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(b) (c)

M 220-260
260- 320

O 320-360

W 360-420
420+

> 2HA24007 £F, EmFEN1% (Marder & Cannon, 2019, New England Journal of Medicine)

> K EEH A$X6807% (Huang et al., 2019, Lancet Psychiatry)

B 5] & : Solmi et al., 2023, Molecular Psychiatry
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Domains of Schizophrenia

TheC al Course of Schizophre

@ Positive symptoms? : o: Negative symptoms*258 | |
—————————— ——————————
Worse
PREVALENCE:100% of patients PREVALENCE: over 60% of patients PREVALENCE: ~80% of patients Negative symptoms
Psychosis symptoms Experiential symptoms Deficits across cognitive domains /
> g
Delusions (unusual beliefs not based Anhedonia (lack of pleasure) Attention and concentration E [ \\/ Cognltlve 5ympt°ms
on reality) Avolition (loss of motivation) Emotion processing 2
PR Q
Hallucinations Asociality (social withdrawal) Learning and memory [ Positi .
i i a ositive symptoms
Movement disorders Expression symptoms Reasoning and problem solving g
Inability to move normally, with Alogia (decreased content or Speed of processing (ab'l_'t‘/ to é
agitated body movements amount of speech) process and respond to visual and -
h R bili P verbal information)
Psychomotor immobility Flat affe‘ct (reduced facial and vocal Theory of mind (ability to
Thought disorders expression) understand other’s mental states) Prodromal Progressive Residual
Disorganized speech Social functioning »
L , 1 Verbal fluency | Course of illness over time
Multiple FDA-approved pharmacological
treatment options are available for positive
symptoms®

oS IR B QPR R AR 224745 (Owen et al., 2016, The Lancet)
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B 3] & : McCutcheon et al., 2023, Molecular Psychiatry 7



&Rk F

NORTHWEST NORMAL UNIVERSITY

IR

AT 6 (Executive Functions, EFs) £ A A& 428, WA HE e S mid4L
REER A RE, W 2N R R Ay I R IR ALF] 89 K 421842 (Barch & Ceaser, 2012,
Trends Cogn. Sci.; Barch & Sheffield, 2014, World Psychiatry; Eisenberg & Berman, 2010,
Neuropsychopharmacol.; Kerns et al., 2008, Biol. Psychiatry) o
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| EXECUTIVE FUNCTIONS
- ——— = = —| g, a
Maintaining your goal, or what you 1 Inhibitory Control <
should and shouldn't do, in working —— o —— ] ~ £ ful
memory is critical for knowing what to Response \ Effortful
Including mental math, re- inhibif Interference Control ibiti \ Control refers to
ordering items, or relating . -~ Self- the innate tempera-
Inhibition of Inhibition at Inhibition mental predisposi-
one idea or fact to another — - ) thoughts and | |1 the level of (|| at the lever | | Regulation®; e BECerr
Inhiblting/enyis Eintemal di=” memories attention of behavior 7 better or worse
v " Visual il tractwenslls critical for staying focused on ¢ it (Selective (Self- , Self-Regulation
erbal isual-Spatial the working memory contents of interes] (Cognitive S Focised Control & P 9!
Working Working ) ontrol
Memory Memory jareation) -
\ , e R *Self-Regulation
includes (a
' as Executive Attention is response inhibition,
usually assessed (using a flanker (b) attention

|_Co_gn

e Fle

between tasks, or

Including being able to “think outside the box,” see
something from many different perspectives, quickly switch

flexibly switch course when needed

supports creativity and theory of mind

task), it is completely synonymous
with inhibitory control of attention

inhibition, but also
in addition (c)
maintaining optimal
levels of emotional,
motivational, and
cognitive arousal

Higher-Level Executive Functions

Fluid is

with these

B 1 AT Ak ey 32 A2 A
(Diamond, 2013, Annual Review of Psychology)

B2 AT 0 Ak 69 A 40 5 AR A
(Carlén, 2017, Science)
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Stop-signal task | B! Switching task_}

Stop Success vs Go Success
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Zhang, T., Qiu, J., & Zhao, X*. (2025). Proceedings of the National Academy of Sciences (submitted). [ FFRHGE— X, IF,p,5: 9.1]
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A Data collection c Outcome labels
Clinical symptoms
Sociodemographic data
“[o Schizophrenia Yes
Healthy controls ~ Schizophrenia = outout T -
n=169 n=195 utpuf o
baseline Multi- = Dignosis sublype  RSWG rem A
i S - « tive functi transition riteria reduction PANSS
task executive function
follow-up
t k 4 ssessments o -
* Machine learning classifier k * * k
. Healthy control No Non-remissi Ni i
Subtyping schizophrenia
Pipeline steps
Step 1. Classification modeling procedure Step 2. Classification-important EF dil i Step 3. Linking EF di i and indivi psy P g,
------ 100 repetiti s ey
00 02 04 06 08 10
Data > Stratified high Individual Symptom-Load
preprocessing = A accuracy in Go trials (0.1363) = ——
80% 20% — Subjectl - 9
U reaction times in neutral stimuli 0.0821) —‘}‘ sujecz BB “
——— \

suiects I

Subjectd - 9 n
—_—

oo I

reaction times in Go trials (0.0689) #

accuracy in 750 ms (0.0610)

EF
dimensions

cross validation

EF
dimensions

m
Nested U
=

i o P P Subject6 - 8
[— reaction times in congruent stimuli (0.0575) —*}— -
Group level Individual level  subject7 - 8
L Optuna optimizati Z accuracy in Nogo trials (0.0543) —%4—— sunecs I "

Mixing cost (0.0531) —4\*— swiject- 8| 4
INSS ~ PANSS  PANSS  PANSS

PAl
accuracy in 1,750 ms (0.0425) + Negative Positive Affective Cognitive
low E

ensemble;

Meta classifier T2 o0 o0z [ TR TR TR TR T
Mean SHAP Values Model output value

B 1 #F it 5 o ATiRAE B

Zhang, T., Zhao, Xt*., Yeo, B. T. T., Huo, X., Eickhoff, S. B., & Chen, J*. (2024). Schizophrenia Bulletin [ F}FE—IX, IF,p,s5: 4.8] (in press).
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Step 1. Classification modeling procedure

__________________ 100 repetitions - - - - - - —— -

Data S Stratified-random splitting

| preprocessing

(

80% 20%

SESEEI

\

—

Nested
cross validation

=8

Optuna optimization

l/

Stackmg.
ensemble
Meta classifier 5' d

#Trees:1
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HC vs.Schi i vs.Schi ja  HCvs.Schi "
(Only EF features)  (EF + Sociodemographic)  (EF Residual,

controlled for
Sociodemographic)

Group-level decision path in schizophrenia

compared with healthy controls

02

0.4

0.6 08 10

Output vall
Reaction times in incongruent stimuli

Accuracy in Corsi block test
Span in digit span backward task
Inhibition Factor

Stroop interference effect
Inhibition and updating Factor
Span in Corsi block test

Switching cost

Updating and Switching Factor
Exccutive function Factor
Inhibition and Switching Factor
Accuracy in No-Go trials

Mixing cost

Accuracy in 1,750 ms

Accuracy in 750 ms

Reaction times in congruent stimuli
Reaction times in Go trials
Reaction times in neutral stimuli

Accuracy in Go trials

Feature valu

A Larger value

v Larger value,»

°
(0.442)" '
(-0.059)"
(-0.299)"
(-0:179)
(-0.179)
(-0.182)"
(-0.101)
(0.184)"
(0.184)"
(0.156)
(0.156)%
(-0.039)
-0.277)*
(-0.412)"
(-0.363)
(0.507)"
(0.52) ¥
(0.54) ¥
(-0.535)"

Base value

B

Accuracy in Go trials (0.1363)

Group-level feature importance

Hign
Healthy controls ‘ Schizophreni; ' “

Reaction times in i 0.0821)
Reaction times in Go trials (0.0689)

Accuracy in 750 ms (0.0610)

I =

Reacton times in congruent simuli (1,057 g @
Accuracy in No-Go trials (0.0543) *4—07 E
et ! 5
Mixing cost (0.0531) o %
Accuracy in 1,750 ms (0.0425) w
Reaction times in incongruent stimul (0.0257)
Updating and Switching ©0227)
Switching cost (0.0215) 9)—;
Execuive function (©0211) :
43 =z -1 oo o1 oz o3 "

D -

Output value

-02

Accuracy in No-Go trials

Mixing cost

Inhibition and updating Factor
Inhibition Factor

Stroop interference effect

Span in digit span backward task
Accuracy in Corsi block test

Span in Corsi block test

Inhibition and switching Factore
Executive function Factor
Updating and switching Factor
Switching cost

Reaction times in incongruent stimuli
Accuracy in 1,750 ms

Accuracy in 750 ms

Reaction times in neutral stimuli
Reaction times in congruent stimuli
Reaction times in Go trials

Accuracy in Go trials

Mean SHAP Values

o
Individual-level decision path '

00 02 04 06 08 10 12

Se

nsitivity analysis

B2 S KAt HaFie & R0

0a 06
Base value

Remissonvs Remission vs. Non-remission Remission vs. Non-remission
Defined basedon RSWG crtar piay
Ony EF estures) (Only EF foatures) (Only EF features)
Best Case Worst Case.
Other definitions of treatment outcome
’1.74
Remission vs.
Defined based on
25% PANSS Reducion
(Only EF feaures)

Control analysis

B
w Remission

Reaction times in incongruent stimali (0.1586)
Reaction times in Go trals (0.1255)

Mixing cost (0.0745)

Accuracy in No-Go trials (0.0633)

Accuracy in 1,750 ms (0.0617)

Accuracy in 750 ms (0.0549)

Reaction times in neutral stimuli (0.0503)
Accuracy in Corsi block test (0.0391)

Span in Corsi block test (0.0333)

Reaction times in congruent stimuli (0.0315)

Updating and switehing Factor (0.0209)

,«m

Remssion s

RSWG crtera RSWG crtria
(EF +Sociodemographic)  (EF Residualcontroled or
Sociodemographic)

Accuracy in Go tri

Span in digit span backward task

Inhibition and updating Factor
Inhibition Factor

Executive function Factor

Stroop interference effect
Inhibition and switching Factore
Switching cost

Updating and switching Factor
Span in Corsi block test

Reaction times in congruent stimuli
Accuracy in Corsi block test
Accuracy in 1,750 ms

Reaction times in neutral stimuli
Mixing cost

Accuracy in No-Go trials

Accuracy in 750 ms

Reaction times in Go trials

Reaction times in incongruent stimuli

s Noncemasion  Remission va Nonsemission
RSWG crtra

(€F Residualcoiroled for
Ozpose)

00 02 o

(0.16a"

\‘ (-0.239)"

| ©.a23

| (0.a25"

| o.288r

| 0.a261

| (-0.288)"
‘\ (-0.351)"
| 0351

04
Base

ls Switehing cost (0.0193)
Remssion ve Novemssion s Nonsmission
REWG crtai ROWG crtaia
(€5 Resdul conroldfor(10-20moiiayOZP doses) 2

Group-level decision path in remission
compared with non-remit

ion
Output value

06 08

Feature value
A Larger value,beter performance

Vv Larger value Jormance

.118)"
(-0.39)

o8

06
value

Group-level feature importance
° °

Non-remission m

Mean SHAP Values

D

0s0 075

100

°

125

Individual-level decision path n

Outputvalue =25 o 028
Reaction times in Go trials e
NNy
Accuracy in 1,750 ms r B/
(
Reaction times in neutral stimuli S~ N |

Aceuracy in 750 ms
Reaction times in congruent stimuli
Accuracy in Go trials

Span in Corsi block test

Updating and switching Factor
Inhibition and switching Factore
Switching cost

Executive function Factor
Inhibition Factor

Inhibition and updating Factor
Stroop interference effect

Span in digit span backward task
Accuracy in Corsi block test
Accuracy in No-Go trials

Mixing cost

Reaction times in incongruent stimuli

=<1

025 000 025

K3 s FUm T Ae b AF A R

0k o1
Base value

100

High

Feature value



Fahige kX

NORTHWEST NORMAL UNIVERSITY \af

JUEFE R L = I S TR G0 HE AT 9 RLIE AT T Ak R P AR T AR AUB AT AL

SCHIZOPHRENIA
RESEARCH & sesiess

SCHIZOPHRENIA
BULLETIN 00 02 04 06 08 10

“The Journel of Paychcses and Relted Disorders




& hbiok F

NORTHWEST NORMAL UNIVERSITY

LIS

B AR T HEAURIIR A

Step1. Data collection

Healthy controls

FES, N=103
illness duration < 2 years

ChSz, N=108
illness duration > 5 years

cnsz patients

Meatthy controls

FES patients

_‘Ai_x

a’ (

Step2. HDDM Modeling

(1) Model specification

' A

press "JPress "F"
—_——

press

EEOOEEE a

Number 2-back task t
a two-alternative forced-choice measure of WM

o

) e
5
G e
Sociodemographic ——- ‘_ s "Non-match”

Clinical symptoms
Medical electronic records

b

Ln

Step4. Association Analysis

Step3. Bayesian Statistical Inference

paed 7

(1) Association between HDDM
parameters and clinical symptoms

Al ~
i \}

v <..s........; .@
5] bl | '. ‘i‘

FES patients

"Match"”

Healthy controls
A i fh M
3 S e s e e
| PANSS Negative symptoms
"Non-match” O

o

&Lnﬁ

(2) Models fit by MCMC sampling

0 2000 4000 8000 10000

6000
MCMC Sampling Iterations

—= chain0 =~ chain1 chain2  —— chain3

(3) Models checked by PPC

Do

FES patients (Subject 1)  ChSz patients (Subject 1) Healthy control (Subject 1)

z z z
15 5 s ds 5 15 s o 1
B N "
st predive — Obaved =+ o prdiivememn

(2) Association between HDDM
parameters and WM metrics

/ Drift rate (v) O\
- & 0
18 e Y

Running memory task

(FES Vs. Chsz)
vy
Running memory task
(a non-forced-choice measure of WM)

,—— ~q

—.—.—..A-.—.—.-

“"Remember the last three digits "

Zhang, T., Yang, X., Mu, P., Huo, X., & Zhao, X*. (2025). Schizophrenia Research [ FF}5¢

B 1 5ot 5 o ATiRAL B

X, TF,05: 3.5]

17
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(Downs et al.,
2015)

by

ey P ¥

iy

-2-1 0 +1 +2

Forced fixation

Free response

Preference rating task

g

Feedback

(Mormann & Russo, 2021)

“The dots are moving
to the left..”

Decision threshold
—————————————— Left (correct)

“Are the dots moving to
the right or to the left?”

Sensory evidence per
time unit (drift rate)

Starting
point

|I ! ——————————————— Right (incorrect)

>
T >

Time :r 1‘
Stimulus Response
onset

(Forstmann et al., 2016)

18
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50% 100%
1 1 1 :
Motion coherence
Upper boundal
©
o
o
<
%]
[J]
_
! <
i =)
W
- >
time
Choose
- Ea.l:r@r_le_ﬂ _____________ "'H\‘Il‘_e{i i 6 [ Fast RT
& L —— Medium RT
1

S 4 > Slow RT

33 / '

i& A ]

8 2 \ ’

£ ' '

D i 1 1

S Opm x 3

04 0 04 08 12 16 20 -1.2 08 04 0

Barrier right

Time (s)
o 2 Ti et IE i (centro-parietal positivity, CPP)(O’Connell et al., 2012)

why
(phenomeno
n or probelm)

what
(mechanism
or rules)

how
(hardware)

19

prediction

explanation
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100 : Rlestr!butlons ;

(upper boundary) N
A
non-decisi =
a time (ty ¥ s
©
S £
N <
T S ;
o | £
oy vE
z I e
It I
Reponse density time ' e
(lower boundary)
L

o RMREZFTE .
(Markov Chain Monte Carlo, MCMC) ¢
KAFLAR

20
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A FES Patients (N=103) ChSz Patients (N= 108) A FES Vs, HC FES Vs. HC
PPID=0.072 FES patients PPID - 0.082 B
" B FES patients  pr z. Brig- 1123
.0 1 204 -
; : Association Between HDDM Parameters
184 194 Reaction time at 2-back task R S i S T T : : : : and Clinical Measures
184 FES Vs. ChSz — FES Vs. ChSt

1.6 17 4 Healthy controls m—‘—h Chsz patients <o Chsz patients ns 6,
4 2 46 \ * = 02077
8 1.4+ N & 3 LR A T N . . ' . v ~Grou|
> > 15 FES patients SRR M (FES vs. ChSz) 0427
@ 12 @ \ %
812 8 144 \ -4 Healthy controls G2 Chise Healthy controls i A8 4o
= 10 £ 134 ChSz patients W e—i BF10 = 4766 038
5 Mean= 0.54 years % 124
@ 08 @ .| %o ok 1w 1% 1% ik 2w 0 o1 o2 o t~Group .
g 0.8 8 11(1) 200 400 600 800 1000 1200 (FES vs. ChSz) Py it

1 = " 0848

8 06 3 ol FREE Y d-prime score at 2-back task - gl

0.4 4 8

" s FES Vs. HC
7 Healthy controls - — FES,,V; i FES patients ns a~Group .
0.2 FES patients (FES vs. ChSz)
61 % A

0.0 T T T 5 1 v FES patients ® A SN '
0.0 0.4 0.8 1.2 0.0 0.1 0.2
i i FES Vs. ChS; " FES Vs. ChSz
Density Density " Chsz patients ns ChSz patients ns 2~Group
€hoz patients (FES vs. ChSz)
C Partial correlati clinical
and working memory performance Healthy controls HE; Vs, Chs: Healthy controls /'€ ' "5 -05 0.0 0.5 1.0
ACE st 1750 R Coefficient (B)
al ms
Healthy controls A PANSSN A PANSS-GP
ACC at 750 ms U v - 052 236 A PANSSP A Courseofilness
" Ea
d' at 2-back task -0.136 0.186. FES patients ;

-

-0.6

RT at 2-back task ChSz patients

axb=41.118*

PANSS-P -0.085 0.182 0.047

02 0.00 025 0.50 0.75 1.00 1.25

PANSS-N Accuracy at 750 ms

-0.2
I Healthy controls s m]

PANSS-GP

PANSS-T

Reaction time|
jat 2-back tas|

/

Course of illness FES patients xh--l—--ﬂw " i

| 7’ : %
OZP equivalent dosage -['ﬁrl -0.020 0.242 -0.044 0.239 0.142 0.181 0.547 Chsz patients "m' 0. 2 o
a2 0 0 i 0 0 0 N
=
© @ Bt e N RS P
PP (& I 0.00 025 050 075 1..00 125
FRAITOLIT U L L S
«® p-é' & ¥ & 2
3 o Score

el

H2 $ T 2T AMELR K3 HDDMAZ A 25 R 5 & 42

N

M
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UMAP Visualization of K-Means Clustering (k=2) 3-D visuallzation of the two c-means clusters
(0.60 membership cutoffs) ®
@ Cluster 1 (n=73) e %
12 s @ Cluster 2 (n=87) 40 i PSe
30 &i’
" 0.4 § 8
(V]
wn
= g 20 §
o 10 3 00 =
S 2 10
o @,
g 9 S o g
8 n 08 _ 3
n 8 -10 » . ‘a_> =
< N7
=S =20 0.4 § g
35 7 R a
~30 —7 0.0 %E)
6 -3 -2 -1 0 1 -1 -3-5 3 j
. 0!
imensi pimens!
50 75 100 125 150 175 20.0 Dimension 1
UMAP Component 1 @ EF subtype 1 @ EF subtype 2 % Ambiguous sample Y Cluster center

WA
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Step 1. Sample and assessments Step 2. Identification and replication of fuzzy-
s g . clustering on individual executive
* ] ﬂ L] @ L] dysfunctions
Schizophrenia  Healthy controls Schizophrenia Clustering with two
N=t0 _ __N=168 _ __N=86__ o fuzzyapproaches Subtype |
Baseline Follow-up # * ' =3 2 Fy
o D, >77 " Subtype Il
&
I [ ‘ '.‘ Removing
3 °® L ambiguous
5 1 x e . g
Nl ) & d‘ "‘ ° » cases
\\ Demogaphic Taskbased Peripheral 3 $ o
Clinical data  executive functions  blood assays o® ‘. =S
° o Subtype |
a [ . ; - @
(1]
* ' Independent sample ‘ ' 77R licati 1L‘
Schizophrenia recruited at different eplication Subtype II
N=114 timepoints
ettt *
Step 3. Characterization of subtypes and subtype-based classification

Interference Reg,
inhibition 'hh,i‘_’"ss Classified Subtype |
N Miop, labels
g
o 2\ = 4o &
7 # N ﬁ of
B #F 5%t § 9 AR Az §3 .
S NS
Subtypell  §9
& _ Subtype I
) B
Working memory } Dasellne
maintenance Xassessments
c| subtype ip:

Executive function profiles Symptoms and blood markers for patients in independent data

Step 4. Longitudinal stability of subtypes and their prognostic implications and evolving characteristics

Baseline cluster- Symptoms,
membership values Exe(;uuve functions,
Periphery markers
Less severe/

[ ]
X Remitted

Baseline >
Subtype Il m ® .A
- —_—
[~ [ ) ®

Follow up

Improved functions

* Subtype |

Score

Non-remitted

A®AA

Subtype | Subtype Il Ambiguous Machine leaming classifier
" Changed characteristics over time of
Subtypes towards different outcomes___

Baseline Follow up %

Longitudinal stability analysis of ol of
[d

subtype transition

Zhang, T., Huo, X., Chen, J.*, & Zhao, X*. (2025). BMC Medicine [P F}E—IX, IF,g,s: 8.3] (R1)
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A Clustering metrics for K = 2 cluster solutions
04850
H o115
3 g
@ 04845 H
£ & o
Goswo H
2 oo §oos
= 04830 0070
15 20 25 15 20 25
014
Son
4 J Optimal fuzziness (m)
§
2 oo
005
15 20 25
Fuzziness (m)
ing stability of i
1.0
x
1) —
E - -
o 09 =
c
5]
o
3
% 08
=
T
= -
0.7

2 3 4 5 6 7
Cluster number

D

Number of patients per subtype and inside—outside membership
difference under different membership thresholds
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Subtype-based classification

The rate of patients misclassified
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Executive functions
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I Healthy control
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Immunometabolics

Platelets

C-Reactive—
Pro(/ea(e

Monocytes

Lymphocytes
2N

Nedtrophils
*,

%
PLW* )
“ Whi};e Blood
ells
L L2150 4 7
Sl ]
\ /
\ /I,DL-C
/

ASTIALT
\\\
Lactate

Dehydrogeriase_
Credtine--—
Kinase Triglycerides

BN SCZSubgroup| N SCZ Subgroup Il

B

Change in characteristics over time associated with each subtype
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Characterization of subtypes at baseline

o
[ ] [ ]
Executive function profiles i w
comparing with the healthy W ' Subtype | . . ‘
Subtype Il Subtype | .

o
Interference l —_— “UJ“ . . ‘ . ‘
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® Worse
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Prognostic implications and change of
characteristics over time tied to each subtype

Characteristics evolvmg
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Lymphocyte count,
Platelet count and
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Remission likelihood Towa Towards a
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remission remission ﬁﬂ
® i &< — & P
’ ! ! »

Towards a

Subtype |
LOW HIGH 0.0 02 04 06 08 1.0
Subtype | Memberships

Negative and Working memory
Cognitive symptoms  maintenance

Patients of Subtype | have a better prognosis independently of baseline severity
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RESEARCH

( @ + Demographic variables

¥ Clinical data

I\ :’ + Medical records
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Step 1. HC-vs-SCZ classij devel and domized lled working memory training
Y Schizophrenia
° oo ° 00
' n Developed an SVM classifier
based on EF assessments

Schizophrenia V=195 Healthy controls N= 169

Cross-sectional discovery sample

A
Basetine| S Followup
e o o - . .
' Longitudinal intervention sample
°
~if
Schizophrenia N=94 Treatment 1n=29
=
Random assignment with 'l & sz N
N 20 training sessions
patient blinding (=] B (~4 times/week)
Step 2. Evaluating the ive dy via the previously trained classifier.

1 .
Treatment-as-usual i i i

Treatment-as-usual  Active control WM (raining

e A S

Continuum of executive dysfunction

..
O 2 T s T

Healthy controls Schizophrenia

Active control Input baseline and follow-up ° :
EF assessments with Platt 0 Healthy controls |
iy aibeatin H
3 Machine learning classifier | . herwrw e
i & << W
WM training i
H

Step 3. Leveraging an exploratory causal discovery framework to identify baseline predictors of changes along the executive
dysfunction continuum

Prediction error
—_ (baseline performance)
XGBoost training. ‘
Pl Tree1d) — @Tree2d o -3
i \ 7 Baseline
| Fature2 ,
1 IV ———
1l content for i —_> > Change score
i
H | Feares /A.
EF assessments e ! - 3¢ . [
Baseline features Featare? 5 —— Followup
frm e
| i Temporal precedence of Mukivariate
| predictors over outcomes e
"""""""""" iii. Predictor independence testing

Zhang, T.f, Su, M.t, Huo, X., & Zhao, X*. (2025). International Journal of Clinical and Health Psychology ["FFHsE —.IX, IF,0,5: 4.4]
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Step 1. Classification modeling procedure

100 repetitions
Data ~p————) Stratified-random splitting

preprocessing

A

20%

80%

Nested
cross validation

I
] i i
! s ~ I ;
1 / % //’ \\ : :
| : \ / \
| m— :" SV | — l’ i ] 1
i | —> : / i
i LR i
) ~ - I
|
|
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\ <« Stackmg i
‘Ada RE~ T ensemble;
Base classifier Meta classifier e

B2 KA E RIEBSE 5

Hyperparameter optimization

XGBoost with 3x3
cross-validation

Training Set
(70%)

Baseline features

Test Set
(30%)

Individual XGBoost feature
prediction error importance

Univariate regression (variables
selected via XGBoost ablation
— ASVM probability)

Multivariate regression (variables
selected via XGBoost ablation
— ASVM probabilit

Multivariate regression (all baseline —_—
predictors — ASVM probability)

P VA *
All features (baseline)

Step 2. Bootstrap feature selection

1

1

1

1

1

1

.

T |
1

1

i _=.> 1st feature exclusion i

[ 1

: —6" 2nd feature exclusion :

[ 1

[ 1

: —f" 3rd feature exclusion :

[ 1

= i

[ S s

i

1

J (p < 0.05, FDR corrected)

Predictors of treatment

causal relevance

|
I
I
I
I
I
I
i
response with potential !
I
I
I
I
I
I
I
I
I

Step 3. Validation of predictor independence via regression analyses

3
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Screening Evaluation

Demographics & Electronic

Medical Record Collection

—_—

(N =300)

Meeting Inclusion Criteria of
F20.9 Diagnosis (N = 250)

Final Inclusion in Analysis
( 144)

Excluded Due to Exceeding Criteria (N = 106)

Not Meeting Criteria (N = 35)
Unable to Cooperate (N = 30)
Declined Participation (N = 41)

Baseline

A "

Clinical Baseline Assessment

(Self-reported)

(Clinician-rated)

Clinical Baseline Assessment Six

Executive Functioning
Tasks

Randomized Assignment

N

WM training
group (N = 48)

Active control
group (N = 48)

group (N = 48)

} [ Treatment-as-usual

Dropout Cases (N = 16)

H inability to continue (n = 9)
i.....premature discharge (7.3 7)

Dropout Cases (N = 15)

inability to continue (n = 10)
premature discharge (1

Retained Partici

Dropout Cases (N = 19)

inability to continue (n = 9)

ipants (N = 94)

WM training group
(N=32)

Active control group
(N =33)

Treatment-as-usual
group (N = 29)

Clinical Assessment
(Clinician-rated)

Clinical Assessment
(Self-reported)
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Initial Phase Stroop task

Total Number of Psychiatric

Paltjients (N = 550) I

Excluded from Inclusion Ga/Nogo task

Multi-task executive
Sfunction assessments

oo

@

cognitive

flexibility 3
WM

updating

Number shifing task >

[6]3]3]m]

Running memory task

HEAADO

Digit span backward task
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w
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/
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Stimuli Stimuli Stimuli Stimuli

Mean Difficuty

‘Sequential stimulus presentation (5, 7, 9, or 11 items, randomized)

Adaptive n-back WM training task

Computerized cognitive training

v

Response.

B3 JAT T e R B2 R B ACR

Recall last 3 Mario positions in sequential order

Mean Difficulty

Training Days.
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Zhang, T., Qiu, J., & Zhao, X.* (2025). Proceedings of the National
Academy of Sciences [P FIE—IX, IF,p,5: 9.1] (submitted)

Step 1. Testing Multidimensional Executive Function Perfor: in Hi and Large Language Models
° |mT e e s s s s s ol
L8 — = @ %2 A/NMW\V '
e 1 Y e \
Qfg ! Perplexity Min Logprob 1
Assessment using 6 executive 1 1
Human participants function behavioral tasks ram
(N=1,970, Dataset 1) : Logprobs parameters :
X
x| ©) 1
=) | —y i
| Logprob Variance "Avg Logprob |
| |

|Large Language Model e YAy )
(N =120, GPT-40) Log probability parameters quantify token prediction

L (_ ________________ - L uncertainty during task processing 1

Step 2. Bayesian Group Comparisons and Performance-Log Probability Associations
e o

o, Te .

ot Per/:mam:e * * °

Human participants \ n

(N=1,970, Dataset 1) Randomly subsampled
(= 120)

Large Language Model
(V= 120, GPT-40)

Executive Function
Task Performance

Human

1 500 1000 1600 2000 2500 3000
Iteration

—
GPT-40 logprobs parameters

Step 3. Correlation Analysis between Log Probability Parameters and Neural Activation

B8 P ®
2 Assessment using 3 executive Patterns 1
i i function behavioral tasks " ".’ o
Perplexity LLMs
Human
==
Human participants S <X &
(N=139, Dataset 2) {8 ) ©)
Y _— Patterns 2
~ Logprob Variance
Task-fMRI Data Acquisition ROI ion and Log Probability-N I C ion Analysis

37



W e A g ok

NORTHWEST NORMAL UNIVERSITY

=L

PRAL

128 31 AT AT Sk R

A

Human Stroop performance
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Human Gonogo performance
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Zhang, T., Qiu, J., & Zhao, X.* (2025). Proceedings of the National Academy of Sciences [ F}Bi—

Congruent Neutral Incongruent
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Correlation between GPT 40 performance
and log-probabilities
= 0.306 pyr < 0.001
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logprob variance
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Outer self-play
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® & Q
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= Medical
% ':EL @ summarization
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generator

Patient-
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Simulated patient

dialogue

Real-world dialogue

Simulated dialogue

Simulated dialogue generator

AMIE system design

Top-3 diagnostic

Text conversation
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multiple evaluation axes for diagnostic dialogue
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(Li et al., 2025, Nature Medicine)

a The framework of predicting the overall and organ-specific ages using large language models

Prediction

Textual health
examination reports

LLMs agents
Health examination categories

- Construct
. Basic. Blood and urine textual Overall age
information biomarkers health
examination Input to the Prompt I
N L reports LLMs learning 7%
Lifestyles Family history
CoT
] i les ’ ‘ Medical history |
examination

b Validation of LLM-predicted overall and organ-specific ages and age gaps on six large-scale diverse populations

Validation

Organ-specific ages

&@ Pro

K

L O mO

;

Six large-scale populations from
three countries

o%ﬁn "ﬁw i%"“ﬂ

CLHLS
(n= 489 ,391) (n =9,633,240) (n =33,173)

Iw‘gﬁ i%ﬁﬁ 'Wj’#ﬁ

NHANES CHARLS
(n=2,009) (n=17,870) (n-19 242)

Explorations Age 43 years

A key advantage

.g Examination
l

Age gap 3 years

LLM-predicted aging proxy has
stronger correlations with
multiple aging phenotypes

¢=iQ
w f %= @
& h

0

Diagnose

of LLMs
2019-2002

Applications

LLM-based
age gaps

2019-2002

LLELEL

2019-2006

New-found proteins associated
with accelerated aging

Examination |2
i ==

2020-2003

LLM-predicted aging proxies have
better predictive performance for
multiple adverse health outcomes

€ Further explorations, applications of LLM-based age gaps and interpretability analysis

Age gap 6 years Age gap 7 years

LLM-predicted age gap stratifies the
risk of adverse health outcomes

All-cause death

100 Younger 100
5 8 5%
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Time Time
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5 9 =
2 60 2 60 =
s s Middle
5 a0 5 40
2] @50
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Interpretability

Dynamic and
longitudinal aging
assessment

|dentifying proteomic
biomarkers
associated with
accelerated aging

Developing risk
predictive models of
270 di

Reasoning
process and key
|— indicators of
LLMs prediction

Key indicators
— for predicting
age gap

Approximating

—> LLMs results

using simple
models

Perturbing the

[ values of risk

factors to nonrisk
levels
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