insights into the interrelationship between hemodynamics and neural activity. Overall,
many lessons can be learned through a deeper understanding of brain vascular anatomy and physiology, which
can both shed light on the brain's functional organization and help human brain mappers more accurately

interpret the MR signals in terms of the underlying neural activity.

References
1) PoLIMENI, JR AND WALD, LL 2018. MAGNETIC RESONANCE IMAGING TECHNOLOGY — BRIDGING THE GAP BETWEEN NONINVASIVE HUMAN IMAGING AND
OPTICAL MICROSCOPY. CURRENT OPINION IN NEUROBIOLOGY. 50, (JUN. 2018), 250-260.

2) DUVERNOY, HM 1999. THE HUMAN BRAIN. SPRINGER; DUVERNOY, HM 1999. HUMAN BRAIN STEM VESSELS. SPRINGER.
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Neuroethics in the Life Cycle of Human Brain Imaging Data
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1) BIN HE, ZHONGMING LIU (2008) MULTIMODAL FUNCTIONAL NEUROIMAGING: INTEGRATING FUNCTIONAL MRI AND EEG/MEG.IEEE Rev BIOMED ENG.
1(2008):23-40. pol: 10.1109/RBME.2008.2008233.

2) G7 SCIENCE AND TECHNOLOGY MINISTERS” COMMUNIQUE. SENDAI, MaY 12-14, 2023
HTTPS://WWW8.CAO.GO.JP/CSTP/KOKUSAITEKI/G7_2023/230513_G7_COMMUNIQUE.PDF

3) DAMIAN O EKE, ET AL. (2021) INTERNATIONAL DATA GOVERNANCE FOR NEUROSCIENCE. NEURON 110(4):600-612. DOI:
10.1016/J.NEURON.2021.11.017

4) FRANCIS X SHEN, ET AL. (2021) EMERGING ETHICAL ISSUES RAISED BY HIGHLY PORTABLE MRI RESEARCH IN REMOTE AND RESOURCE-LIMITED
INTERNATIONAL SETTINGS. NEUROIMAGE 238:118210. p0ol: 10.1016/J.NEUROIMAGE.2021.118210
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Polar angle asymmetries in the organisation of human visual cortex

Marc Himmelberg

Department of Psychology and Center for Neural Science
New York University
USA

Human visual cortex preserves the structure of the retinal image in cortical maps. fMRI has made it
possible to measure these retinotopic maps from visually evoked activity in human visual cortex, including
primary visual cortex (V1). Combining fMRI-derived retinotopic maps with MRl measurements of cortical
surface area shows differences in the amount of V1 surface area — and thus neurons — representing
different locations of the visual field. These location dependencies underlie differences in our perception
throughout the visual field. For example, more V1 surface area represents the centre than the periphery of
the visual field; this is matched by better visual performance at the centre than periphery. V1 surface area
is also asymmetrically distributed with respect to polar angle. These cortical polar angle asymmetries have
been linked to asymmetries in visual perception [1]. | will present fMRI experiments that have harnessed
these cortical asymmetries to better understand the organisation of V1 and how it gives rise to visual
perception. First, | will present work showing that polar angle asymmetries exist in the retinotopic
organisation of V1 [2]. Second, | will show that individual differences in the organisation of V1 are tightly
linked to individual differences in visual perception [3]. Third, | will show that the polar angle representation
of V1 changes between childhood and adulthood in a way that parallels developmental changes in visual

perception [4].

References

1) HIMMELBERG, M.M., WINAWER, J. & CARRASCO, M. (2023). POLAR ANGLE ASYMMETRIES IN VISUAL PERCEPTION AND NEURAL ARCHITECTURE.
TRENDS IN NEUROSCIENCES, 46(4).

2) HIMMELBERG, M.M., KUrRzAWSKI, J., BENSON, N., PELLI, D.G., CARRASCO, M. & WINAWER, J. (2021). CROSS-DATASET REPRODUCIBILITY OF
HUMAN RETINOTOPIC MAPS. NEUROIMAGE, 224.

3) HIMMELBERG, M.M., WINAWER, J.* & CARRASCO, M.* (2022). LINKING INDIVIDUAL DIFFERENCES IN HUMAN PRIMARY VISUAL CORTEX TO CONTRAST
SENSITIVITY AROUND THE VISUAL FIELD. NATURE COMMUNICATIONS, 13:3309.

4) HIMMELBERG, M.M., TUNCOK, E., GOMEZ, J., GRILL-SPECTOR, K., CARRASCO, M.* & WINAWER, J.* (2023). COMPARING RETINOTOPIC MAPS OF

CHILDREN AND ADULTS REVEALS A LATE-STAGE CHANGE IN HOW V1 SAMPLES THE VISUAL FIELD. NATURE COMMUNICATIONS, 14:1561.
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Characterizing tissue microstructure in the living human brain
using ultra-high-gradient diffusion MR

Susie Y. Huang

Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital

Less is known about the structure-function relationship in the human brain than in any other organ system.
The challenge of studying brain structure is that brain networks span multiple spatial scales, from individual
neurons all the way to whole-brain systems. Diffusion magnetic resonance imaging holds great promise
among noninvasive imaging methods for probing cellular structure of any depth and location in the living
human brain. Robust methods for in vivo mapping of tissue microstructure by diffusion MRI remain elusive
due to the demand for fast and strong diffusion-encoding gradients. | will present an overview of our
group's efforts to advance MR hardware, biophysical modeling, and validation of microstructural metrics
derived from diffusion MRI to probe the structure of the human brain across multiple scales. | will review
current progress and applications of these methods to study tissue microstructure in the normal and aging

human brain and assess axonal damage in multiple sclerosis.

1. HUANG SY, WiTzeL T, KEIL B, ScHoLZ A, DAVIDS M, DIETZ P, RUMMERT E, RAMB R, KIRSCH JE, YENDIKI A, FAN Q, TIAN Q, RAMOS-LLORDEN G,
LEE HH, NUMMENMAA A, BILGIC B, SETSOMPOP K, WANG F, AvrRAM AV, KOMLOSH M, BENJAMINI D, MAGDOOM KN, PATHAK S, SCHNEIDER W,
Novikov DS, FIEREMANS E, TOUNEKTI'S, MEKKAOUI C, AUGUSTINACK J, BERGER D, SHAPSON-COE A, LICHTMAN J, BASSER PJ, WALD LL, ROSEN
BR. CONNECTOME 2.0: DEVELOPING THE NEXT-GENERATION ULTRA-HIGH GRADIENT STRENGTH HUMAN MRI SCANNER FOR BRIDGING STUDIES OF
THE MICRO-, MESO- AND MACRO-CONNECTOME. NEUROIMAGE. 2021 Nov;243:118530. poi: 10.1016/J.NEUROIMAGE.2021.118530.

2. FAN Q, EICHNER C, AFZALI M, MUELLER L, TAX CMW, DAVIDS M, MaHMUTOVIC M, KEIL B, BILGIC B, SETSOMPOP K, LEE HH, TIAN Q, MAFFEI C,
RAMOS-LLORDEN G, NUMMENMAA A, WITZEL T, YENDIKI A, SONG YQ, HuaNG CC, LIN CP, WEISKOPF N, ANWANDER A, JONES DK, ROSEN BR,
WALD LL, HUANG SY. MAPPING THE HUMAN CONNECTOME USING DIFFUSION MRI AT 300 MT/M GRADIENT STRENGTH: METHODOLOGICAL ADVANCES
AND SCIENTIFIC IMPACT. NEUROIMAGE. 2022 FEB 22;118958. PMID: 35217204. por: 10.1016/J.NEUROIMAGE.2022.118958.
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Connecting the brain with body in neuroimaging research and its

implication in neuropsychiatry

Ye Ella Tian
The University of Melbourne

The brain is intricately interconnected with the body and other organ systems via nervous, circulatory and
lymphatic networks. Not only does the brain control the body, the health and functioning of the human
brain are also constantly influenced by other organ systems, via direct and indirect biochemical and neural
pathways. Integrated research into brain and body systems holds substantial clinical potential in
addressing multimorbidity and physical illness burden in people with neuropsychiatric disorders.

In the first part of my talk, | will introduce a multiorgan aging network to demonstrate how the aging of one
organ system selectively and characteristically influences the aging of other brain and body systems. | will
show multiorgan aging profiles for 16 chronic brain and body disorders and demonstrate how can advanced
organ aging predict mortality. In the second part of my talk, | will present a multiorgan, system-wide
characterization of brain and body health for five common neuropsychiatric disorders. | will show that
individuals diagnosed with these neuropsychiatric disorders are not only characterized by deviations from
normative reference ranges for brain phenotypes but also present considerably poorer physical health
across multiple body systems compared to their healthy peers. | will show that poor physical health is a
more pronounced manifestation of neuropsychiatric illness compared to brain changes. To close the talk,

will call for integrated and holistic mental and physical health in psychiatry.
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Layer fMRI in humans: recent acquisition and analysis approaches

for neuroscience application studies

Renzo Huber

National Institute of Mental Health, Bethesda, USA

Layer-fMRI is a technique that uses functional magnetic resonance imaging (fMRI) to measure activity in
specific layers of the cortex. This is done by dividing the cortex into thin slices and then measuring the
fMRI signal in each slice. Layer-fMRI can be used to study the directional information flow of how different
parts of the cortex are connected and how they work together to perform different tasks. However, layer-
fMRI is still a relatively new method and there are still some technical challenges for data acquisition and
analysis.

In this symposium, | will give an overview of common layer-fMRI acquisition approaches with the focus on
recent high-resolution EPI advancements. | will talk about common practices of extracting and analyzing
layer-specific fMRI signals. And ultimately, | will show some of the recent layer-fMRI application studies
that | find most exciting. These examples will exemplify how layer-fMRI can provide deeper insights into

brain mechanism compared to conventional fMRI at lower resolutions.
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Functional properties in the visual cortex of patients with retinal degeneration
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e, [RE3@EEx2%K-7-VI-LPZ] IC [RX7KEERS] PROONZDTHAIH?
RFEETIE, COMES R PO 7 4 ICRENICAEINDVI-LPZO [ X 7KEERIS] ICERZ
HT. HERFOWELHENOMIRI X AT 4 ZFEZTHIL,

51 Rk

1) MASUDAY.ETAL., CEReB CORTEX. 2008

2)  MaSUDAY.ETAL., INVEST OPHTHALMOL VIS Sci. 2010
3)  MaSUDAY.ETAL, CURR BIOL. 2021
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BEEA X —P VT L RETFMOOZEZSRIEOA DXL

Mechanisms of emotion examined by functional neuroimaging and awake surgery

FERE

BRERBRANFEH OEFER

FENICELOND, BLW, BazLWL, ELoRiEIR. DECHE V- -REDEEC. B
BEHBRROFHEFEICEAD - TLWEEEZIOLNTWS, HALADHEF—LIE, kLY, ZDLS
BREBEABOECORERE (WZARRE) OLBICEET 2ERENRXBICHRCEEL VWS EEX
T. INEBEERARS L VR OEBEFREZT-oTE, KEETIEZIDLSIBETREDDH & THIEL
-t EGRMT . BRE L VX ORAOEETIRMOFE. £ L CRE T Fii+h 0 S OR]E
ICKDRBEDORLADEAIC DO WTHRETT B 7= OICIT > 2HARICDOVWTHBEET B,

e EGM A, O, BEZEHRTIFLEAZAREZEH T 2BOHEERE L L ¢ BRERH
HNEEARKE %2 RT I EARENIH (Terasawa et al,, 2013). —H T DHEEHDOEEEH K Hh N T-FRIC
BRIBERFBICE DL S BEELNRIOMNMIOWTIE, +OAREFKICK 2RI THONT I AL -7
ZZT 18 2= RRICBERADOEBYIKRMTOR L%, T L TEETFIFICBRZFEBL TWBE
D 3FRUICH W TRBEGORHMEE SN Z1R5T L 7=(Terasawa et al, 2021), Z DFER. BETFMHIC
ERERESTEENRT 5L BRY OTHOBRENS RS —FH T, EEVIRTO®TIZ. BYICH
THRENERICELAY, BEYHOREORFBICENIESREIDKRET I REINZ, TDL 5B
BRHDOEALDER LA D LEBEBNA N X LZIRIET 272010, ARBREDOIEH S 282 LMEHE
BELFMOPNERTERLz, CORR. FEAICEITIMBORY EEVADRENET L, RF
ARBEOEHEIIMET TS Z EOMICHRENICERLGREEENL H -7, 2F V. SEFEDEROHEE
IC&- T, BRiFZRL OO HRBIee, BNBEHOEERRNMBOREBEZRELICKCAZZ EDEIC,
Bihh s LRI NT,

INFEFTH, FAHBRRZ OB L0EZIL, DB EFIOECEET 5L < DH DXNDMEE % R
OMCT BRI EICKERTMZ L TEz, A D—EOHEDERIE. MEDILIGH O FFE DEEEED
Mz T 2 & T MBI & Z DBEBABEET 5178 & O ERZIRETT 2721 Th. ZDORE
ICHEETDOLEBEANZ AL ZFRICHRIECZE 2AREEZRE L TWLW 5,

5| A>Tk

1) TERASAWA, Y., FUKUSHIMA, H., & UMEDA, S. (2013). HOW DOES INTEROCEPTIVE AWARENESS INTERACT WITH THE SUBJECTIVE EXPERIENCE OF
EMOTION? AN FMRI STUDY. HUM BRAIN MAPP, 34(3), 598-612.

2) TERASAWA, Y., MOTOMURA, K., NATSUME, A., lluiMA, K., CHALISE, L.,.SUGIURA, J., ... UMEDA, S.(2021). EFFECTS OF INSULAR RESECTION ON

INTERACTIONS BETWEEN CARDIAC INTEROCEPTION AND EMOTION RECOGNITION. CORTEX, 137, 271-281.
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RED 2 D2DRTT : flifE - TRz X5 L THAEY 5 BRI
BEEBAD=ZL

Exploring anxiety and depression in primates through the “Valuation-
Motivation" dimension

mH H—

g REBRFE SFHRE b MEYFSEFRRELS

B RKFICEIA DA ONZHE, ZOERMETIOLY ba2RIFANS D (), ZIFANGZ L,

(EF), WS EBRRAEICEAL TUOEBENABENEL %, INITEERBEERK L LIdh, FEP 5D
EWVLSBEFPR D LBERIEL. MAREDKREICL > TERT 2 LAHONTLS, FA L,
9. BIEIRERERERIEE (pregenual anterior cingulate cortex, pACC) % BRTRI& L. EEREHAED
EDICERTEDEIDERANRT, 5L, RIBCLYHERTEIN-EBRED /T X — X HEFH
WICERET2ZE%2RDIF7= (Amemori & Graybiel, Nature Neurosci., 2012), REEZIR D &H - 7= 8R4I
IChL—Y—TANLRZFAL, BETEIRY FT—0%ZHAREZAH BEEIX MY F Y —LIEE
ICEBERICERST 22 &b h o7 (Amemori, Amemori et al., EJN, 2020), ¥ h 7 Y ILDIREKRIZE
WTHRIBERZITo72& 2AH, REEROFAAEIE L. FROEMICHHE T 2 EIEHEROEMNZ 5|
RZITOHREOT, BEBEES I MELOBERZS I ERIT Z b >7= (Amemori et al,
Neuron, 2018), £7z. £ MMRIEZS &L h 7 YL REBZLLE L., 25 L7-ERRESHSEICEDL S
HIREBN, v h oY e b THBLABMICHEE L, FFICEARSENE (VS) PR sEz X
AT ZFEHERT ZEEBASAIC L7 (Ironside, Amemori et al., Biol. Psychiat., 2020), & D12 [B]58f
B, RO TEL 2L - BHEEHRLIIREGES, B - BEEHETIE. Ebo%xEA
THHEMHIEE TE DD, BEREETIEMCEIBEEIELAR VL, —7H, BT - EE#EEETIL.
BEMESOERLERBOBRRNER L. BERATEZITI BN EEICBIRT 5, HA4 1L, BiR[)hE
ICTRIET 2EMNVSE ZDOTHROEAXEEK (VP) ICL>THIE SN DTIEHRWLAEEZ T,
DREADDsSD 7 A W ARG Z—% VS ITEA L, BIEODOHIEEIEE VP HEIFISIFA L, VS-VP O
BRAERICHIE LAz A, 0 REBETOA, EMORIEL A LN, TDRERICLY, VS-
VP #2E&ld. BF - BEOEMOEHOHEICHRMNICEHLS Z EABHLAIICHR T,

51 Rk

1) AMEMORI K, GRAYBIEL AM, NATURE NEUROSCIENCE 15, 776 (2012)

2) AMEMORI S, ET AL., EUROPEAN JOURNAL OF NEUROSCIENCE 51, 731 (2020)
3)  AMEMORI K, AMEMORI S, GIBSON DJ, GRAYBIEL AM, NEURON 99, 829 (2018)

4) IRONSIDE M+, AMEMORI K+ ET AL. (+CO-FIRST), BIOLOGICAL PSYCHIATRY 87,399 (2020)
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Zals MR 7= afieds S CBRKRTADRE

Resting-State fMRI: Emerging Concepts and Future Clinical Application

FH = S2 ik
E VN2 EFE £HYEEFER RAREFBLE

WRERIBEED H B k4 BHEEEICHE VLT, TREFICERKORPAMESIAREONS Z &4 2000 F1K
IZ IMRI TEHOL A E Y BOKIBRBESR Y b7 — 7G58 OMELAFTEE S L TEBRERRICHZEL
BASNTWD, LrLBA DRy b7 — 7 FBeHET 2 HmEEREOFMIIRISABTH %, HE,
BEOMIZ LT V—Th o, GEMRBEREEZ OoND)ENEESOREENREXY b 7—7 D
BRILICARAICH S L TWD T EAREN[L-5] REfR Y b7 — 7 IROERRIRICH B REZ
H7en L TWB, ENEESITEICHER - DRICEEL 7-E£BER ./ 4 XITHEH L6, BEXY bT
—JICLLTERBINT I BD o7z, LOLEDADOINIEELS /A XPREBHIAD TIEER <, EN
ICIEREHEE IMRI (E5 ORE D ZHAT 2 EEMD TH D, £ OHFEZEIZFBFTMITENRE & i ICBR
LTHY., MITBREREOHBA~Y—H—& L TEAL NILVORRKEZHICERTHBEXS([7-10], &
B TIIREET MRl 2N ES ORZRBITICEEL - —EOMERZBA L. 25 LAl
BRIREZICEDERICEMLES D E R S,

51 R STk

1)  TONGY,ETAL FRONT HuM NEUROSCI 2015;9: 285.

2)  AMEMIYAS, ET AL. FRONT SysT NEUROSCI 2019; 13: 65.

3)  AMEMIYAS, ET AL. FRONT NEUROSCI, 2020; 14, 596084.

4)  CHEN JE, ET AL. NEUROIMAGE 2020; 213, 116707.

5)  BoLT T, ET AL NAT NEUROSCI 2022; 25:1093-1103.

6) LIuTTETAL NEUROIMAGE 2017; 150:213-229.

7)) AMEMIYA S, ET AL. RADIOLOGY. 2014; 270: 548-555.

8)  NISHIDA S, ET AL. NEUROSURGERY 2019; 85: 680-688.

9)  KHALILAA, J CEREB BLOOD FLOW METAB 2020; 40: 23-34.

10) AMEMIYA'S, ET AL. NEUROIMAGE 2022; 263: 119654.
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