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of mild cognitive impairment (MCI), quantifying both rare reversion and high-risk progression trajectories in
cognitive dynamics. Methods Patients diagnosed with MCI at baseline from 2005 to 2022 and completed at
least two follow-up visits were selected from the Alzheimer’s Disease Neuroimaging Initiative (ADNI), and a
retrospective cohort was constructed. Demographic information, APOEe4 genotype, and neuropsychological
scales data were collected. Longitudinal cognitive assessments were functionally reconstructed using multivariate
functional principal component analysis (MFPCA), with functional principal components (FPCs) extracted based
on cumulative variance contribution rate (PVE>90%). Functional multi-state Markov models were developed
to estimate inter-state transition intensities, year to year transition probabilities, and covariate effects. Results
Among 1,019 MCI patients (4,657 follow-up visits), 93 (9.1%) reverted to normal cognition, while 359 (35.2%)
progressed to Alzheimer’s disease (AD). Longitudinal trajectory analysis revealed significant heterogeneity:
progressive MCI > stable MCI > reverted MCI in the first functional principal component (MFPC1) scores. The
transition intensity for MCI reversion (0.020) was approximately one-fourth of the AD progression risk (0.086),
but the post-reversion cognitive re-impairment intensity was 0.138. Reduced MFPC1 (HR=0.993, 95%Cl: 0.991,
0.995) and elevated MFPC2 (HR=1.004, 95%Cl: 1.001, 1.007) were closely associated with MCI reversion.
Conclusion MCI exhibits marked heterogeneity in longitudinal cognitive trajectories. Although reversion is rare,

reversed patients remain at high risk of cognitive re-impairment.

[Keywords ] Mild cognitive impairment; Reversion; Rare events; Functional principal component

analysis; Multi-state model
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Figure 1. Cognitive state transition diagram
W RIS . IR Quasi—Newton Bk KAk
UK REL, fliital FIVijk
1.6 GEitZESH
K SPSS 25.0 #AFRE AT SE it oMo THEUH

B n (%) Rzs, AR e U3 28 BY ] i) be 3 Al
M K. FFEIESA I EERL Y £5 %
AN, ASEEG A SR Y AR O 22 0 0,
2% 5 W E WG] LSD ¥E AT Z H L. IS4y
AR BTR L M (Pys, Prs) Ron, AR
A ] 1Y AR ) Kruskal-Wallis H K556, #5722
S 5 i i Bonferroni AT 2 H LS, %90
1] B U5 TP AR Il B R (B, SR T4 2R R X

( fully conditional specification ) FEFFIH R %
1 mice FEFEIHFT L2 HEIHAD ( multiple imputation
by chained equations, MICE ) , 5% 10 M3 AMK
e, I HTE R A Rubin BUINEE A 4558 A
JH MFPCA FEFP 40, % Z2 Rk ] TA RN PEAl K4 i
112278 5 B T 18000 i, A AR Z AE
RIS PR s A mem PP AL RE 22 R A
B, RN RN RURZS ] AR, i
M PRI 25 A XURS: HE B ( hazard ratios, HR) o 3L
FROLI 5 A5 AL T IR A e A A3 1 43 et £k
D LEE P A5 R 0 W5 R R ITTPPAG 22 RS
BIAE NG, MCI, AD =NARPIRZS A L5 0
% H] Bootstrap J5 15 5£ T Hessian i FF 1588 i A5
HEDR, BV I s RASR A 3 S H W T 22 SR R
A 22T IR A P BEHLAIAE I AT AR I A 4
BEMAG S EAG T TR

2 R

2.1 EAXER
gy A 1019 ) 58 &, SR U7 4.57 IR,

https://ywlxbx.whuznhmedj.com/



HMIRITIRSFSE 2025 £ 8 HE 3455 847

H i 5¢ W BE V5 4 657 B Uk BE Vi BT KA
(3.202 £ 0.086 ) 4%, HififfivaatEl 2 (1, 4) 4F,

FELRGERIILER 1,
2.2 NHEFTEWR

SETIRESE S, % ADAS11 2L\ HA
HIPHAE 4T MFPCA, 4283 54~ MFPC, [ BRAR
I O A 1 Z I PPAS P P05 B 2R A T AR
FHIE, R Z NP R BEALEE iy 5 Fh =22
A, HARMASEAEME . FVE A1 R FVE L

881

# 2, #HMFPC1 5 MFPC2 J5, FVE [% %= 10%
DL, T 2 FVE=0.90 J5 U, F 52 B 1T 2
A~ MFPC #3534 A\ 4L FMSM AR R (R RE 2
FRAE sR B £8 LA ADASTT g5l UL 1] 2-A, M
Heek BT 15 42 E], ADASIL B MFPC1 $3:4E
PRIEIME B AR T 0 L b5 T MFPC2 H#AE R EUE
WP B EF s, BIARA T 0 I . AFFE
IHZE A B/ MFPCL 1500 22 R B I i, R
N rMCI < sMCI < pMCI, 1] MFPC1 £33 #55 ,

F1 10196IBERRELERN (%), Xts, M( Py, Pr)]
Table 1. Baseline information of 1,019 patients [n (%), X * 5, M (P,s, Pys)]
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TSR
(EY 805 (79.00) 77 (82.80) 438 (77.25) 290 (80.78) 2.541 0.281
=1 214 (21.00) 16 (17.20) 129 (22.75) 69 (19.22)
iy (%) 73.55+£7.55 69.75 + 8.13 73.85 +7.63" 74.06 + 7.00° 13.382 <0.001
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FAQIF4Y 100, 5) 0(0, 1) 1(0, 3)" 4(1, 8)™ 169.913 <0.001
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Table 2. Five MFPCs extracted from multiple cognitive assessments

MEPC FRAE(E FVE (%) ZFIFVE (% )
MFPC1 2.894 x 10* 72.47 72.47
MFPC2 7315 % 10° 18.31 90.78
MFPC3 2611 % 10° 6.54 97.32
MFPC4 7.526 x 10 1.88 99.20
MFPC5 3.180 x 10 0.80 100.00
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Figure 2. Eigenfunction function curve (A) and MFPC1 score for different MCI types (B)
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IRSHAL PR HEREIIEL L (% )
NC—NC 159 83.25
NC—MCI 32 16.75
NC—AD 0 0.00
MCI—NC 106 3.08
MCI—MCI 2982 86.51
MCI—AD 359 10.41
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Figure 4. Transition probability curve between different
cognitive states
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Table 4. Effects of covariates between different cognitive states
- MCI—NC MCI—>AD NC—MCI
Apd
HR (95%CI ) P HR (95%CI ) P HR (95%CI ) P
A 0.987 (0.957, 1.017) 0.399 1.010 (0.995, 1.025) 0.189 0.993 (0.941, 1.047) 0.796
PR (2 1.178 (0.755, 1.837) 0.470 1.247 (0.993, 1.567) 0.058 1.069 (0.483, 2.366) 0.869
ZHE R 1.008 (0.924, 1.100) 0.858 1.054 (1.016, 1.093) 0.005 0.841 (0.705, 1.003) 0.054
SRAE (B 4F) 1.189 (0.682, 2.072) 0.541 1.322 (1.002, 1.743) 0.048 0.925 (0.333, 2.567) 0.881
APOE¢4 1.128 (0.810, 1.570) 0.476 1.438 (1.231, 1.681) <0.001 1.065 (0.450, 2.519) 0.886
MFPC1 0.993 (0.991, 0.995)  <0.001 1.003 ( 1.002, 1.004) <0.001 1.000 (0.996, 1.004) 0.999
MFPC1 (SD) 0.306 (0.218, 0430)  <0.001 1.656 ( 1.400, 1.959) <0.001 1.000 (0.509, 1.959) 0.999
MFPC2 1.004 (1.001, 1.007) 0.009 0.993 (0.991, 1.994) 0.969 1.003 (0.999, 1.008) 0.190
MFPC2 (SD) 1.407 (1.089, 1.815) 0.009 0.549 (0462, 4.202) 0.969 1.292 (0.918, 1.976) 0.190
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Figure 5. Differential trends of empirical versus theoretically predicted frequencies across cognitive states
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Figure 6. Bootstrap estimation of transition intensities
across cognitive states (B=1,000)
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