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ABSTRACT
Objective: Dyslipidemia is a controversial risk for Alzheimer’s 
disease (AD) with unknown mechanisms. This study aimed to 
investigate polygenic effects of the lipid metabolic pathway 
on cerebrospinal fluid (CSF) core biomarkers, cognition, and 
default mode network (DMN).

Methods: Cross-sectional data on serum lipids, CSF core 
biomarkers, and functional MRI findings for 113 participants 
(25 cognitively normal, 20 with subjective cognitive decline, 24 
early amnestic, 23 with late mild cognitive impairment, and 21 
with AD) from the Alzheimer’s Disease Neuroimaging Initiative 
were included. Different cognitive stages were categorized 
based on neuropsychological assessments. Multivariable 
linear regression analyses were conducted to investigate the 
polygenic and interactive effects on the DMN. The correlations 
of lipid-related polygenes and serum lipids with cognitive 
performance were also studied via regression analyses.

Results: The polygenic scores were significantly correlated 
with CSF levels of core biomarkers (P < .05) but not with 
cognition. Several serum lipids were associated with total tau. 
CSF core biomarkers and 6 serum lipids both could impact 
cognition in a nonlinear manner. Polygenic effects exhibited 
diverse trajectories on the DMN subsystems across the AD 
spectrum. Extensive genetic and interactive effects were 
mainly concentrated in the cortical frontal-parietal network 
and subcortical regions. Brain regions of lipid metabolites 
linking to DMN involved sensorimotor network and occipital 
lobe.

Conclusions: Polygenic effects of the lipid metabolic pathway 
could accelerate pathological changes and disrupted 
DMN subsystem trajectory across the AD spectrum. These 
results deepen the understanding of the mechanism of 
lipid metabolism affecting the neural system and provide 
several lipid indicators that enable the impairments of lipid 
metabolism on the brain to be monitored.
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Accumulating evidence from previous studies has indicated 
that an increased plasma lipid level is a high-risk factor 

for Alzheimer’s disease (AD).1–5 The progressive deterioration 
of lipid homeostasis may be a potential therapeutic target for 
AD prevention.6 Due to the presence of the blood-brain barrier, 
transport of lipid-related metabolites between the cerebral 
circulation and cerebrospinal fluid (CSF) hardly exists. Yet, 
many studies have shown that lipids affect β-amyloid (Aβ) and 
tau pathology.7–11 Hence, disturbance of lipid metabolism may 
accelerate pathological damage to the brain. The lipid metabolism 
disorder hypothesis is complementary to those mainstream 
hypotheses in AD. The level of blood lipids may partly reflect 
the state of lipid metabolism in the body. Because lipids are easy 
to detect in clinical practice, they are becoming biomarkers for 
monitoring disease progression.12 Early intervention on the risk 
factors of hyperlipidemia may be helpful to delay the onset of AD 
in the preclinical stage and provide an early time window for the 
prevention and treatment of AD.

A single gene strategy is unable to explain the complex 
mechanism of AD for its genetic heterogeneity. The pathway-
based polygenic combination approach might address this issue. 
Genetic risk score (GRS) has been used to combine effects of 
multiple minor variants to explore the relationship of pathway-
specific GRS and biological markers with cognitive function.13 
This study also investigates the genetic protective score (GPS) 
and the relative risk score (RRS, equals GRS minus GPS) to 
explore the mechanism underlying the gene-disease interaction 
from a novel perspective.

Lipid-related brain imaging studies14,15 have also provided more 
opportunities to understand the pathogenesis of AD. Structural 
magnetic resonance imaging (MRI) evidence demonstrated that 
higher levels of triglycerides in midlife were associated with 
smaller brain volumes.16 A diffusion tensor imaging study17 
found that higher levels of low-density lipoprotein cholesterol 
and triglycerides and lower levels of high-density lipoprotein 
cholesterol were related to lower axial diffusivity in multiple 
white matter regions. The default mode network (DMN), as an 
intrinsic brain network, is not homogeneous but is composed of 
several dissociated subnetworks with separate functions.18,19 The 
posterior DMN (pDMN) but not the anterior DMN (aDMN) 
might initiate network cascading deterioration throughout the 
disease spectrum,20 and how connectivity is affected in these 
subsystems might depend on the stage of AD.21 However, owing 
to the asynchrony within DMN subsystems, the impact of GRS on 
the subnetworks might be distinct, which has not been reported.
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Clinical Points
 ■ Abnormalities of lipid metabolism in Alzheimer’s disease 

are common.
 ■ Lipid-related genes and serum lipids may affect cognitive 

function via regulating brain networks.
 ■ Targeting lipid metabolism with pharmacologic and 

nonpharmacologic interventions may provide an effective 
strategy for the treatment of Alzheimer’s disease spectrum 
patients.

To better understand the pathophysiology of the AD 
spectrum, we incorporated various levels ranging from 
genetic (GRS, GPS, and RRS), molecular (CSF and serum 
lipids biomarkers), neuroimaging (aDMN and pDMN), and 
cognitive aspects. We hypothesized that the lipid metabolism–
related polygenes may be a candidate cause for disrupted 
brain networks and impaired cognitive performance. Here, 
we aimed first to explore the relationships between lipid 
metabolic pathway–based polygenic effects with molecular 
biomarkers and cognition, and second to investigate the 
effect of GPS, GRS, and RRS of lipid metabolic pathways 
on the DMN subnetworks across the AD spectrum.

METHOD

Participants
Cross-sectional data at baseline were obtained from 

the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
database (http://adni.loni.usc.edu) before November 
15, 2019. A total of 113 subjects were included for the 
final analysis, including 25 cognitively normal (CN), 20 
with subjective cognitive decline (SCD), 24 with early 
amnestic mild cognitive impairment (EMCI), 23 late 
mild cognitive impairment (LMCI), and 21 with AD. 
Different cognitive stages were categorized based on 
neuropsychological assessments. Detailed information was 
available in the ADNI-2 protocol (http://adni.loni.usc.edu/
wp-content/themes/freshnews-dev-v2/documents/clinical/
ADNI-2_Protocol.pdf). Participant flow is illustrated 
in Supplementary Figure 1. Institutional review boards 
approved study procedures, and written informed consent 
was obtained for all participants.

Demographic, Behavioral, Genetic, and Molecular 
Data

Demographic information (age, sex, and education) was 
obtained and general cognitive assessments (Mini-Mental 
State Examination [MMSE] and Alzheimer’s Disease 
Assessment Scale–13-item cognitive subscale[ADAS-cog]) 
were completed at baseline.22 Based on the lipid metabolism 
hypothesis, 10 single nucleotide polymorphisms (SNPs) 
from 9 candidate genes were retrieved: CLU,23 LDLR,24 
LRP1,25 PICALM,23 APOE,26 SORL1,27 CETP,28 ABCA1,29 
and BIN1.30 SNP genotyping for all genes was performed 
according to the manufacturer protocols.31 SNPs were 

excluded if the minor allele frequency (MAF) was less than 
5%. Hardy-Weinberg equilibrium (HWE) for each respective 
gene was calculated with χ2. Summary information regarding 
lipid-related genes is shown in Supplementary Table 1. The 
CSF core biomarkers with Aβ, total tau (t-tau), and tau 
phosphorylated at the threonine-181 position (p-tau) and 
serum lipids markers were also recruited. An odds ratio (OR) 
greater than 1 indicates a higher risk of this locus for disease. 
An OR less than 1 indicates that the allele mutation is a 
relative protective factor, and people with this allele change 
have a lower risk of developing disease. Using the effect size 
OR as weight, a weighted polygenic score was constructed as 
the sum of the products of SNP dosages from genotype and 
their corresponding weights.32 After exclusion of incomplete 
or missing information regarding serum lipids and ratio 
values, 35 lipid markers were sorted out for final analysis.

Resting-State Functional MRI
All resting-state functional MRI (rs-fMRI) images 

were recruited from the ADNI-GO and ADNI-2 projects. 
The gradient-echo planar imaging sequence parameters 
were as below: flip angle = 80°, matrix = 64 × 64, pixel 
space = 3.3 × 3.3 × 3.3 mm3, number of slices = 48, slice 
thickness = 3.3 mm, repetition time (TR) = 3,000 ms, echo 
time (TE) = 30 ms, and time points = 140.

The rs-fMRI data pre-process was under SPM12 
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and 
RESTplusV1.2433 (http://www.restfmri.net/forum/restplus) 
in MATLAB 2012b (MathWorks, Inc; Natick, Massachusetts). 
After the general preprocessing pipeline, including removing 
the first 10 time points, head motion correction, spatial 
normalization, and smoothness, the smoothed data were 
further decomposed into functional networks using group-
level spatial independent component analysis (ICA) as 
implemented in the GIFTv4.0b software (http://mialab.mrn.
org/software/gift/). The WFU PickAtlas Tool v2.4 (NITRC) 
was used to construct aDMN and pDMN templates. We used 
sorting criteria of multiple linear regression34 to select the 
optimal spatial independent component that matches aDMN 
and pDMN templates best. Then, all subject-specific spatial 
maps and time courses were sorted out.

Statistical Analysis
Demographic and neuropsychological data analysis. 

One-way analysis of variance (ANOVA) was used to 
compare separately group differences in age, education, 
MMSE and ADAS-cog scores, Aβ levels, CSF total tau and 
p-tau levels, and blood lipid metabolites. Chi-square tests 
were used to separately compare group differences in sex 
and the 9 candidate genotypes. Significance levels were set at 
P < .05. Post hoc analyses with the least significant difference 
correction (P < .05) were deemed significant between pairs 
of groups. Statistical analyses were conducted using SPSS 25 
software (SPSS, Inc; Chicago, Illinois).

Phenotypic regression analyses. To investigate the 
correlations between pairs of polygenic scores (PGSs), 
serum lipid metabolites, CSF core biomarkers, and cognitive 

http://adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/themes/freshnews-dev-v2/documents/clinical/ADNI-2_Protocol.pdf
http://adni.loni.usc.edu/wp-content/themes/freshnews-dev-v2/documents/clinical/ADNI-2_Protocol.pdf
http://adni.loni.usc.edu/wp-content/themes/freshnews-dev-v2/documents/clinical/ADNI-2_Protocol.pdf
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.restfmri.net/forum/restplus
http://mialab.mrn.org/software/gift/
http://mialab.mrn.org/software/gift/
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Table 1. Demographic, Behavioral, Genetic, and Molecular Biomarkers*

Item CN (n = 25) SCD (n = 20) EMCI (n = 24) LMCI (n = 23) AD (n = 21) P Value
Age, y 74.64 ± 6.10 72.75 ± 5.73 69.96 ± 7.15 70.78 ± 6.99 71.81 ± 7.77 .147
Sex, male/female 12/13 9/11 11/13 14/9 12/9 .764**
Education, y 16.56 ± 2.22 16.65 ± 3.05 15.46 ± 2.50 16.52 ± 2.57 15.14 ± 2.76 .172
MMSE score 28.56 ± 1.33a 29.15 ± 0.93b,c,d 27.88 ± 2.12e 27.83 ± 1.59f 22.67 ± 2.50 < .001
ADAS-cog score 9.44 ± 3.43a,g,h 8.65 ± 3.50b,c,d 13.17 ± 5.68e,i 16.87 ± 5.29f 35.81 ± 8.99 < .001
Multiple protective genes, yes/no, n

CLU rs11136000 T (TC + TT/CC) 17/8 16/4 16/8 15/8 13/8 .775**
LDLR rs5930 A (AG + AA/GG) 19/6 14/6 15/9 13/10 11/10 .452**
LRP1 rs1799986 T (TC + TT/CC) 8/17 5/15 8/16 3/20 10/11 .152**
PICALM rs3851179 A (AG + AA/GG) 14/11 11/9 15/9 13/10 11/10 .972**

Multiple risk genes, yes/no, n
APOE ε4 (±) 7/18 5/15 14/10 10/13 15/6 .008**
SORL1 rs2070045 G (TG + GG/TT) 9/16 8/12 11/13 10/13 6/15 .785**
CETP rs5882 A (AG + AA/GG) 21/4 19/1 23/1 20/3 19/2 .631**
ABCA1 rs2230808 G (AG + GG/AA) 21/4 19/1 23/1 19/4 19/2 .491**
BIN1 rs744373 C (TC + CC/TT) 10/15 13/7 15/9 14/9 11/10 .407**

Cerebrospinal fluid metabolites, pg/mL
Aβ 180.46 ± 48.60a,j 211.25 ± 50.10b,c,d 177.50 ± 47.77e 167.60 ± 53.17 140.40 ± 43.59 < .001
Total tau 72.92 ± 38.50a 67.33 ± 23.02d 81.00 ± 53.68e 85.17 ± 50.23f 129.29 ± 61.42 < .001
p-tau 36.91 ± 19.13a 31.32 ± 9.31d 41.10 ± 25.19e 44.48 ± 24.38 55.23 ± 26.13 .01

Serum lipid metabolites, mmol/L
Medium VLDL particles 0.93 ± 0.39 0.93 ± 0.47 1.03 ± 0.47 1.04 ± 0.48 0.97 ± 0.40 .860
Small VLDL particles 1.05 ± 0.30 1.11 ± 0.37 1.18 ± 0.41 1.14 ± 0.35 1.12 ± 0.34 .783
Very small VLDL particles 0.96 ± 0.20 1.10 ± 0.22 1.02 ± 0.26 0.98 ± 0.21 1.01 ± 0.24 .346
IDL particles 2.13 ± 0.53 2.47 ± 0.51 2.25 ± 0.64 2.16 ± 0.53 2.24 ± 0.62 .350
Large LDL particles 2.53 ± 0.65 2.91 ± 0.63 2.70 ± 0.80 2.57 ± 0.65 2.66 ± 0.70 .417
Medium LDL particles 1.46 ± 0.39 1.66 ± 0.38 1.58 ± 0.49 1.49 ± 0.40 1.53 ± 0.39 .493
Small LDL particles 0.95 ± 0.24 1.07 ± 0.24 1.03 ± 0.30 0.96 ± 0.24 0.99 ± 0.24 .491
Large HDL particles 2.07 ± 0.68 2.03 ± 0.69 1.83 ± 0.79 1.85 ± 0.99 1.89 ± 0.72 .759
Medium HDL particles 2.27 ± 0.35 2.22 ± 0.33 2.26 ± 0.50 2.22 ± 0.47 2.15 ± 0.28 .886
Small HDL particles 2.62 ± 0.24 2.60 ± 0.20 2.72 ± 0.22 2.66 ± 0.20 2.61 ± 0.21 .352
Serum total cholesterol 3.65 ± 0.73 4.01 ± 0.68 3.79 ± 0.80 3.64 ± 0.72 3.72 ± 0.83 .497
Total cholesterol in VLDL 0.46 ± 0.14 0.53 ± 0.18 0.52 ± 0.20 0.51 ± 0.17 0.50 ± 0.17 .734
Remnant cholesterol (non-HDL, non-LDL cholesterol) 0.95 ± 0.25 1.11 ± 0.27 1.04 ± 0.34 1.01 ± 0.28 1.02 ± 0.30 .511
Total cholesterol in LDL 1.19 ± 0.35 1.38 ± 0.34 1.29 ± 0.43 1.21 ± 0.35 1.26 ± 0.36 .436
Total cholesterol in HDL 1.50 ± 0.25 1.52 ± 0.29 1.45 ± 0.35 1.43 ± 0.38 1.44 ± 0.28 .847
Total cholesterol in HDL2 1.03 ± 0.23 1.04 ± 0.27 0.98 ± 0.33 0.96 ± 0.35 0.97 ± 0.25 .839
Total cholesterol in HDL3 0.47 ± 0.02 0.48 ± 0.02 0.47 ± 0.03 0.47 ± 0.03 0.47 ± 0.02 .738
Esterified cholesterol 2.55 ± 0.53 2.82 ± 0.50 2.66 ± 0.58 2.55 ± 0.52 2.60 ± 0.59 .474
Free cholesterol 1.10 ± 0.20 1.19 ± 0.19 1.13 ± 0.22 1.09 ± 0.20 1.12 ±  0.24 .559
Serum total triglycerides 1.03 ± 0.35 1.01 ± 0.37 1.08 ± 0.37 1.10 ± 0.37 1.05 ± 0.33 .916
Triglycerides in VLDL 0.66 ± 0.28 0.63 ± 0.31 0.71 ± 0.30 0.73 ± 0.32 0.67 ± 0.27 .822
Triglycerides in LDL 0.15 ± 0.04 0.16 ± 0.03 0.15 ± 0.03 0.15 ± 0.03 0.15 ± 0.04 .948
Triglycerides in HDL 0.12 ± 0.03 0.12 ± 0.02 0.12 ± 0.03 0.12 ± 0.03 0.12 ± 0.03 .964
Total phosphoglycerides 1.72 ± 0.30 1.80 ± 0.27 1.73 ± 0.29 1.68 ± 0.31 1.70 ± 0.30 .748
Phosphatidylcholine and other cholines 1.65 ± 0.28 1.75 ± 0.26 1.66 ± 0.27 1.62 ± 0.29 1.64 ± 0.29 .635
Sphingomyelins 0.37 ± 0.05 0.39 ± 0.06 0.37 ± 0.07 0.36 ± 0.07 0.36 ± 0.07 .627
Total cholines 2.06 ± 0.30 2.16 ± 0.28 2.05 ± 0.30 2.00 ± 0.31 2.04 ± 0.33 .563
Total fatty acids 9.73 ± 1.85 10.30 ± 1.78 10.13 ± 1.83 9.87 ± 1.90 9.90 ± 1.92 .856
Docosahexaenoic acid 0.12 ± 0.04 0.13 ± 0.04 0.12 ± 0.03 0.12 ± 0.04 0.12 ± 0.04 .996
Linoleic acid 2.68 ± 0.46 2.85 ± 0.45 2.85 ± 0.48 2.73 ± 0.44 2.74 ± 0.59 .692
Omega-3 fatty acids 0.39 ± 0.14 0.40 ± 0.12 0.41 ± 0.10 0.40 ± 0.13 0.40 ± 0.13 .995
Omega-6 fatty acids 3.26 ± 0.53 3.48 ± 0.51 3.44 ± 0.54 0.30 ± 0.52 3.34 ± 0.64 .653
Polyunsaturated fatty acids 3.66 ± 0.64 3.88 ± 0.61 3.84 ± 0.62 3.70 ± 0.64 3.74 ±  0.75 .743
Monounsaturated fatty acids 2.56 ± 0.58 2.66 ± 0.58 2.69 ± 0.61 2.63 ± 0.62 2.60 ± 0.57 .946
Saturated fatty acids 3.51 ± 0.69 3.75 ± 0.64 3.59 ± 0.67 3.54 ± 0.69 3.56 ± 0.66 .796

*Unless indicated, data are presented as mean ± SD. Post hoc analyses were used with least significant difference (LSD) correction (P < .05). P values obtained 
using the χ2 test are indicated by a double asterisk (**); other P values were obtained by 1-way ANOVA, but if the variance homogeneity test P < .05, the P 
value was acquired by Kruskal-Wallis test.

aStatistically significant difference was detected between CN group and AD group.  bStatistically significant difference was detected between SCD group 
and EMCI group.  cStatistically significant difference was detected between SCD group and LMCI group.  dStatistically significant difference was detected 
between SCD group and AD group.  eStatistically significant difference was detected between EMCI group and AD group.  fStatistically significant difference 
was detected between LMCI group and AD group.  gStatistically significant difference was detected between CN group and EMCI group.  hStatistically 
significant difference was detected between CN group and LMCI group.   iStatistically significant difference was detected between EMCI group and LMCI 
group.   jStatistically significant difference was detected between CN group and SCD group.

Abbreviations: Aβ = amyloid β peptides 1 to 42, ABCA1 = ATP-binding cassette transporter A1, AD = Alzheimer’s disease, ADAS-cog = Alzheimer’s Disease 
Assessment Scale–13-item cognitive subscale, ANOVA = analysis of variance, APOE = apolipoprotein E, BIN1 = bridging integrator 1, CETP = cholesterol ester 
transfer protein, CLU = clusterin, CN = cognitively normal, EMCI = early mild cognitive impairment, HDL = high-density lipoprotein (HDL2 and HDL3 indicate 
HDL subfractions), IDL = intermediate-density lipoprotein, LDL = low-density lipoprotein, LDLR = low density lipoprotein receptor, LMCI = late mild cognitive 
impairment, LRP1 = low density lipoprotein receptor-related protein 1, MMSE = Mini-Mental State Examination, PICALM = phosphatidylinositol-binding 
clathrin assembly protein, p-tau = tau phosphorylated at the threonine 181 position, SCD = subjective cognitive decline, SORL1 = sortilin-related receptor 1, 
VLDL = very low density lipoprotein.
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Figure 1. Regression Analyses Among Polygenic Scores, Serum Lipid Metabolites,a 
Cerebrospinal Fluid Core Biomarkers, and Cognitive Performance in the AD Spectrum*

A: Linear regression between polygenic scores and cerebrospinal fluid biomarkers revealed that the GPS was 
correlated with Aβ levels but not total tau and p-tau levels; in contrast, GRS was significantly correlated with 
total tau levels and marginally associated with Aβ levels but not with p-tau levels, while RRS significantly 
influenced the Aβ, total tau, and p-tau levels in the AD spectrum.

B: Significant linear correlations were found between several lipid metabolism–related markers and total tau but 
not Aβ and p-tau levels of cerebrospinal fluid in the AD spectrum.

(continued)

performance across all data, linear and binomial nonlinear 
regression analyses were employed after controlling for 
covariates of age, sex, education, and APOE ε4 status.

Functional connectivity analysis. Multivariable linear 
regression analyses were conducted to investigate the main 
effects of the PGS, and PGS × disease interactive effects on 
the DMN, controlling for nuisance covariates including age, 
sex, and education if necessary (3dRegAna, AFNI). Statistical 
threshold was set at P < .05 (3dClustSim corrected with 

the -acf function, cluster size > 2,727 mm3 corresponding 
to cluster α < .05, https://afni.nimh.nih.gov/pub/dist/doc/
program_help/3dClustSim.html).

The equation of multivariable linear regression analyses 
was as follows:

mi = β0 + β1 × dis + β2 × PGS + β3 × (PGS × dis) + β4 ×  
Age + β5 × Sex + β6 × Edu + ε

Here mi is the z value of the functional connectivity (FC) 
of the ith voxel within DMN across all subjects. β0 is the 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html
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aFor simplifying the calculation of various indicators, all data for lipids were standardized to facilitate data normally 
distributed transformed with the formula z = (x – μ)/σ, for which x was the specific value, μ was the mean value, and 
σ the standard deviation. Then, the z values of lipids were transformed using an inverse logarithm algorithm with a 
base of 2. Considering the opposite effects of HDL compared with LDL or VLDL, the values of HDL-related markers 
were further converted into their reciprocal form.

bOne-tailed P values < .05 were considered significant only in Figure 1B.
*Gray bands indicated 95% confidence intervals.
Abbreviations: Aβ = amyloid β peptides 1 to 42, AD = Alzheimer’s disease, ADAS-cog = Alzheimer’s Disease 

Assessment Scale–13-item cognitive subscale, CN = cognitively normal, EMCI = early amnestic mild cognitive 
impairment, GPS = genetic protective score, GRS = genetic risk score, HDL = high-density lipoprotein, LDL = low-
density lipoprotein, LMCI = late mild cognitive impairment, MMSE = Mini-Mental State Examination, p-tau = tau 
phosphorylated at the threonine-181 position, RRS = relative risk score, SCD = subjective cognitive decline, 
VLDL = very low density lipoprotein.

C: Nonlinear correlations were found between lipid metabolites and ADAS-cog scores.

D: Nonlinear curves fitted between cerebrospinal fluid biomarkers and MMSE scores.

Figure 1 (continued).
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intercept of the line fitted in the model. β1, β2, and β3 are 
the effects of disease, PGS and PGS × disease interaction on 
the FC strength of the ith voxel in the DMN. β4, β5, and β6 
are the main effects of age, sex, and education, respectively, 
which were discarded as covariates of no interest in the 
above linear regression model. The error term ε is assumed 
to be Gaussian distributed and uncorrelated across all 
subjects.

Next, to investigate the brain maps of lipid metabolites 
associated with aDMN and pDMN among all data, partial 
correlation analyses were applied after removing covariates 
of age, sex, education, and APOE ε4 status.

RESULTS

Demographic, Neuropsychological,  
Genetic, and Molecular Biomarkers

No significant differences were found in age, sex, 
education, any candidate genotypes except APOE, or the 
lipid metabolites among all participants (all P values > .05). 
Significant group differences existed in cognitive scores 
and CSF biomarker levels. However, compared with the 

CN group, only Aβ level was identified as a significant 
discrepancy in the SCD group. As the disease progressed 
beyond the stage of SCD, there was a gradually declining 
trend in MMSE scores and Aβ levels and an increasing trend 
in ADAS-cog scores, t-tau levels, and p-tau levels. More 
details were shown in Table 1.

Relationships Between Pairs of PGSs,  
Lipid Metabolites, CSF Biomarkers,  
and Cognitive Performance

First, linear regression between PGS and CSF biomarkers 
revealed that GPS was correlated with Aβ level (P = .043) but 
not t-tau and p-tau levels; in contrast, GRS was correlated 
with t-tau levels (P = .005) and marginally associated with 
Aβ level (P = .051) but not with p-tau level, while RRS was 
significantly influenced by Aβ (P = .007), t-tau (P = .001), 
and p-tau (P = .023) levels across the AD spectrum. On 
removing APOE from the lipid pathway, these associations 
became nonsignificant (data not presented). Several 
lipid metabolism–related markers, including serum total 
cholesterol (SERUM_C), esterified cholesterol (EC), and 
sphingomyelins (SM), were also found to be correlated with 

Figure 2. Main Effect of Polygenic Scores on the Default Mode Network Across the AD Spectruma

A, E, and I: Brain regions depicting the main effects of GPS, GRS, and RRS 
on the anterior DMN.

B, F, and J: Representative brain regions with significant correlations 
between the GPS, GRS, and RRS, respectively, with averaged functional 
connectivity of the anterior DMN.

(continued)

A
B

E
F

I J
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C, G, and K: Brain regions showing the main effects of the GPS, GRS, and 
RRS, respectively, on the posterior DMN.

D, H, and L: Representative brain regions with significant correlations 
between the GPS, GRS, and RRS with averaged functional connectivity of 
the posterior DMN.

aA red color indicates a positive correlation, and a blue color indicates a negative correlation between polygenic scores and functional connectivity strength 
of the DMN. The color bar indicates z scores.

Abbreviations: AD = Alzheimer’s disease, DMN = default mode network, FC = functional connectivity, GPS = genetic protective score, GRS = genetic risk 
score, LCUN = left cuneus, LIFG = left inferior frontal gyrus, LIPL = left inferior parietal lobule, LSFG = left superior frontal gyrus, MCC = middle cingulate 
cortex, PCC = posterior cingulate cortex, RCUN = right cuneus, RIns = right insula, RIPL = right inferior parietal lobule, RMTG = right middle temporal gyrus, 
RRS = relative risk score.    

Figure 2 (continued).

C D

G H

K
L

t-tau level but not Aβ and p-tau levels in the AD spectrum. 
Additionally, binomial nonlinear correlations were discovered 
between several lipid metabolites and ADAS-cog scores but 
not MMSE scores. These metabolites included SERUM C, 
EC, free cholesterol (Free Cho), phosphatidylcholine (PC), 
SM, and total cholines (TOTCHO). Finally, regression 
analysis disclosed that CSF biomarkers could significantly 
impact cognitive performance in a nonlinear manner. The 
aforementioned results are plotted in Figure 1.

Main Effect of PGSs and Interactive Effects  
of PGSs by Disease on the aDMN and pDMN

Polygenic effects on the subnetworks of DMN were 
distinct, with effect on the aDMN mostly evident within 
the frontal cortex (9 of 23 regions), limbic lobe (4/23), and 
parietal cortex (3/23) and on the pDMN in the temporal 
cortex (6/19), occipital cortex (4/19), and limbic lobe (4/19). 
These brain lobes were divided according to human atlas 

based on connectional architecture.35 Next, representative 
brain regions with significant correlations between PGSs and 
FCs within DMN are presented in Figure 2. These linear 
correlation graphs depicted the trajectory of FC with the 
accumulation of PGSs.

Interactive effects of PGSs and disease on the aDMN 
were principally found in the frontal cortex (6 of 16 regions), 
temporal cortex (5/16), parietal cortex (1/16), subcortical 
nuclei (1/16), limbic lobe (2/16), and insular lobe (1/16), 
and effects on the pDMN were mostly discovered in the 
temporal cortex (7/19), occipital cortex (3/19), subcortical 
nuclei (5/19), frontal cortex (1/19), and limbic lobe (3/19). 
Furthermore, representative brain regions with significant 
interactive effects are depicted with line charts in Figure 3.

As the disease progressed, FC of typical regions within 
aDMN presented a declining trajectory; conversely, 
regarding interactions with pDMN, the FC decreased first 
and then reached equilibrium with the initial stage of the 
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A

E

I

B

F

J

Figure 3. Interactive Effects Between Polygenic Scores and Disease on the Default Mode Network Across the AD Spectruma

A, E, and I: Interactive effects between the GPS, GRS, and RRS, 
respectively, and disease on the anterior DMN in the AD spectrum.

B, F, and J: Linear trends depicted by line charts represent the significant 
interactive effects of the GPS, GRS, and RRS, respectively, and disease on the 
anterior DMN in the AD spectrum.

(continued)

CN group. The PGS first increased and then decreased as 
the disease progressed, with the highest point presenting at 
the EMCI stage. EMCI patients with higher genetic scores 
showed weaker FC strength, while patients in other groups 
with lower genetic scores showed greater FC strength. 
Negative correlations between the PGS and FC within 
aDMN were mainly distributed in the left middle cingulate 
cortex (LMCC), right middle frontal gyrus (RMFG), and left 
putamen (LPut), and within pDMN, negative correlations 
were primarily found in the right lingual gyrus (RLG), right 
parahippocampal gyrus (RPHG), and anterior cingulate 
cortex (ACC), whereas the PGS was positively correlated 
with FC in the other brain regions of interactive effects.

Brain Maps of Serum Lipids Correlated  
With aDMN and pDMN

We found 6 lipid metabolites associated with cognitive 
performance, and brain regions linked to these lipids 
were also delineated. These brain regions were involved 
in the sensorimotor network and occipital lobe, including 

postcentral gyrus (PCG), supplementary motor area (SMA), 
posterior cingulate cortex (PCC), and middle occipital 
gyrus (MOG). Regions related to the aDMN included the 
right MOG (RMOG), right PCG (RPCG), and SMA, and 
the regions related to the pDMN included the right PCC 
(RPCC), left MOG (LMOG), and RPCG. The elevated levels 
of lipid metabolites were prone to be associated with higher 
FC in the RMOG, SMA, and PCC but were associated with 
lower FC in the LMOG and RPCG (for details, see Figure 4).

DISCUSSION

In this study, we proved that the lipid metabolic pathway-
specific polygenes could affect the DMN subnetworks and 
global cognitive performance. The genetic protective, risk, 
and relative risk scores impacted DMN subsystems in a 
diverse trajectory across the AD spectrum. These results 
deepen our knowledge of lipid metabolism affecting the 
neural system and provide several sensitive lipid indicators 
to monitor the impairments of lipid metabolism in the brain.
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Figure 3 (continued).

D

H

L

C

G

K

C, G, and K: Interactive effects between the GPS, GRS, RRS, and
disease, respectively, on the posterior DMN in the AD spectrum.

D, H, and L: Linear trends depicted by line charts represent the significant 
interactive effects of the GPS, GRS, RRS, and disease, respectively, on the 
posterior DMN in the AD spectrum.

aA bright color indicates a positive correlation, and a blue color indicates a negative correlation between polygenic scores and functional connectivity 
strength of the DMN. The color bar indicates z scores.

Abbreviations: AD = Alzheimer’s disease, CN = cognitively normal, DMN = default mode network, EMCI = early amnestic mild cognitive impairment, 
FC = functional connectivity, GPS = genetic protective score, GRS = genetic risk score, LFFA = left fusiform area, LHip/PHG = left hippocampus/
parahippocampal gyrus, LMCC = left middle cingulate cortex, LMCI = late mild cognitive impairment, LPHG = left parahippocampal gyrus, PCC = posterior 
cingulate cortex, RDLPFC = right dorsolateral prefrontal cortex, RMOG = right middle occipital gyrus, RMTG = right middle temporal gyrus, RPCG = right 
precentral gyrus, RPCL = right paracentral lobule, RPHG = right parahippocampal gyrus, RRS = relative risk score, RSTG = right superior temporal gyrus, 
SCD = subjective cognitive decline.  

The associations between GRS and CSF core biomarkers 
suggested that a higher GRS was not associated with lower 
levels of Aβ and higher levels of p-tau; although there was 
an association with t-tau levels (P = .005), on removal of 
APOE from GRS, statistical significance was eliminated. This 
result indicated that the overall GRS appeared to be driven 
by the inclusion of a strong APOE effect, and the other 
variants did not add much predictive power. Previously, 
AD patients with the APOE ε4 allele showed increased Aβ 
plaque deposition and neurofibrillary tangles; in contrast, 
the presence of APOE ε2 might slow the progression of AD 
pathology.36 Overall, APOE remains a key risk factor for AD 
pathological changes. We also found that a higher GPS was 
marginally correlated with higher levels of Aβ but not t-tau 
and p-tau; after deducting protective factors, a higher RRS 
was extraordinarily associated with a lower level of Aβ and 

higher levels of t-tau and p-tau, which hinted at the necessity 
of distinguishing risk from protective genetic scores. The 
aforementioned findings were consistent with those from 
previous studies suggesting that genetic factors of lipid 
metabolism contributed to pathological changes in AD,13 
with pathway-specific RRS being more predictive than GRS.

In addition, higher levels of SERUM C, EC, and SM were 
connected with high levels of t-tau, indicating that serum 
lipids also contribute to tau pathology in AD. However, 
previous studies showed that cholesterol retention was 
responsible for Aβ production,8 and cholesterol depletion 
reduced aggregation of insoluble Aβ in hippocampal 
neurons.37 It is necessary to further verify the relationship 
between blood lipids and Aβ pathology.

Furthermore, a nonlinear relationship was found between 
serum or CSF molecular biomarkers and general cognitive 
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performance. These biomarkers include SERUM_C, EC, 
Free Cho, PC, SM, and TOTCHO, all of which are prominent 
structural and physiologic constituents of neural biofilms in 
the brain. The nonlinear related curve between lipids and 
cognitive score shows the first decline and then upward 
trend, indicating that higher serum lipids are beneficial to the 
elderly and may promote cognition, while lower lipid levels 
may aggravate cognitive impairment, which is consistent 
with previous studies.38,39 This result also reminds us of the 
importance of monitoring serum lipids at early stages of AD. 
The relationship between CSF biomarkers and cognition has 
been extensively investigated.40–43 The curved relationship 
was more consistent with the accelerated cognitive decline 
exhibited across the disease process.44 This finding may 
offer several sensitive lipid indicators to monitor cognitive 
impairments and provide specific targets for improving 
cognition by lipid-lowering therapy.

The extensive effects across DMN subsystems differed at 
different stages along the AD spectrum. This distributional 
discrepancy is mainly because the DMN subsystems 
have distinct anatomic, functional, and pathophysiologic 
profiles.20,45,46 The medial prefrontal cortex and PCC, 
revealed as prominent core hubs of the aDMN and pDMN, 
also have different functional divisions,47 with the former 
hub related to social cognition48 and the latter playing 
a central role in autobiographical memory retrieval and 
planning for the future.49

Additionally, brain regions of broad genetic and 
interactive effects were largely concentrated in the cortical 
frontal-parietal network and subcortical basal ganglia 
network, which have been deemed to underlie rhythmic 
spatial attention50 and inhibitory control of action and 
cognition.51,52 Also, the accumulated genetic distribution 
indicated that brain areas positively correlated with PGS 
(in the same direction) might play a major compensatory 
role in disease progression, while those areas in the 
opposite direction (negatively correlated) might have been 
decompensated and destroyed. However, the impact of 
polygenes on FC changes was not strong, with most R2 values 
being less than 10%. This might be explained by the fact that 
FC could compensate for cognitive decline in cognitively 
normal individuals, while decompensation occurred in 
prodromal AD stages.53,54 The overall contributions of FC 
were weakened across the AD spectrum.

Furthermore, the interplay relationship of polygenes 
and disease facilitated PGS and FC, presenting changing 
trajectory as the disease progressed. The declining tendency 
and inverse U-shaped pattern of FC have been reported by 
previous studies.55 The PGSs changed, first increasing and 
then decreasing, with the highest score in the EMCI stage. 
Notably, we found decreased FC in EMCI patients and 
increased FC in subjects from other groups. Bound by the 
EMCI stage, these opposite trajectory changes within DMN 
across AD spectrum might be attributed to different neural 
mechanisms underlying AD progression. As the individuals 
with SCD will not show a cognitive decline,56 the EMCI 
stage has become the earliest symptomatic stage with worse 

cognitive performance.57 Thus, following up recruiting of 
SCD patients in a timely manner is of vital importance for 
clinical intervention and disease prognosis.

Previous lipid-related imaging studies have revealed the 
effects of lipids on the brain.14–17 We also discovered specific 
brain regions associated with serum lipids that are mainly 
involved in the sensorimotor network and regions of the 
PCC and MOG. Earlier studies suggested that youth at risk 
for obesity showed elevated reward circuitry responsivity 
coupled with elevated responsivity to food in somatosensory 
regions, and the latter might lead to overeating, consequently 
producing blunted dopamine signaling and elevated 
responsivity to food cues.58 In individuals with high body 
mass index values, females showed greater centrality in 
reward (amygdala, hippocampus) and salience (anterior 
midcingulate cortex) regions than males.59 Moreover, another 
study with a 6-month exercise program in obese individuals60 
showed that exercise could affect communications between 
networks to enhance individual responsivity to exercise, 
especially for the PCC, with reductions in both outgoing and 
ingoing causal flow to several resting networks. The present 
study effectively combined lipid profile, brain network, and 
cognition, providing a brain atlas of cognitively related lipid 
profiles for future studies. Naturally, differences existed in 
the brain regions related to aDMN and pDMN, which also 
proved that there was divergence within the effects of lipid 
metabolism on the DMN. It was evident that the aDMN 
linked more to posterior components with the FFA, cingulate 
cortex, or precuneus and the pDMN was inclined to connect 
with the prefrontal and parietal cortex. This anterior-
posterior functional coupling across the AD continuum 
might lead to opposing roles for the DMN subnetworks on 
cognitive impairment.

Several limitations remain in this study. First, due to the 
limited fMRI data in the ADNI database, the study sample 
is small, and it is necessary to replicate and validate these 
results in a larger sample. Second, although the selected 
genes do not belong to a specific single pathway, their 
eponymous proteins are involved in biological processes 
related to lipid metabolism. Then, these genes are considered 
to be in the lipid metabolic pathway. However, the number 
of genetic loci included in the ADNI database is limited. As 
more genetic loci are covered in the public database, further 
studies need to increase the number of loci to enrich the 
lipid pathway. Third, this study investigated the polygenic 
effects on DMN only; thus, how lipid-related polygenes 
impact other functional networks was unclear. It is worth 
researching the polygenic effect on the other networks. 
Fourth, although the methodology was not thorough, with 
no adjustment for multiple testing, several key molecular 
biomarkers were selected from a variety of lipid metabolites 
that showed the most relevant trend to cognition. Finally, 
the brain regions associated with serum lipids were in the 
sensorimotor network and occipital lobule. Targeted therapy, 
especially physical stimulation therapy, on the cortical 
supplementary motor area region may reduce lipid levels 
and further improve cognitive function.
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Only first scan at baseline and scanned 

under 3.0 tesla field strength of Philips 

Healthcare manufacturer (n=168) 

Enrollment 

Excluded (n= 55) 

   Corrupted image sequences (n = 4) 

  Incomplete genetic information (n = 13) 

  CSF biomarkers-free information (n = 14) 

  Lipid-free information (n = 5) 

  Incomplete cognitive score (n = 2) 

  Image quality control failure (n = 15) 

  Excessive head motion (n = 2) 
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Supplementary Table 1. Summary information of lipid metabolic pathway related multiple genes. 

SNP Chr. Position Closest 

gene 

Allele 

change 

GMAF OR HWE Function 
χ2 p 

rs11136000 8 27607002 CLU T>C 0.3848 0.86 0.974 0.324 CLU is related to cholesterol reverse transporting.1 

rs5930 19 11113589 LDLR A>G 0.3450 0.85 0.071 0.791 Elevated level of LDLR in the brain promotes extracellular Aβ clearance.2 

rs1799986 12 57141483 LRP1 C>T 0.1047 0.92 0.293 0.588 
Blood brain barrier-associated pericytes internalize and clear aggregated Aβ through LRP1-

dependent APOE subtype-specific mechanism.3 

rs3851179 11 86157598 PICALM T>C 0.3297 0.85 1.440 0.230 
PICALM participates in receptor-mediated endocytosis as lipid internalization and transport 

mediated by lipoprotein particles containing APOE and CLU.4 

rs2070045 11 121577381 SORL1 T>G 0.3214 1.13 0.381 0.537 SORL1 can bind lipoprotein particles containing APOE and mediate their endocytosis.5 

rs5882 16 56982180 CETP G>A 0.4481 1.11 0.043 0.836 
CETP mediates the transfer of cholesterol esters from HDL to VLDL, thus promoting the 

balanced exchange of triglycerides and regulating HDL levels.6 

rs2230808 9 104800523 ABCA1 T>C 0.4109 1.10 0.870 0.351 ABCA1 regulates APOE levels, lipidation, and APOE-mediated cholesterol transfer from 

glial cells to neurons.7 

rs744373 2 127137039 BIN1 A>G 0.3714 1.17 0.227 0.634 BIN1 is also associated with receptor-mediated endocytosis.8 

rs429358 

rs7412 

19 

45411941 

45412079 

APOE 

- 

- 

- 

- 

- 

- 

1.391 0.238 
APOE is a major cholesterol carrier and APOE isoforms differentially regulate Aβ 

aggregation and clearance in the brain.9 

Abbreviations: Chr. = chromosome; GMAF = global minor allele frequency reported from 1000Genome genotype data; HWE = Hardy-Weinberg equilibrium; OR = odds ratio for the minor 

allele; SNP = single nucleotide polymorphism. 
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