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e Hypothesis: CSF protein — brain volume — cognition.
e Approach: integrate CSF proteomics and brain volumetric data
through mediation analysis.
e Exposure: CSF proteomics data (r = 320 peptides).

e Mediator: brain volume of p = 145 ROls.
e Outcome: ADNI_MEM, a composite score of memory.

e Challenges

e High-dimensional exposures and high-dimensional mediators.

e Exposures/mediators are dependent.
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Mediation analysis
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Mediation analysis

)Mediator (M) ]
0 \B(A

[ Exposure (X) ] 5 " Outcome (Y) ]

e Quantifies the intermediate effect of the mediator.
e Helps clarify the underlying causal mechanism.

e Popular parametric approach: structural equation modeling

(SEM)

M=Xoa+ ¢
Y = Xv 4+ MB + e

e «f: indirect (mediation) effect
e ~v: direct effect
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Notation

For subject 7, 1 =1,...,n,
e X, =(Xi1,... ,XZ-T)T € R": r-dimensional exposure variables
e M, = (M;,..., ]\4@,)T € RP: p-dimensional mediator vector

e Y, € R: univariate outcome

o X =(Xy,...,X,)" € R™": exposure of n subjects
e M= (M;i,...,M,)" € R"P: mediator of n subjects
e Y =(Y1,...,Y,)" € R" outcome of n subjects
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Orthogonalization of X

e X's can be dependent
e Ignoring dependence may raise bias in estimation.

e Assume X follow a multivariate normal distribution with
covariance matrix ®
e Apply PCA on X,;.
o X, = (Xﬂ’ . ,X'z-r)T € R": transformed data.
e First ¢ components account for over s% of the variation in X.
o Let X, = ()v(il, . ,)v(z-q)T € R, first ¢ elements in X;.

S Xj — (X'lj, .. .,)v(nj)T € R™: independent exposure component.
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A marginal mediation model

M = XOH—G, N
Y = Xy+MB+n, n ~ N(0,0°1,)
e Exposures are independent/orthogonal.

e Allow the mediators to be dependent.
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M = Xa+e, vec(e) ~ N(0,X®1,)
Y X~ + Mg + 7, n ~ N(0,0°1,)

IE(X-, My) = a,k Bk indirect effect of X'- on Y through M.
IE(X;) = >P_, a;xB: total indirect effect of X; on Y.

~

DE(X,) = v;: direct effect of X; on Y.
TE(X;) = IE(X;) + DE(X;) = Y.7_, axBr + 75 total effect of X;.

TE, = ?:1 TE(X;) = ?:1( b1 QrBr +v4): total effect of ¢

components.
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Estimation

1
miniﬂmize 56(04,,6,"/) + MRi(a, B) + AaRa(ax, B) + A3R3(7)
a? 77

0= tr{ M—Xa)T(M—Xa)}+ (Y — X~y —MpB)' (Y — M~ — MpB)

ZZ{\%kﬁkHc/b oji + Bi) }+5<Zza3k+zm>

j=1 k=1 j=1 k=1

= \/EJ > (ajkB)?
Rs =) |l

e Ri: Pathway lasso penalty (zhao and Luo, 2022), mediator selection.
e Ro: Group lasso penalty (vuan and Lin, 2007), €Xposure selection.
e R+ Ro: sparse-group lasso penalty (simon et al. 2013).

e R3: lasso penalty, direct effect regularization.
8/23



Algorithm

1
minﬁimize 56(04, B,v)+ MRi(p, a, B) + AaRa(pt) + A3R3(7),
a7 777/'1/

such that Wik = kB, forj=1,...,gand k=1,...,p.

e Optimization: augmented Lagrangian

e L sparse group lasso solution

e «, 3, ~v: lasso solution

e Tuning parameter selection: Bayesian information criterion (BIC)
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ADNI application

e n = 135 subjects with mild cognitive impairment (MCl)
e Pathological mechanism underlying this prodromal stage of AD.

e CSF proteomics (X)

e Biomarkers Consortium CSF Proteomics MRM.
e r = 320 peptides annotated from 142 proteins.

e Brain volumes (M)

e p = 145 ROls spanning the entire brain.
e ROIs from a multi-atlas consensus-based label fusion scheme (Doshi
et al., 2016).

e Standardized by the total intracranial volume.

e Cognition (Y): ADNI_.MEM
e Confounding adjustment:

e Age, gender, Apolipoprotein E ¢4 (APOE-£4), years of education.
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« PCA on X: first g= 20 PCs, about 85% data variation.
* Regularized mediation on g= 20 PCs and p = 145 mediators.

N
=0
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« PCAon X: first g= 20 PCs, about 85% data variation.
* Regularized mediation on g= 20 PCs and p = 145 mediators.

Effect of each PC

PC IE DE TE
PC1 0.013 0138 0.151
PC2  -0.003 - -0.003
PC4 0.018 - 0.018
PC5 0.012 0.066 0.078
PC6 - -0.035 -0.035
PCT 0.008 0.168 0.176
PC9 0.007 0.065 0.072
PCl11 - -0.018 -0.018
PCl14 - 0102 0.102
PC15 - -0.007 -0.007
PC16 - 0.156 0.156
PC19  -0.001 - -0.001
Total 0.054 0.634 0.688

Mediators with nonzero indirect effect

IE (x107%)

Region PC1 PC2 PC4 PC5 PCT PCO PC19
R41  Left cerebellum white matter - -L30 - -
R47  Right hippocampus 112 1.60 1.52
R48  Left hippocampus 1.34 1.59 1.76 340 1.55
R49  Temporal horn of right lateral ventricle 2.06 -1.01 203 1.28 - LO08
R50  Temporal horn of left lateral ventricle 2.55 1.78  2.05 1.74
R51 Right lateral ventricle 1.06
R52  Left lateral ventricle 1.15 - - -
R73  Cerebellar vermal lobules VIII-X 1.88 -
R103 Left anterior insula - 113 1.2 176
R106 Right angular gyrus - 103 - =141
R117 Left entorhinal areas - 115 - -
R120 Right frontal pole 1.12
R121 Left frontal pole -1.12
R122 Right fusiform gyrus 1.32 - - -
R123 Left fusiform gyrus 1.12
R154 Right middle temporal gyrus 1.68 1.66
R155 Left middle temporal gyrus 1.01 1.09 1.63 1.05 1.35
R169 Left precuneus 1.10 - - -
R172 Right posterior insula 144 -1.30 267 1.03 1.00
R173 Left posterior insula - =146 218 109 - - -
R182 Right precentral gyrus - - - 1.91




* Top-loaded proteins in
PCs 1, 4, and 5.

Protein Loading
PC1
ProSAAS 0.075
Neuronal growth regulator 1 0.075
Cell adhesion molecule 3 0.075
Neuroblastoma, suppressor of tumorigenicity 1 0.073
Spondin-1 0.073
Prostagiandin-H2 D-isomerase 0.073
Monocyte differentiation antigen CD14 0.071
VPS510 domain-containing receptor SorCS1 0.069
PC4
Neuronal pentraxin-2 0.152
Insulin-like growth factor-binding protein 2 -0.146
Beta-2-microglobulin -0.125
Neurexin-2 0.116
Apolipoprotein D -0.095
Neuronal pentraxin-1 0.093
Kallikrein-6 -0.083
Cystatin-C -0.066
PCs
Complement C4-A -0.180
Ectonucleotide pyrophosphatase/phosphodiesterase 0144
family member 2
Superoxide dismutase [Cu-Zn)| 0.129
Complement factor B 0.110
Glial fibrillary acidic protein -0.106
Chromogranin-A 0.105
Mimecan -0.094
Neurosecretory protein VGF 0.083
Alpha-1B-glycoprotein 0.075

Gene

PCSKIN
NEGR1
CADM3
NBL1
S5PON1
PTGDS
CD14
SORCS1

NPTX2
IGFBP2
B2M
NRXN2
APOD
NPTX1
KLK6
CST3

C4A

ENPP2

S0D1
CFB
GFAP
CHGA
OGN
VGF
A1BG

Direction

e e

L e

- T e

Correlation
tau  amyloid
)
T i
+
T
T
T
T
1
T 1
) 1)
S

correlated; {: inconsistent reports.

1: consistently upregulated in MCI/AD or positively correlated; |: consistently downregulated in MCI/AD or negatively
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Top-loaded proteins

e Related to A3 pathology
e SPON1, SORCS1, PTGDS, CST3, NPTX2, VGF, CHGA.

e Related to tau pathology
e |IGFBP2.

e Related to A3 and tau pathology
e KLK6, SOD1.

e AD markers
e APOD, NRXN2, GFAP.

e Related to brain structure/atrophy
e NPTX2, CHGA, APOD, NEGR1, B2M, CST3.
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Brain mediators

Rgion IE (= 10-%)

Po1 P2 PO POR POT OO POLD
R41 Left semchellim white matter - - - =130 - - -
R4Y  Rigie hippocnmpos . = LI1E 16D a2 = .
R48 Lelt hippocumpe: 1. - 1B 1.7 J40 166 -
R49  Temporal horn of eghe letersl weatsicle 206 101 205 125 - LM -
B30 Temporal horn of beft latersl wesericle 255 - LT8  Los - LT .
REl  Righe Istersl wimtsicln 1.4 - - - - B
RR2 Lt lsteral vexnirbele L1G - - - - N
BT Cenehellar vermal lobales YIIEX = 1BA . . .
RING  Lel swderior issmls - -L13 LI OLTE - - -
Rl Righs angular gyrus - - - 10 - -4l
RI1T  Lef entorhinal sreees - - - 115 - - -
R120  Right Trontsl pale - - L1z - - -
R121  Left frontal pobe . . s = 113
R132  Right fusiform gyrus 132 - - - - -
RI23 Lol lusiform gyrue 1.12 - - - - -
Ri5d  Righe middle temporal gyrus . = LG8 = LAk .
RI55  Left middle temporal gerus Lol - L LA 10§ 185 -
R1G8  Left precunees - - Lo . . .
R172  Right pasterior insula 144 <130 26T 103 100 . .
RI73  Left posterior insuls - -ldig R1E 1AM - - -
R1H2  Rlighs precenteal gyrus - - - - - 1m

o
oo PCI PCZ PCL PCS POT PO OIS
R4l Left cerchellum white matber . - LT . . o T
HAT  Right hippocampus - - 0I0E 0 0En - - g
HiZ2  Lalt hi ez pis 11104 - 01E il 0ZEG ollG - 0ol
R4%  Temporal horn of right Isternl vemiricle 0250 0148 -0.26F  -0U0A2 - -DLED - D
A Tessporal born of et lateral ventsicle 0287 5 T3 - D28 BT
RE1  Fighe Isteral ventricle -01.554 - - - - - B T ]
HEE Laft literil weateich .52 - - - - - - G0
RT3 Cerchellor vermal lobules YVI11-X - l4E - - - - - QaLn
HI0H Lt anterior Insuka - -0T2 A NG - - - L0
106 Flight angulsr gyrs - - - - 0150 - -DISL 008
H11T  Left entorhinal areas - - - OLIGH - - - OO
I Right frontal pole - - 018 - - - -y
HI1Z1L  Left fpontal pole - - - - - S T T
RiZ2  Righe fusiform gyrus 0158 - - - - - - Dol
HIZ  Laft fusifors BT 13T - - - - - - DO
1% Fighst middle temporal gyrus . 0.207 . PN PR T
H156  Left middle tomporal gyrus 0133 - 0141 @ldl 0.E3F 6E - o0
R180  Left precuneus . 0.1510 . . - P T ]
RI172 Right posterior msmls 0132 -7 0217 Qe oy - - Dol
R1TA  Left posterior irsnls - SRS DT Oy . . P T ]
R152  Right precentral gyrus - - - - - - 0257 000G

* Entorhinal areas

* Frontal pole

* Cerebellum white matter

* Hippocampus

Fusiform gyrus

(b) PC4

* Middie temporal gyrus ~ Precuneus

(c) PC5

* Posterior insula

» Temporal horn of lateral ventricle « Lateral ventricle

* Anterior insula
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14/ 23



Brain mediators

Region IE (=107}

FC1 PCT PO BOR POTOBCD POLD
EET Laeft exzebellum white mutter - - - =130 - - N
R47  Righe hipporampos . - L1260 a2 . .
R48 Lol hippacampes 1.3 - LB LT 34D 165 -
(EEL] "Ih'u.pm'l.l hnrncd'lﬂ;h: lsteral venirkcle TG -101 203 1.28 - LI -
R0 Temporal horn of beft lstersl vestricle 255 - LT8 208 - LT4 .
REl  Right Istersl wtricls 1.04 - - - - - -
RG2 Lazft lisbernl werirsele L1G - - - - - N
BTl Cerehellsr vermal lobales WIILX -« LBH . . . .
RING  Left ssderior issmls - -L13 LI OLTE - - -
R Highs angular gyrus - - - T - -LdL
RILT  Left entorhinal srees - - - 115 - - B
RIZ0  Righs Tronts] pele - - LR - - - -
R121  Left frontal pobe . . - B . <111
R122  Right fusform gyrus .32 - - - - - -
R123  Left Tusifmm gyrus 1.12 - - - - - -
Rihd  Right middle temporal gyros . = Las = = L.G6 s
R1G5  Left middle temporal grrus L - Lie LB 106 135 -
K169 Left precunes - - Lo . E B =
R172  Right posterior insula L44 <130 LET  LOF 100 . .
RITS  Left posterior insula - -ldB R1E 1AM - - -
K142  Right precentral gyrus - - - - - - LEl

i
fleion pCL P2 PCL PC3 PO POD POl
Ral  Leit cerchellum white matter . 167 . - - 0007
RAT  Right hipp=campus - - D106 0lEd Q0an - - 0oz
HAz Laft hi peceskimnpiis 11104 - ILIE il 0ZI6 OULLG - Qo2
fid4%  Temporal horn of right lstersl vemrcle 00550 L& -0.26F 0182 - -5 - 000
RS0 Temparal hoen of loft lateral versicle 0287 - 23 G - D T
RSl  Righe Iviersl venirick: {15548 - - - - - -0
HEE Laft luteril veateick -1.EE2 - - - - - L0
RT3 Cerchellar vermal lobules VI11-X - hlds - - - - 0ol
HI  Left auterior insala - 0172 AR 06 - - - L0G
R4 Righe sngular gyros - - - 050 - =081 Q008
HILT  Laft entorhing aeeis - - QLIGH - - - O0d
RIH  Righe frontsl pole - - D015% - - - - 0T
121 Lelt frantal pele - - - - - W15 0008
R1E  Righe fusiform gyros 0.158 - - - - - 0ol
HI1Z Lefn fusfors BT L1387 - - - - - L0G
R34 Right middle temporsl gyrus . .27 . T T
RIG6  Lelt middle trmpocnl gyrue 013 - D41 D81 0037 DGR - OO0
H180  Left precuneus . 0151 N . = = 000E
RIT2  Right posterior imsmls 132 -7 02T ol 0oy - -
H17T1  Left posterior lrenls PI N U | =% L (R iy . = P T ]
152 Right prevcentral gyrus - - - - - D257 0006

(a) PC1

* Entorhinal areas

* Cerebellum white matter

* Frontal pole

* Hippocampus

Fusiform gyrus

(b) PC4

* Middie temporal gyrus ~ Precuneus

(c) PCh

* Posterior insula

» Temporal horn of lateral ventricle # Lateral ventricle

* Anterior insula

DA
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Brain mediators

e [he

e [he

e [he

hippocampus and entorhinal cortex

Part of the medial temporal lobe, atrophy occurs early,
impairments of this system are responsible for the deficit in
episodic Memory (Nadel and Hardt, 2011).

Hippocampal atrophy: best established and validated biomarker
across the entire disease spectrum (Jack Jr et al., 2011).

Entorhinal cortex: compared to healthy controls, greater atrophy
observed in AD patients followed by MCI subjects (pini et al., 2016).
lateral temporal, parietal, and frontal cortex

Fusiform (facial recognition), middle temporal gyrus (MTG, language area),
Precuneus (episodic memories), precentral: atrophy in AD (Parker et al., 2018).
Fusiform and MTG: tau deposition (Schultz et al., 2018).

Insular atrophy: related to memory deficits in AD (Lin et al., 2017).
lateral ventricles

Sharp contrast between CSF and surrounding tissues in T1.

Enlargement in the lateral ventricles: an important AD marker.
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CSF Protein Brain volume

, R
NBLL, SPON1, 2 ‘a
SORCSI1, PCSKIN, : ‘(/
> N 4% :
PTGDS, NEGRL, Q “M y
CD14, CADM3  / ‘E‘?h v a“ |
W N
B2M, NPTX2, # e‘g&fg SN
IGFBP2, NPTX1, \,:/
KLK6, APOD, \' t“-‘ Y " =
NRXN2, CST3 Y ks
e & §
SOD1, VGF, 16 QL" da
ENPP2, C4A, 14
CFB, GFAP, OGN » @ h (@82
CHGA, A1BG l JU Gu
# Entorhinal areas * Frontal pole Fusifarm gyrus * Middle temporal gyrus — Pracuneus » Posterior insula
O <

(ADNI_M EM)




Summary

e Multiview data integration using mediation analysis

e High-dimensional exposures and high-dimensional mediators.
e Orthogonalization + marginal model: allow dependence in

exposures and mediators.
e Group Lasso + Pathway Lasso: exposure and mediator

selection.
e ADNI data: identify meaningful brain pathways.

e /hao and Li (2022) Human Brain Mapping (doi.org/10.1002/hbm.25800).

® R COde ava||ab|e on G|tHUb (https://github.com/zhaoyil026/HDExposureMediator).
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Another approach

My = Xop-a+e,
Y = X¢-v+My-5+n,

e A simplified model assuming one-to-one correspondence.
S ngX exposure component, me mediator component.

e Identify (¢, %, «, 8,7) via likelihood-based approach.
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ADNI data

CSF Protein Brain volume
mPTXQ, NRCAM, \ \\\
NRXN1, VGF, &/
PCSK1N, B2M,

CH3L1, PTGDS,
\KLK6, A1BG, CSTN3 ) @% — elb
Q
KLK6, CLUS, BASP1,

A1BG, APOD, APOE,

IGFBP2, GFAP [
@@w—m b

/PCSKIN, AIBG, - -
PTGDS, CD14, CFG, G % &_

NPTX1, B2M, OGN

e o, Dk €R
CSTN3, VGF, C4A, %

(ADNI-MEM)

@

ENPP2, CHGA, CST3,

QNoz /

e Zhao (2024) Statistics in Medicine (aoi.org/10.1002/5ini.10215).

3
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Mediation with two blocks of mediators

Exposure — %7 — Outcome
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P et =S - . working memory

® postcentral

© superior parietal
® cuneus
[ ]

precuneus
lingual

—_— Picture

/ .
\ vocabulary

Sex

T TS S e T e eSS EE s N /

1 o \

1 1 i

- é Ji ’ f e inferior temporal

: I"“I_',._t == ’ ., 4.1*6 S : precentral

| kT e middle temporal

N - e i 4 la nguage e postcentral
DTI fMRI

(structural connectivity) (functional connectivity)

o Zhao, |_i, and Caffo (2021) Biometrics (doi.org/10.1111/biom.13351).
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Thank youl!
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