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Abstract 

Background Epigenetic Scores (EpiScores) for blood protein levels have been associated with disease outcomes 
and measures of brain health, highlighting their potential usefulness as clinical biomarkers. They are typically derived 
via penalised regression, whereby a linear weighted sum of DNA methylation (DNAm) levels at CpG sites are predic‑
tive of protein levels. Here, we examine 84 previously published protein EpiScores as possible biomarkers of cross‑sec‑
tional and longitudinal measures of general cognitive function and brain health, and incident dementia across three 
independent cohorts.

Results Using 84 protein EpiScores as candidate biomarkers, associations with general cognitive function 
(both cross‑sectionally and longitudinally) were tested in three independent cohorts: Generation Scotland (GS), 
and the Lothian Birth Cohorts of 1921 and 1936 (LBC1921 and LBC1936, respectively). A meta‑analysis of general 
cognitive functioning results in all three cohorts identified 18 EpiScore associations (absolute meta‑analytic stand‑
ardised estimates ranged from 0.03 to 0.14, median of 0.04, PFDR < 0.05). Several associations were also observed 
between EpiScores and global brain volumetric measures in the LBC1936. An EpiScore for the S100A9 protein (a 
known Alzheimer disease biomarker) was associated with general cognitive functioning (meta‑analytic standardised 
beta: − 0.06, P = 1.3 ×  10−9), and with time‑to‑dementia in GS (Hazard ratio 1.24, 95% confidence interval 1.08–1.44, 
P = 0.003), but not in LBC1936 (Hazard ratio 1.11, P = 0.32).

Conclusions EpiScores might make a contribution to the risk profile of poor general cognitive function and global 
brain health, and risk of dementia, however these scores require replication in further studies.
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Introduction
A projected 152 million people worldwide will have 
dementia by 2050 [1]. Dementia is characterised by 
cognitive decline with consequent serious limitations 
on performance of everyday activities, independence 
and quality of life in older age, even in the absence of 
dementia [2–4]. Stable, consistent biological markers 
(biomarkers) of these outcomes might facilitate early 
detection, opening up a window for possible interven-
tion [5]. Biomarkers can also be used for monitoring 
progression, understanding the molecular mechanism 
of a phenotype, and identification of candidate drug 
targets. Proteins are commonly used as biomarkers, as 
changes in levels can be indicative of disease status or 
risk [6]. Discovery of blood-based biomarkers is desira-
ble as blood is easily accessible, can be taken at routine 
appointments and is cost-effective.

The term epigenetics refers to chemical modifications 
to DNA that do not affect the underlying sequence. 
The dynamic nature of these modifications can affect 
gene expression levels, therefore in turn affecting pro-
tein expression levels [7, 8]. DNA methylation (DNAm) 
is the most commonly studied epigenetic modifica-
tion, and is typically characterised by the addition of a 
methyl group to the cytosine base in a cytosine-guanine 
motif (CpG). Epigenetic scores (EpiScores) for pro-
teins are typically derived from a linear weighted sum 

of DNAm levels at CpG sites that, in combination, are 
predictive of protein levels. The selection of CpGs for 
EpiScores is typically performed via penalised regres-
sion models whereby all sites on a genome-wide array 
are input as potential features. A recent study directly 
compared measured CRP and CRP EpiScore levels, 
showing higher test–retest reliability for the EpiScore 
[9]. For inflammatory proteins such as CRP, it may be 
that EpiScores for protein levels provide a more stable 
reflection of chronic inflammation. Additionally, the 
CRP EpiScore was found to have an average 6.4-fold 
stronger effect estimates in associations with brain 
imaging measures, versus measured CRP [10]. EpiS-
cores for CRP and IL6 inversely associated with gen-
eral cognitive function in studies where the measured 
protein association was less strong/significant [9–11]. 
These studies suggest that protein EpiScores might rep-
resent useful markers of brain health.

Gadd et  al. [12] trained 84 protein EpiScores in the 
German cohort KORA which had a Pearson correla-
tion (r) > 0.1 and P < 0.05 when compared with measured 
protein levels in a test cohort. Several of these EpiScores 
were found to associate with a number of disease out-
comes including stroke, type 2 diabetes and lung cancer, 
highlighting their potential usefulness as clinical bio-
markers of disease [12].

Fig. 1 Study overview. A study summary figure highlighting the data available for cognitive testing (maximum N for one cognitive test at wave 
1), dementia diagnosis (N for cases and controls with methylation data) and brain imaging (maximum N for one MRI measure at wave 2) 
across the LBC1921, LBC1936 and GS cohorts. Created with BioRender.com
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In this study, we examined if the same 84 EpiScores 
were associated with a general factor for cognitive func-
tion, longitudinal cognitive change, and magnetic reso-
nance imaging (MRI) measures of global brain health 
and longitudinal brain changes in up to three independ-
ent cohorts (depending on data availability): Genera-
tion Scotland (GS), the Lothian Birth Cohorts of 1921 
(LBC1921) and 1936 (LBC1936). We also investigated 
if the EpiScores associated with an incident (binary) 
dementia diagnosis and time-to-dementia (Fig. 1).

Methods
The Generation Scotland cohort
The Generation Scotland: Scottish Family Health Study 
(GS) has been previously described in detail by Smith 
et al. [13]. In brief, GS is a cohort study of > 20,000 indi-
viduals and their families living in Scotland. GS provides 
a resource with genome-wide genetic, epigenetic, clini-
cal, lifestyle and sociodemographic data. Participants in 
GS were aged between 17 and 99 years at the study base-
line, with a mean age of 47.5 years (SD: 14.93). 58.8% of 
the GS cohort is female. Recruitment took place between 
2006 and 2011.

Lothian Birth Cohorts of 1921 and 1936
The Lothian Birth Cohorts of 1921 and 1936 (LBC1921 
and LBC1936) comprise older community-dwelling 
adults born in 1921 and 1936 [14, 15]. Most of these 
individuals sat a test of general intelligence—the Moray 
House Test No.12—at about age 11 years while at school 
in Scotland in 1932 and 1947, respectively. Subsequently, 
individuals residing in the Lothian area later in life were 
invited to join the LBC studies (at age ~ 79 for LBC1921 
and age ~ 70 for LBC1936). Participants underwent a 
series of physical, cognitive and medical assessments at 
regular intervals (age ~ 79, 83, 87, 90, 92 for LBC1921, 
and age ~ 70, 73, 76, 79, and 82 for LBC1936). The partici-
pants provided blood samples from which genetic, epige-
netic and biomarker data were obtained. Beginning at the 
second assessment (age 73), LBC1936 participants also 
underwent whole brain structural MRI scans. The mean 
age at wave 1 in the LBC1936 is 69.5 years (SD: 0.83) and 
49.77% of the cohort is female. The mean age at wave 1 in 
the LBC1921 is 79.1 (SD: 0.58) and 58.17% of the cohort 
is female.

EpiScores in the Generation Scotland and the Lothian Birth 
Cohorts
The training and testing of the 84 EpiScores used in this 
study have been described previously [12]. Briefly, the 84 
EpiScores are the result of penalised regression models 
(one model for each protein) that select CpG sites that, 
in weighted combination, are predictive of individual 

protein levels. These 84 EpiScores met a testing thresh-
old of Pearson r > 0.1 and p < 0.05 when projected into 
a subset of the GS cohort (STRADL: N = 778 [16]) and 
compared with measured protein levels [12]. EpiScores 
were projected into methylation data (beta values) in the 
LBC’s (nLBC1921 = 436; nLBC1936 = 895) and the GS cohort 
(n = 18,413) before being corrected for technical covari-
ates through linear regression. Details of DNAm profil-
ing and processing are detailed in Additional file 1. In GS, 
EpiScores were corrected for set and batch. In LBC1921 
and LBC1936, EpiScores were corrected for set, array and 
hybridization date. Residuals from these regression mod-
els were extracted and used for all downstream analyses.

Cognitive test data
Cognitive testing in the GS cohort and LBC studies have 
been described previously [13–15, 17]. Briefly, cross-sec-
tional scores are available for four tests in GS, while lon-
gitudinal data were considered for 13 tests in LBC1936 
and for four tests in LBC1921 (full details in Additional 
file 1 with summary data presented in Additional file 3: 
Tables S1–S3).

MRI measures of brain health in LBC1936
Protocols for magnetic resonance imaging (MRI) acquisi-
tion and processing carried out in the LBC1936 cohort 
have been described previously [18]. Four measures of 
global brain health were considered: total brain volume, 
grey matter volume, normal appearing white matter vol-
ume, and white matter hyperintensity volume. These 
were assessed across four waves of data collection, start-
ing at wave 2 (age 73). Intracranial volume was included 
as a covariate for baseline (intercept) analyses to account 
for any previous volume loss. Full details are presented in 
Additional file 1 with summary data in Additional file 3: 
Table S4.

Dementia diagnosis information
Dementia diagnosis data were obtained in all three 
cohorts. Full details are provided in Additional file  1. 
Briefly, GS data were obtained via linkage to primary and 
secondary care records (235 incident cases, 7555 con-
trols—filtered so all were aged 65 or above at the time of 
diagnosis/censoring, Additional file 3: Table S5).

Dementia diagnosis information for LBC1921 and 
LBC1936 were obtained through electronic heath record 
(EHR) review [19]. Clinician home visits were also carried 
out by request in LBC1921 and LBC1936 when a partici-
pant showed signs of cognitive impairment, self-reported 
dementia, or an LBC researcher suspected the partici-
pant may have dementia. Consensus meetings were held 
to discuss each participant and determine whether they 
had dementia, probable dementia, possible dementia or 
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had no dementia diagnosis, as well as dementia subtype 
(where possible) [19]. Of the participants with meth-
ylation data, there were 108 and 110 participants with a 
dementia diagnosis (692 and 452 controls) in LBC1936 
and LBC1921, respectively (Additional file  3: Table  S5). 
Date of diagnosis/time-to-event information was only 
available in LBC1936.

Statistical analysis
All statistical analysis were performed in R version 4.0.3 
(2020-10-10) [20].

Descriptive statistics
Sample sizes for cognitive, brain MRI measures and 
dementia shown in Fig.  1 highlight the maximal data 
available. Sample sizes vary across tests and decrease 
over follow-up in both LBC cohorts. Therefore, data 
available for each test/measure at each wave can be found 
in Additional file 3: Tables S1–S5.

Predictors of cognitive function, cognitive change and MRI 
brain health measures
All analyses in this study included basic- and fully-
adjusted models. Outcomes of interest were latent inter-
cept and slope variables for brain and cognitive outcomes 
(see Additional file  1 for details and Additional file  3: 
Tables  S6–S9). Regression analyses were performed 
within the structural equation framework. Continuous 
covariates were scaled to aid in model convergence and 
to obtain standardised regression coefficients.

Information regarding alcohol intake (weekly units) 
was obtained via a self-reported questionnaire. The 
Scottish Index of Multiple Deprivation (SIMD, 2006) in 
LBC1936 and GS, and social grades determined by high-
est reached occupation in LBC1921 [21, 22]. The SIMD 
ranged from 1 (most deprived) to 6505 (least deprived). 

Basicmodel: Outcome of interest ∼ EpiScore

+ Age at baseline + Sex

Fullmodel :Outcome of interest ∼ EpiScore

+ Age at baseline + Sex

+ Scottish Index ofMultiple

Deprivation (SIMD)

+ Epigenetic smoking score

(EpiSmoker)

+ BodyMass Index(BMI)

+ Alcohol units perweek

Body Mass Index (BMI in kg/m2) was obtained via an 
in-clinic physical assessment. Epigenetic smoking scores 
were calculated for each participant from their DNAm 
profiles using the R package EpiSmokEr [23].

Descriptive statistics for all covariates in GS, LBC1936 
and LBC1921 can be found in Additional file  3: 
Tables S10–S12.

Dementia analysis
Associations between the EpiScores and incident demen-
tia (binary outcome) were tested in all three cohorts 
using logistic regression models with the “glm” function 
(with family set to binomial) from the R stats package 
(version: 4.0.3) [20]. Time-to-dementia analyses were also 
run in LBC1936 and GS using Cox proportional hazards 
(CoxPH) models through the R survival package (version: 
3.3.1) [24]. Sensitivity analyses to account for related 
individuals (GS) and death as a competing risk (GS and 
LBC1936) were also considered (details in Additional 
file 1).

In GS, baseline appointments were from 2006 to 
2011 and the dementia censor date was set to April 
2022 resulting in a maximum of ~ 11–16  years lag time 
between sample collection and dementia. In LBC1936, 
sample collection was carried out at baseline appoint-
ment where participants were ~ age 70 and maximum age 
at the last dementia ascertainment is 86  years resulting 
in a maximum lag time of 16 years between sample col-
lection and dementia. In LBC1921, sample collection was 
carried out at baseline appointment where participants 
were ~ age 79 years. The consensus meeting was in 2016 
meaning the maximum age at dementia diagnosis could 
be 95; therefore, the maximum lag time between sample 
collection and dementia is ~ 16 years.

Meta‑analyses
Meta-analyses were performed to obtain effect sizes 
weighted by sample size using results from the general 
cognitive function, dementia diagnosis (binary) and 
time-to-dementia models using the R package metafor 
(version: 4.2-0) [25].

Gene ontology enrichment and biological function/
pathway look‑up
Gene ontology analysis (GO) was performed on the sta-
tistically significant protein EpiScores using Functional 
Mapping and Annotation of Genome-Wide Association 
Studies (FUMA) software [26]. Specifically, we analysed 
the genes that code for the proteins that the EpiScores are 
proxies for. Benjamini–Hochberg False Discovery Rate 
(FDR) correction was used at a threshold of PFDR < 0.05. 
A gene list covering all of the 84 EpiScores was used as 
the background set of genes to test against. The UniProt 
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database (Release 2024_01) [27] and Reactome database 
(Release 87) [28] were used to look-up the biological 
function/pathways for the proteins mapping to the sig-
nificant EpiScores across each analysis.

Results
EpiScore associations with general cognitive function
A latent factor of general cognitive function (intercept) 
generated in three separate cohorts was regressed on 
84 EpiScores in separate linear models. Benjamini and 
Hochberg false discovery rate (PFDR < 0.05) correction 
was applied to results to account for multiple testing. In 
the basic models (adjusted for age and sex), 20 (GS), 13 
(LBC1921) and 31 (LBC1936) EpiScores were signifi-
cantly associated with general cognitive function (Abso-
lute standard effect size range: 0.09–0.41, PFDR < 0.05, 
Additional file 3: Table S13). Fully adjusted models were 
also examined in which no significant associations were 
found in LBC1936, 5 associations were found in LBC1921, 
and 40 associations in GS (Absolute standard effect size 
range: 0.02–0.53, PFDR < 0.05, Additional file 3: Table S13). 
A meta-analysis of effect sizes for general cognitive func-
tion in all three cohorts was performed for basic- and 
fully-adjusted model results (Additional file 3: Table S14). 
In the meta-analysis of the basic results for general cog-
nitive function, 36 EpiScores were found to be signifi-
cantly associated (Absolute standard effect size range: 
0.06–0.22, PFDR < 0.05). 18 EpiScore associations from the 
fully adjusted models were significant (Absolute standard 
effect sizes range: 0.03–0.14, PFDR < 0.05, Fig. 2). The bio-
logical functions and pathways of the 18 genes that these 
significant protein EpiScores correspond to were explored 
via GO enrichment analysis and database look-up (Addi-
tional file 3: Table S15). No enriched biological processes 
or pathways were found (PFDR > 0.05). The most common 
Reactome pathway identifier was neutrophil degranula-
tion (R-HSA-6798695) for six of the proteins.

Next, in LBC1921 and LBC1936, a general latent factor 
of cognitive change (slope) was regressed on the 84 EpiS-
cores in separate linear models. No EpiScores were signifi-
cantly associated with a general factor of cognitive change 
in either LBC1921 or LBC1936 in models with basic 
adjustments after FDR correction. However, three EpiS-
cores were nominally associated (Absolute standard effect 
size range: 0.19–0.2, P < 0.05) with slope in the LBC1921. 
Fully adjusted models were also examined in which no 
FDR significant associations were found in either cohort 
(Additional file  3: Table  S16). One and three EpiScores 
were nominally associated with slope in LBC1936 and 
LBC1921, respectively (Absolute standard effect size 
range: 0.09–0.25, P < 0.05) in the fully adjusted models. 
The number of associations with cognitive function and 
change summarised in Additional file 3: Table S17.

EpiScore associations with MRI measures of global brain 
health
The 84 EpiScores were then studied in relation to four MRI 
markers of brain health (total brain volume, grey mat-
ter volume, normal appearing white matter volume, and 
white matter hyperintensity volume) and their changes 
over time in LBC1936. In basic models adjusted for age 
and sex, 21 EpiScores were significantly associated with 
total brain volume, 28 with grey matter volume, 16 with 
normal appearing white matter volume and 3 with white 
matter hyperintensity volume (Absolute standard effect 
size range: 0.04–0.21, PFDR < 0.05). Eleven EpiScores were 
found to associate with three or more MRI measures 
of brain health in the basic models (PFDR < 0.05, Fig.  3). 
The maximum number of proteins that the eleven EpiS-
cores were proxies for, and  that had overlapping Reac-
tome identifiers was two (Additional file  3: Table  S15). 
SELL and PIGR had the Reactome identifier for neutro-
phil degranulation (R-HSA-6798695), while SELL and 
ICAM5 had the Reactome identifier for immunoregula-
tory interactions between a lymphoid and non-lymphoid 
cell (R-HSA-198933). No biological pathways were found 
to be significantly enriched for these results (PFDR > 0.05). 
Fully adjusted models were examined to determine if 
associations were attenuated when covariates relevant to 
brain health were included in the model (Additional file 3: 
Table S18). One EpiScore, CRP, was found to be associated 

Fig. 2 Meta‑analysis of EpiScore associations with general cognitive 
function in three cohorts. The plot shows the meta‑analysed 
regression coefficients for each EpiScore from the fully adjusted 
models, found to be significantly associated with general cognitive 
function after FDR correction. Error bars indicate 95% confidence 
intervals [95% CI]
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with grey matter volume at baseline (Standard effect 
size: − 0.09, PFDR < 0.05).

EpiScore associations with the slope (change 
over ~ 9.5  years) for each MRI measure were tested; no 
FDR significant results were observed. However, nomi-
nally significant associations were observed for all four 
measures in models with basic adjustments (Absolute 
standard effect size range: 0.12–0.3, P < 0.05, Additional 
file  3: Table  S19). A summary table for the number of 
associations observed with cross-sectional and longitudi-
nal MRI measures for basic and fully adjusted models can 
be found in Additional file 3: Table S20.

EpiScore associations with incident dementia
EpiScores associations with a binary dementia diagnosis 
and time-to-dementia were examined. As age at demen-
tia diagnosis was not available in the LBC1921, this 
cohort was only included in logistic regression models 
testing the binary outcome for dementia. In the logis-
tic regression models with basic adjustments, three sig-
nificant associations: SEMA3E (OR 1.54), ICAM5 (OR 
0.66), and PIGR (OR 0.66) were observed in LBC1921 

(PFDR < 0.05). Of these associations, the ICAM5 EpiScore 
(OR 1.2) was nominally significant in GS (P < 0.05). The 
remaining two associations were not nominally signifi-
cant in GS or LBC1936 (Fig. 4Panel A, Additional file 3: 
Table S21).

CoxPH models were used to test the association 
between EpiScores and time-to-dementia in GS and 
LBC1936 (Additional file  3: Table  S22). Additionally, 
mixed effects Cox models were run in GS to account for 
relatedness (Additional file  3: Table  S23). In the basic 
mixed effects models for GS, 13 significant (PFDR < 0.05) 
associations were observed; these were not found to be 
significant in the LBC1936 cohort (Fig.  4Panel B). The 
biological function/pathways of the 13 proteins that 
these significant EpiScores correspond to were explored 
(Additional file  3: Table  S15). Seven Reactome path-
way identifiers overlapped with two proteins including 
platelet degranulation (R-HSA-114608), collagen deg-
radation (R-HSA-1442490), degradation of the extra-
cellular matrix (R-HSA-1474228), and regulation of 
insulin-like growth factor transport and uptake by insu-
lin-like growth factor binding proteins (R-HSA-381426). 
No biological pathways were found to be significantly 
enriched (PFDR > 0.05). Only the MMP2 EpiScore was 
significant (HR 0.71, PFDR < 0.05) after full adjustments 
were made to the mixed effects models in GS. No sig-
nificant findings were observed in the competing risk 
models for either cohort (Additional file  3: Table  S24). 
However, there was good agreement between the hazard 
ratios from the cause-specific and competing risk models 
(Additional file  2: Fig. S4). Additionally, separate meta-
analyses of the results obtained from the logistic regres-
sion models and the time-to-event analyses were carried 
out (Additional file 3: Tables S25 and S26). No EpiScores 
were found to be significant in either analysis after FDR 
correction.

Discussion
In this study, we identified multiple associations between 
protein EpiScores and measures of cognitive function, 
MRI proxies of brain health and dementia in three inde-
pendent cohorts.

EpiScore associations with general cognitive function 
and global brain volume
Eighteen EpiScores were significantly associated with 
general cognitive function in the meta-analysis of the 
fully adjusted results. Several of the proteins that these 
EpiScores are proxies for are involved in overlapping 
biological pathways including neutrophil degranulation 
(S100A9, LYZ, MMP9, PIGR, RETN, and MPO). Three 
of the eighteen EpiScores (for CRP, PIGR, and NTRK3) 
were also associated with total brain volume, grey matter 

Fig. 3 EpiScore associations with cross‑sectional MRI measures 
of brain health in the LBC1936 cohort. Plot shows the standardised 
regression coefficients for each EpiScore found to be significantly 
associated with three or more MRI measures of brain health in basic 
models in the LBC1936 cohort (FDR < 0.05). Error bars indicate 95% 
confidence intervals [95% CI]. Direction of effect sizes and 95% CI 
have been recoded for white matter hyperintensity volume
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volume, and normal appearing white matter volume at 
baseline in models with basic adjustments. The EpiS-
core for PIGR was associated with incident dementia (as 
a binary outcome) in the LBC1921 basic-adjusted model 
(OR 0.66, PFDR < 0.05) and time-to-dementia in the GS 
mixed effects Cox models with basic adjustments but in 
the opposite direction (HR 1.34, PFDR < 0.05). The EpiS-
core for CRP was also found to associate with time-
to-dementia in the GS mixed effects model with basic 
adjustments (HR 1.35, PFDR < 0.05).

CRP is an acute-phase inflammatory protein, mainly 
transcribed in response to high levels of inflammatory 
proteins [29–31]. In previous studies performed with 
the LBC1936 and GS, an EpiScore for CRP was found 
to be negatively associated with cognitive function [9, 
10]. Differences in methodology between this study and 
previous studies in LBC1936 and GS exist. However, 
this comparison, particularly in GS where the sample 
size is over an order of magnitude greater than previ-
ous CRP EpiScore—cognition studies, provides excel-
lent replication for the association. To our knowledge, 

no association between PIGR and NTRK3 with general 
cognitive function/global volumetric MRI measures of 
brain health have been described previously. PIGR is 
expressed in the endothelial cells of the blood–brain 
barrier and binds to the bacteria Streptococcus pneu-
monia (Pneumococci)—a leading causes of bacterial 
meningitis [32]. According to the World Health Organ-
isation, one in five individuals who previously had men-
ingitis suffer from long-term complications including 
cognitive impairments [33]. NTRK3 binds Neurotro-
phin-3, an important neuro-growth factor. A reduction 
in transcript levels of NTRK3, also known as tyrosine 
kinase receptor C (trkC), has been observed in patients 
with schizophrenia [34, 35]. Previous studies have also 
highlighted a potential association between NTRK3 
and hippocampal function in both mice and humans 
[36–38].

S100A9 EpiScore associates with time‑to‑dementia in GS
Thirteen EpiScores were significantly associated with 
incident time-to-dementia in the GS Cox mixed effects 

Fig. 4 EpiScore associations with incident dementia (binary) and time‑to‑dementia. Panel A: FDR significant Odds ratios for EpiScores 
with dementia status (binary) in LBC1921. The Odds ratios for GS and LBC1936 for the same EpiScores have been included for comparison 
despite being only nominally significant or non‑significant. Panel B: FDR significant Hazard ratio for EpiScores with incident dementia for the mixed 
effects Cox models in GS. The Hazard ratios for LBC1936 from the CoxPH model for the same EpiScores have been included for comparison 
despite being non‑significant (Panel B). All error bars represent 95% confidence intervals [95% CI]
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model (basic adjustments). Some of the proteins that 
these thirteen scores are proxies for had overlapping 
Reactome pathway identifiers. RARRES2 and LGALS3BP 
had identifiers for platelet degranulation (R-HSA-
114608), while MMP12 and MMP2 had identifiers for 
collagen degradation (R-HSA-1442490). Of these thir-
teen EpiScores, four (PIGR, S100A9, C5, and CRP) were 
found to overlap with associated EpiScores in the meta-
analyses of the general cognitive function results (fully 
adjusted models). Seven EpiScores (NCAM1, SLITRK5, 
IGFBP4, MMP12, PIGR, CRP, and ICAM5) overlapped 
with associations observed in three or more of the MRI 
global volumetric measures at baseline in LBC1936 (basic 
adjustments). The S100A9 EpiScore is of particular inter-
est as it has been previously identified as a potential bio-
marker of Alzheimer’s disease [39]. A significant inverse 
association was also observed between the S100A9 EpiS-
core and general cognitive function in the meta-analysis, 
in the fully adjusted model. S100A9 is known to co-local-
ise with amyloid beta and is thought to contribute to 
plaque formation [39, 40]. A reduction in S100A9 in an 
Alzheimer’s disease mouse model resulted in less amy-
loid beta plaques and less cognitive impairment [41]. In 
cerebrospinal fluid of patients with Alzheimer’s disease, 
significantly lower levels of S100A9 protein has been 
observed compared with controls [39]. The lack of rep-
lication observed in the LBC1936 could be due to using 
all-cause dementia as a phenotype and biomarkers may 
be specific to certain subtypes of dementia. Future work 
could investigate the subtypes of dementia to determine 
if different EpiScores associate with a specific subtype.

Strengths and limitations
Strengths of this study include the large sample sizes 
and multi-cohort analyses. Further, inclusion of the lon-
gitudinal Lothian Birth Cohorts facilitated the study of 
EpiScores as biomarkers of cognitive change over time. 
Different sample sizes and lifestyle factors as well as age 
profiles may explain why some EpiScore associations did 
not replicate across all cohorts. However, the scores that 
did replicate across all cohorts are potential biomarkers 
of cognitive function across the mid-to-late life.

A limitation of this study is that the population base 
is of European ancestries and living in Scotland and so 
may not generalise to other populations. Further work 
is needed to investigate if the findings are generalisable 
across the life course. This is important to understand 
because early life immune dysregulation contributes 
to some neurodevelopmental disorders. For example, 
a recent study found that a DNAm-based proxy of CRP 
correlates with inflammation burden and MRI markers of 
encephalopathy of prematurity after preterm birth [42]. 

Another limitation of this study is the lack of replica-
tion for MRI findings and the consideration of EpiScores 
from a single time-point. The absence of the measured 
proteins in these cohorts is also a limitation as we were 
unable to compared EpiScore performance against meas-
ured protein.

Conclusion
In conclusion, 84 protein EpiScores were tested against 
measures of general cognitive function, brain health and 
incident dementia across three human cohorts. Several 
EpiScores analysed in this study may augment typical risk 
factors of brain health, however further replication stud-
ies are required.
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