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Individual Differences of Functional Brain Networks from
Resting-state fMRI and Delay Discount Rate’
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Though many investigations have reported associations between brain and behavioral phenotypes (e.g., delay discount as a
measure of impulsive choice), our current understanding of such associations in terms of functional connectivity (FC) is limited
due to the limiting factors of the most commonly used mass univariate approach. Here, we thus examine the association between
impulsive choice and resting-state FC using a recently introduced, data-driven multivariate analysis (multivariate distance-based
matrix regression) in 142 young healthy adults. This connectome-wide analysis identified regions associated with delay discount
rates based on multifocal FC patterns, including medial temporal lobe, precuneus, premotor cortex, and ventromedial prefrontal
cortex (VMPFC). Follow-up seed-based and network-level analyses revealed that high impulsivity was associated with greater
inter-network connectivity between default mode and attention networks, correlated respectively with VMPFC and premotor cortex.
These results provide novel insights for functional connectivities and networks associated with impulsive choice and target regions

for its intervention. These results suggest an important role of large-scale brain network balance in impulsive choice.
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ot mdAY 7He] At (brain—phenotype association)o]l ™ (Bressler and Menon, 2010).

g i AT R E & S WY Qe 9 ol gollA, FA7] AeielA &I 7152 A5
FAlolty, Iy A A A7F IR sjeiar AFEL G (resting-state IMRDE] 7152 AA4A4S 7|Fteg Ao
M HFHo] B = vhet 71 B WS  H {FA7] ¥ HEAIS HEYA F dd4o] thefet 7
44 2 1AFE) Y] TAE ZARRE AFEC] difEel QY Y WIS 44, I 75, WE E LAY &
oh T HIYF 24 719 dHdew Qo) ANE HIEY A4 B AFEo] Slgol o7 dFEs ol HiEd
o] ¥k-go] ofyet EA ¥ JAE Ate]9] 7|54 dZA  (Vaidya and Gordon, 2013). 12y of2|gt ¢15to] &
(functional connectivity, FC) T& % 7|54 HWEYT 2 seed-based FC EX[EATE shte] & G (seed)t T
E(large—scale functional networks)®] WEYT 7+ 7152 2 BE BMo] AADE(time-series) 7He] AAALE A
AZAA (inter-network FC)I} 7iQ1e] HEE WS 7He]  sh= EN7|H] Ex SPAEEA(Independent Component
PAE FHsts dFo] g BAol A} Z7ksty Atk Analysis, ICA)S B AAE 7152 AZ4 WFC map)o]
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ts-aeE SAA HEH(mass—univariate  statistical
approach)= A83th= SHAE AU ot & FAEA
Al Mol shute] 7)EA AZAA I 28y W ke A
RS ZARE Ao}, ol whEF FA2 Ao At
W HEQAMS A 5 glom T3 7153 44 ALt
Al og] J9E9] SA 719E FAISH] diiol g9 A
24& ol BAY WL} AFH 7sd UEKIE Ad
st=d] SHA7E tHCole et al, 2010; Shehzad et al.,

2014). b H-2EY A AFE sl AsiAE 7
2 AAAe oh®F s ¥l (multivariate pattern of FC)¥t
Yo dWde Ak Hlole 4 A (data—driven
approach)?] @35}t

2T WO 75 A28 2P Aol it A+
(connectome—wide association study, CWAS)E $lsl|A]
thEF A7 7)9t P S A (multivariate distance—based
matrix regression, MDMR)e| 7153t MDMR-based
CWAS2H= ®A4719o] /NaE¢lch(Shehzad et al., 2014).
MDMR-based CWASE= HA FFold ¥  AA
connectome®]| et H-FFY AL FMot= HlolH F
A s Aol (Figure 1), o2 TRy BEA7|HIL
Z2] MDMR-based CWASE W (]: o], A 4

B ol

2 2 o
2 229 )& FASHHA 7154 A2 BAY ¥
Zre]l APAE AR 4= Utk T MDMR-based CWAS
£ ol&sto] §A7] 715d AA49 ohHs wEy B4

o19] 1Q9te] A4 (Shehzad et al., 2014) @ HAAgA}
o] 7154 Aoliete] ddde Rt AFEo] R
(Satterthwaite et al., 2015; Satterthwaite et al.,
Sharma et al., 2017).
AFFES mlEe] A He B ZHXE gel
(discounting)h= FFe] 7] wizel vzl TS A H2
O SZH3Q1 HAFS Aoshz Avke] qlrt. olzjeh 4=
214 &el(delay discounting, DD)’e]2tal gich, o] &2 2]
gol&(delay discount rate)2 AHFSHElS %5
A Ae(F52 )l it A7z AREM ZF 791
dgkelg2 ‘Al 7+ A A [intertemporal choice task, &
= Al A|(delay discounting task)2E 'S ARE
oto] ST 4 Aok A 7 JEnAE sk B9 A7kt
2 Z7429l B (smaller—but-immediate reward)
1t A(large-but—delayed reward)e]gl= &
Mo &4 Fold AdLsh= shsE Ad=sforst ghrh(Kable
and Glimcher, 2007). o] A-SolA Al 7F A=THA

A 25 Jele] AAINEL WS ATHKirby et al,

2005), H]FHFields et al., 2013), 181 chekgt AHA1AS
¢ F5=, 798928 FYBT5TL, 25, TN,
ZdY 55 Ahn et al, 2011; Mukherjee and Kable,
2014; Story et al, 2016) & ©Fet FF A4 Y 2
WdH A7 AE Aol A
Ao gt A1 WAYES Fote A2 FF
ol FEA PFoll thiet A wF 9] ALY E =g 3
34E FAaAZ7] A aRE 7S Hdet
S AT B2 o]d A, AF 7+ At
53 7154 e ARE &
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precuneus), = A|(ventral striatum), 12|11 Y= =
FA(medial temporal lobule)]¥ &4 A (choice)sh=tl
ToJsle JI9E[Q]E HMHFn]A(lateral prefrontal cortex)
7} 9]% FAAU(lateral parietal cortex)]& ZFZb FystAtt
(Kable and Glimcher, 2007; Peters and Biichel, 2010;
2011). © doprt 29 A1E2 FA7] AHA 2=
g 7154 A7 SE R R A 7leRd A A
A et dYES sced2 ARESEY] FA|7] AE|oA 9]
seed—based FC =8t AATRNE 1] TAE A A
(Li et al, 2013; Calluso et al., 2015; Wang et al., 2016)
2 oJArekat Heh(Camchong et al,, 2011; Costa Dias et
al., 2013)ollA] ZAFEC 24 ZRA|g7tet Ao fojst= ¢
59 7154 dd/do] Q19 AddRlE AdE S
st ey A& Hol Aygol oigh A
2F Aol F843 gt Ade st st ol

BN

R
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18
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AL o|FHG HAHE HAo g ZAFSEIIA MDMR-based
CWASE #-gs3lth. =, MDMR-based CWASE 53f 7]
A QA o wEs Jdedle o] dEds B
ol o= FEstLAt shlth. MDMR-based CWAS &
A2 AQLAE] Qe wEd Y F9& AEEFA
T Rs 2 el U d oW J15A ddAdol
N9 AQgAEe] 2 T FAEA Hit AHE A

Egol H & e o 22 F7H] post-hoc 4=

AYPstAct: MDMR-based CWASOIA 13 H FHEL
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seed® §F seed-based FCH-E At &

& 7Ho] AdES ZARSHITH S 54 A" o
o B4 /154 dEac] g eele) 4L
A5T Ssh] Aok @ Feid G 449 A5A
E 9T E[default mode network (DMN), ventral attention
network (VAN), dorsal attention network (DAN), and
frontoparietal control network (FPCN); Yeo et al., 2011]
of thet WESA 7t 7158 A2 A& o A

TS BT 2 a7 Ane A% 3 A
S SO BASHECtY et GAE Fol4 E4
=g geo] FA7] el v 1sE 9E4 e
o] A AATNEY AFHolUh HZe FAS A
2o

C
L

ot

T 166789 A A7 A]le] & Aol =

3¢l HE At o]
=2 Y A9 T AEH ABIAMAYUE A-(the
Retraining Neurocognitive Mechanisms of Cancer Risk
Behavior, RNMCRB)'®] ¥ghog mAEIch H7iaEe
AAEHS W] A o] bt dAVISAAE UL
Eoh O59 7eA I8 F2A NPl 2AHH
RNMCRBAl oiet ApAet A3t 8 3= Kable et
al.2017)e] HEE|GItk, RNMCRBT #Atme] dig &4
S 9l WAl dieh A7viAE BTt A7 2 ER
AcH(Jung et al, 2018). & AT = H7AHEC] A
of A B Allbaseline) @& AL F217] AH 9
7164 HIYge AHEStE @ Ao Re dAe W
yotdiste] 7HHE AL o8 $AHL, B F7H
© Aol A7ksb7lel &M AAFAME AT,

A A7PREe Addeel et 1F ¥y #+9
A AR &, Batolld 38jo] EEEAAEG AU A2
A A9 AFE oA (outlier; n = 92 A5ttt
Ve FE2 A Fkder
JArol w29 A HE2l Frame-wise
Displacement FD; Power et al., 2012)%toll tigt 1% H
W ZEUAS AR &, Bolld 2819 2EEAEG 2
A A2 = Ad A B x y, 25§ ok FolEtke
25mm FE 257 Hoh & 2FYE oA (outlier; n =
152 ost3irt. o] 7IEo] wet & 1667 oA 2490l
oFAR EANA Ak MR F 142 (85/57 &

n)

/o4 Yol [mean*SD], 24.40+4.47 years; 1Q,
110.84+6.84)9] 257t 2F 4= s AR .

A Aol 2w 527 71524 A2 Guo et al,
2012; Birn et al.,, 2013; Blautzik et al., 2013; Patriat et
al., 2013)7F A& (Baker et al., 2003; Kirby, 2009;
Smits et al,, 2013; Anokhin et al., 2015; Ahn et al.,
2020)0] AFE7t & oF 60% oVdoR F Wg b fARR
U= HAstglzlol ofe] 7latt BHES A8ste] & &

92 71] BAE FHoE R4S AFsHA.

A7ME2 A" 7F e THA|(the intertemporal choice

Sote B9t WAAEL 47

(trials) 0.2 A=A}

AALAE(h-2 Q1 a4 F 4
2 7}A(subjective value, SV)9]
(stochastic function)g}il 7H4ol= 2AAE 3J|HAENS
of FA=SIC =, W AdRt & 7Rx] A" 3A4s 747
of tigt 84 7I(SNE FHES A9Y SE= Hgst

7] 915 thae] 2A2E S Agskar

I

1

-Bsvi-sray . P=1-P,

P=
l+e

1

4714 P WAL AdE g4 AuT S5 e
I, A @R 52449 g4 Ade B82S Uk
of T

oh. SVt SVZA= 747y A FAT S74AQ w4 ?
7R FHAQ 7129 FAHAE Yepdth = AAY
Hel2 ARED ZF 7Ete]l At(fitting) =l ek o]
ATLATMazur, 1987; Kable and Glimcher, 2007; Kable
and Glimcher, 2010)9] 7]%3}0], 84 7H|(SV+= HAY
AT AAD) O] B4 F=(hyperbolic function)gtil
ZWgstdel: SV = A/1+kD), 4714 k= 7ol A9
lgolth. &t 245 H|F9 HAo] ¢ &9 EE U
Bk £45 Jdgstrlo] A 53 4] #FEE At
St7] flolA Age =11 Wgskelth 2E &
7IZHES 20 WHeH Adgdlee] B
0.367)°] %At
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Siemens 3T Trio scanner(Siemens,
Erlangen, Germany)2H¥ 2Eotgit, Wi E TIiH
X Y42 magnetization—prepared rapid gradient echo
(MPRAGE) sequence®  AUHHHEAIZHTR)/ZAIZHTE)
= 1630/3.11 ms, voxel size = 0.94 x 0.94 x 1.0 mm’,
160 axial slicesl. FA17] 7154 Y942 echo planar
imaging (EPD) sequence® Algoto] $HSHAHTIR/TE =
3000/25 ms; 3 X 3 x 3 mm’ 53
interleaved axial slices with no gaps; 8% 6% &<t 160
volumes #9). F47] 7154 HYE 29 ¢ 2
w9 = At Bk AL Fles agut

FA71 71548 g4l tioll DPABL (http://rfmri.org/
dpabi; Yan et al., 2016)2} SPM12 (http://www.fil.ion.ucl.
ac.uk/spm) FAETE ARgSto] AARE FPotGint. A2
dojzl o] AWE AAT &, E5 AR 2 mE 22 Y
HA(slice timing and motion correction), W3l A% HA
HESo] et
JFSH(spatial normalization) TS At ol A5 HAY
= FloiA th2ol WgEo] dut Ay 2d dlof AHsE
2= eh #y F3Y HEE, CompCortdi (Behzadi et
al., 2007)2 olgdf WA WAl JAogHE
57 F843E-E(principal components), 12|11 A3 FA|

]_

A4 Zr(linear trend term). BEAE Zpmof dishA 27t

voxel size =

a7} ;((j

(nuisance signal correction), MNI ol

Repeat for each voxel
(1st voxel to 20169th voxel)

Multivariate Distance-based

Significance ma
9 P Matrix Regression

Cluster-corrected p<0.05

Discount rate: F = 2.9, p=0.006
« 5000 permutations
« Covariates: discount rates, age,

sex, motion

HIHFWMH kernel: 6mm)2} temporal band—pass filtering
(0.01-0.1 Hz)& F35tgie). o] A5 vziA| = A
AHS golsHA s17] ¢ 4-mm isotropic voxels®2 Th
AEZ2] E]¢lth(Shehzad et al. 2014; Satterthwaite et al.,
2015).

™ of

A 242 2
ZEERR

Aeld 9 A=l Hsid thao 245 JAYsHAH.

MDMR-based CWAS 4, MDMR-based CWAS &
A7 old oy =EE° AAls] ZleEolxd ot
(Shehzad et al., 2014; Satterthwaite et al., 2015). 7t=F5]
27ttt MDMR-based CWAS E4-2 Connectir 7]
2 (http://czarrar.github.io/connectir/; Figure 1)& ©]-8-5}o]
3 TAR SPEAHFigure 1). AA, WA= Sdrd A=
£ Argote] 2l mpaA3 Yo Zb BAO] AJA|F(time
series) 2t TFE RE BAO] AIAF Tto mojd At Al
(Pearson correlation coefficient) & AXFetALh & z+ #7t
2ol disha] ZF BEAl] tigt 754 AZ2A e

o B, Be RS 9] 715A A2A Hol distance
metricE Altote] oS 7} FAo] Higt 7154
A g dglos Aottt 2t BAlo| tigt & Abdr A
0]9] 7152 AZA W] distance metrice F 7153 AZF

4 el diet dlols ABASOE V2RI ol 42

Participants’ connectivity maps

—~ 80-00-8

|

Distance between each pair of connectivity maps

# Voxels
77 1 78
@ 2 @
20169
8 \l/

Pearson correlation

142 l V2ra-n)

Distance matrix Distance calculation

Figure 1. MDMR-based CWAS analysis flowchart. For each gray matter voxel and each participant, a connectivity map was

generated by temporal correlations between a given voxel and every other gray matter voxel. Next, the distance (e.g., one minus the

correlation) between every pair of participants’ connectivity maps was calculated. Then, MDMR applied for this distance matrix to

evaluate the multivariate pattern of connectivity associated with discount rate across participants while controlling for age, sex, and

head motion. This produced a pseudo—F statistic and an accompanying p—value was obtained by 5000 permutations. This procedure

was repeated for each gray matter voxel to yield a whole—brain voxel-level significant map, which was finally thresholded at z>1.645

and a corrected cluster probability of p<0.05 using Monte Carlo simulations.
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A CWAS cluster

Left medial view
\ N

\ 8 \
£ y.
MTL PreC
B Within-group RSFC map

@scﬁ} & AR
DG €D

C Correlation with discount rates

Left medial view

656& Oy 6
{ A& "7
AV A &) (2D

Figure 2. Results from MDMR-based CWAS and post-hoc seed-based connectivity analyses.

Right medial view Right medial view

\ .\,/?.
PM VMPFC

NN AN
O D @& &
A v/ v/ R
o v ’.
£ PA
‘QX‘J- .%}// ‘-(% 3) & r%)..«
(A) Each cluster identified by

MDMR-based CWAS was used as a seed for post—hoc seed—based connectivity analysis to characterize what functional couplings

between brain regions (.e.,

specific connections and direction of observed association with discount rates) led to the significant

association with discount rates. The identified clusters were rendered on the medial view of a translucent cortical surface. (B) The

resulting maps from one—sample t—tests on connectivity maps for each seed cluster are displayed with p<0.05 (voxel-level

FWE-corrected). Red (blue) colors on brain surfaces indicate positive (negative) connectivity with each seed cluster. (C) Significant

associations between discount rates and connectivity maps for each seed are displayed with p<0.05 (cluster—corrected). Red (blue)

colors on brain surfaces indicate positive (negative) associations between discount rate and connectivity maps for each seed cluster.

MTL), A% H(precuneus, PreC), 18]l HjelZ

9 (dorsolateral premotor area)?t H-H X225 (pre-
supplementary motor area)< Xtote= 2514 (premotor
area, PM) (Figure 2A).
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T d24e Hole gAEdl Hiwt #AA HRE A

SollFAE EettH(Shehzad et al, 2014). a=7]o] =

ST AQLAE ko] AW WFH ol 75H

d24ol & %= A=A ° S48 stalz MDMR
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APty ¢4 MDMRZE Al¥H
HJAE(VMPEC, MTL, PreC, 12|11 PM)E seed® ofA]
Z}ZY9] seed-based FC W& Aot o] FCHES s
HchFigure 2B). VMPFC, MTL, 12|31 PreC 4
DMNe| &oh= ¥ J953 FHoz AgEe] =
of PM @92 JAATAUEYIESMDAN, VAN, 1
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M fo
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Aot (temporo—parietal junction), & AHF 2
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1 WA o A(intraparietal cortex)]¥H= AXQl AAAHS
Hol= Hido] DMNe| &dte= F9E[VMPEC, Soiidm4d
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Zt3)(angular gyrus), <
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Figure 3. Results from connectivity between clusters identified by MDMR. (A) The strength of ROI-to~ROI connectivity between

clusters identified by MDMR was computed by temporal correlation between time series in these clusters. Error bars represent

standard error from the mean. (B) Partial correlation analysis between the ROI-to—ROI connectivity and discount rates was

performed, while controlling for age, sex, and head motion. Discount rate was associated with PM - VMPFC connectivity. (C) Partial

correlation scatterplot between discount rate and PM - VMPFC connectivity. For illustration purpose only, this scatterplot was

generated by performing Pearson correlation analysis between residuals after regressing out age, sex, and head motion. * p<0.05

FDR~corrected.
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Figure 4. Results from network connectivity analysis. (A) Four functional networks (default mode network, DMN; dorsal attention

network, DAN; ventral attention network, VAN; and frontoparietal control network, FPCN) were identified using the cortical

parcellation template by Yeo et al.

(2011). (B) Inter—network connectivity between thess DMN and other cognitive networks was

computed. Error bars represent standard error from the mean. (C) Partial correlation analysis between the inter—network connectivity

and discount rates was performed, while controlling for age, sex, and head motion. Discount rate was associated with inter—network

connectivity between DMN and two attention networks.

*

p<0.05 FDR-corrected. (D) Partial correlation scatterplots between

discount rate and DMN - DAN connectivity and between discount rate and DMN-VAN connectivity. For illustration purpose only,

these scatterplots were generated by performing Pearson correlation analyses between residuals after regressing out age, sex, and head

motion.
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