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Abstract
Introduction: Nutritional insufficiencies have been associated with cognitive
impairment. Understanding whether nutritional biomarker levels are associated
with clinical progression could help to design dietary intervention trials. This
longitudinal study examined a panel of nutritional biomarkers in relation to
clinical progression in patients with subjective cognitive decline (SCD) or mild
cognitive impairment (MCI).
Methods: We included 299 patients without dementia (n=149 SCD; age 61±10y,
F44%, n=150 MCI; age 66±8y, F38%). Median (interquartile range) follow-up
was 3 (2-5) years. We measured 28 nutritional biomarkers in blood and 5 in
cerebrospinal fluid (CSF), associated with three Alzheimer’s disease pathological
processes: vascular change (lipids), synaptic dysfunction (homocysteine-related
metabolites) and oxidative stress (minerals and vitamins). Nutritional biomarker
associations with clinical progression to MCI/dementia and cognitive decline
based on the Mini-Mental State Examination (MMSE) were evaluated using
Cox proportional hazard models and linear mixed models. We used partial
least square Cox models (PLS-Cox) to examine nutritional biomarker profiles
associated with clinical progression.
Results: In the total group, high HDL levels were associated with clinical
progression and cognitive decline. In SCD, high folate and low bilirubin were
associated with cognitive decline. In MCI, low CSF S-adenosylmethionine (SAM)
and high theobromine were associated with clinical progression to dementia
and high HDL, cholesterol, iron and 1,25(OH)2 vitamin D were associated with
cognitive decline. PLS-Cox showed one profile for SCD, characterized by high
betaine and folate and low zinc associated with clinical progression. In MCI,
a profile with high theobromine and HDL and low triglycerides and a second
profile with high plasma SAM and low cholesterol were associated with risk of
dementia.
Discussion: High HDL was most consistently associated with clinical
progression. Moreover, different nutritional biomarker profiles for SCD and
MCI showed promising associations with clinical progression. Future dietary
(intervention) studies could use nutritional biomarker profiles in to select
patients, taking into account disease stage.
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Introduction
Rising dementia numbers worldwide are a global health concern. Previous
studies have identified lifestyle related, modifiable risk factors for dementia,
e.g. hypertension, diabetes and obesity [1, 2]. These risk factors are closely
related to dietary intake and cause peripheral metabolic changes. Nutrition
also plays an important role in patients with dementia, e.g. involuntary weight
loss and nutritional biomarker insufficiencies have been reported [3, 4]. Lower
levels of antioxidants such as vitamin E, selenium and zinc have been observed
in Alzheimer’s disease (AD) [3, 5]. These nutritional biomarker changes
may already occur in predementia stages, as lower levels of some nutritional
biomarkers have also been observed in mild cognitive impairment (MCI) [6].
As such, dietary interventions could be a relatively safe and cheap approach
to prevent cognitive decline. Trials have tested the possible preventive effect
of nutritional interventions. For example, the LipiDiDiet trial investigated
the effect of a multinutrient intervention (Fortasyn Connect) in prodromal
AD patients. Beneficial effects were found for functional performance (clinical
dementia rating – sum of boxes) and hippocampal atrophy, while effects for
cognition (the primary endpoint) were suggested [7]. The FINGER trial tested a
multidomain intervention (including dietary advice) in an elderly population at
risk for dementia and found beneficial effects on cognition [8, 9]. These results
seemingly show that interventions might be beneficial in populations at increased
risk. The specific blood or cerebrospinal fluid (CSF) nutritional biomarker profiles
that relate to clinical progression remain however unclear. We hypothesize that
nutritional biomarkers involved in AD-related pathological processes are of
special interest; i.e. lipids and glucose have been related to vascular change,
homocysteine-related nutritional biomarkers with synaptic dysfunction and
minerals and vitamins with antioxidant function [10-12]. Moreover, multiple
interrelated metabolic pathways might be involved, and therefore nutritional
biomarkers should not only be studied as single nutritional biomarker shifts,
but preferably as nutritional biomarker profiles.
In this study, we aimed to examine the association between a panel of nutritional
biomarkers measured in blood and CSF and clinical progression in memoryclinic patients with subjective cognitive decline (SCD) or MCI. First, we assessed
associations of individual nutritional biomarkers with clinical progression to
MCI or dementia and with rate of decline on the Mini-Mental State Examination
(MMSE). Next, as nutritional biomarkers are likely to be highly interdependent,
we identified nutritional profiles of multiple nutritional biomarkers associated
with clinical progression.

135

4

Chapter 4.2

Methods
Patient cohort
From the Amsterdam Dementia Cohort we retrospectively included subjects with
a baseline diagnosis of SCD (n=149) or MCI ( n=150), with sufficient blood/CSF
volumes and ≥1 year of clinical follow-up [13, 14]. To increase statistical power,
we oversampled subjects with clinical progression to MCI or dementia during
follow-up. All subjects underwent standardized cognitive screening (between
2001 and 2015) including neurological- and cognitive examination, blood
sampling, a lumbar puncture and magnetic resonance imaging. Diagnoses were
made in a multidisciplinary consensus meeting. Subjects with SCD presented
with memory complaints, but appeared normal on clinical examinations, i.e.
criteria for MCI, dementia or psychiatric diagnosis were not fulfilled. The
diagnosis MCI was based on the Petersen’s criteria until 2012 and the National
Institute on Aging-Alzheimer’s Association criteria from 2012 onwards [15,
16]. Diabetes mellitus, hypertension, hypercholesterolemia and myocardial
infarction was defined as self-reported medication use or medical history for
these conditions at baseline. Self-reported use of lipid-lowering agents was also
assessed at baseline. Cardiovascular disease was defined as having hypertension,
hypercholesterolemia, diabetes mellitus or myocardial infarction. All subjects
gave written informed consent to use their clinical data for research purposes
and to collect blood and CSF for biobanking.

Follow-up
At annual follow-up visits, neuropsychological testing and medical examination
was repeated. Median follow-up (interquartile range) was 3 (2-5) years. Main
outcome was clinical progression, defined as a follow-up syndrome diagnosis
of MCI (for SCD) or dementia based on commonly used criteria [15-21]. Time to
clinical progression was defined as time between biofluid sampling and change
of diagnosis to MCI or dementia (any type). In addition, all available MMSE
measurements were used to estimate annual cognitive decline over time. Median
(interquartile range) MMSE measurements per subject was 2 (1-4). In total 1108
MMSE’s were available.

Blood- and CSF collection
Blood and CSF samples were obtained between 2001 and 2015 and within 6
months of baseline diagnosis. In 6 SCD cases, blood and CSF samples were
obtained >6 months from baseline diagnosis, these cases however had a stable
SCD diagnosis before and after biofluid sampling. Non-fasting serum and EDTA
plasma samples were collected in 6 mL tubes. CSF was obtained by lumbar
puncture using a 25-gauge needle, and collected in 10 mL polypropylene tubes
(Sarstedt, Nümbrecht, Germany). Within 2 hours, blood and CSF was centrifuged
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at 1800x g for 10 minutes at 4⁰C (before 2014) or at room temperature (since
2014), aliquoted in vials of 0,5 mL and stored at -80⁰C until further analysis.

Biomarkers for AD
Amyloid β peptide 1-42 (Aβ42), total tau (t-tau) and phosphorylated tau (p-tau) were
measured in CSF on a routine basis using commercially available enzyme-linked
immunosorbent assays (Innotest β-amyloid(1-42), Innotest hTAU-Ag, and Innotest
phosphotau (181P); Innogenetics, Ghent, Belgium) as described [22]. For Aβ42, we
used drift corrected values [23].

Nutritional biomarker measures
We composed a panel of 33 nutritional biomarkers (Table 1) that can be
associated with three pathological mechanisms of AD; vascular change, synaptic
dysfunction, and oxidative stress [10-12]. All 33 nutritional biomarkers were
measured in serum or plasma, except for theobromine which was measured
only in CSF. Homocysteine, uridine, S-adenosylmethionine (SAM) and
S-adenosylhomocysteine (SAH) are associated with synaptic dysfunction and
were measured both in plasma and CSF to assess systemic and central availability
[6]. For most nutritional biomarkers, missing values were below <5%. Causes for
missing data were lack of volume, measurements exceeding the lower or upper
limit of detection or disturbed chromatogram. Docosahexaenoic acid (DHA) and
total omega-3 fatty acids were available in a subset of the population (n=185,
62%). Glucose and vitamin B12 measurements were included in the diagnostic
work-up for most subjects (n=198, 66% and n=224, 75%, respectively).
For 33 (22%) SCD and 99 (66%) MCI subjects homocysteine, choline, betaine,
albumin, bilirubin and folate measurements were performed in 2014 [6], for the
remaining subjects these nutritional biomarkers were measured in 2017. Previous
studies showed albumin and bilirubin to have low inter-assay coefficients of
variation, allowing direct comparison [24-27]. For homocysteine, choline,
betaine and folate 3-10 samples of the old batch (2014) were re-analyzed in the
new batch (2017), to assess variability between old and new measurements.
Variation in concentrations of all nutritional biomarkers, except for homocysteine
in plasma, did not differ from normal inter-assay differences, allowing direct
comparison (See Supplementary Text 1 for inter-assay differences). Reanalyzed homocysteine measurements in plasma were lower (mean 11%) in the
new batch. All samples measured in the old batch were therefore normalized to
the new values for homocysteine plasma. Supplementary text and table 1
contains detailed information on measurement methods and reference values
of the nutritional biomarkers.
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Statistical analysis
Nutritional biomarkers, Aβ42, t-tau and p-tau levels were log-transformed when
not normally distributed. Subsequently all nutritional biomarkers, Aβ42, t-tau
and p-tau were converted to z-scores to facilitate parametric comparison of effect
sizes. Groups were compared on their outcome (stable vs. clinical progression) in
the total cohort and stratified for syndrome diagnosis (SCD/MCI).
Clinical characteristics were compared using χ2 tests, t-tests and Mann-Whitney
U tests when appropriate. We present and unadjusted model (model 1) and a
model adjusted for sex, age, diagnosis (total cohort models), lipid lowering
medication and cardiovascular disease (model 2). Nutritional biomarker levels
were compared using linear regression analysis. Cox proportional hazard models
were used to investigate if nutritional biomarkers (continuous determinants)
were associated with time to clinical progression (outcome). Hazard ratios (HR)
are presented with a 95% confidence interval (CI). Pearson’s correlations assessed
correlations between biomarkers. To identify profiles of the 33 nutritional
biomarkers associated with clinical progression over time (outcome) we used
PLS-Cox, stratified for syndrome diagnosis [28, 29]. PLS-Cox is especially
useful when investigating many interrelated predictors simultaneously, as it
reduces dimensionality in the data by combining predictors that show a similar
relationship with the outcome measure into components (=profiles). PLS-Cox is
an extension of the PLS method for Cox proportional hazard analyses, allowing
the identification of profiles associated with time to event. We determined the
number of profiles to retain based on 5-fold cross-validation using the integrated
area under the curve by Song and Zhou criterion [30, 31]. A profile score for
each subject was calculated. Each extracted profile is characterized by weights
assigned to each nutritional biomarker. We determined stability of assigned
weights in each profile using leave-one-out training sets. Nutritional biomarker
weights were calculated for each profile in all training sets (n-1). We report the
variance in weights across the training sets in mean and standard deviation
[32]. Associations of profile scores with clinical progression (HR (95%CI)) are
reported for an unadjusted model (model 1) and a model adjusted for covariates
as described before (model 2). Next, we studied how profile scores associate
with clinical characteristics using linear regression analysis. For visualization
purposes, profile scores were divided in quartiles and plotted in Kaplan-Meier
curves. Finally, we used linear mixed models to assess the associations of
nutritional biomarkers with rate of decline on the MMSE. Linear mixed models
included nutritional biomarkers, time, the interaction between nutritional
biomarkers and time (model 1) and the covariates as described before (model
2). The dependent variable consisted of all MMSE scores. A random intercept
and slope with time were included. In these models, the main effect of nutritional
biomarker (B(SE)) represents the association with baseline MMSE, while the
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interaction term (B(SE)) represents the association of the nutritional biomarker
with annual decline in MMSE. Analyses were performed with SPSS for Windows,
version 22. PLS-Cox and correlation analyses were performed using the corrplot
and plsRcox package in R version 3.4.2 [31] . A probability level of p<0.05 was
considered statistically significant.

Results
Descriptives
In the total cohort and in SCD and MCI separately, subjects who showed clinical
progression were older and had lower Aβ42 values and higher t-tau and p-tau
values compared to stable (Table 1). In the total group, no differences in
nutritional biomarker levels were found between clinical progression and stable.
Within SCD, bilirubin levels were lower and within MCI, homocysteine plasma
and theobromine levels were higher in individuals showing clinical progression
compared to stable (Supplementary table 2).

Nutritional biomarkers and clinical progression
Next, we used Cox proportional hazard analyses to estimate the association of
the individual nutritional biomarkers with clinical progression (Table 2). High
levels of high density lipoprotein (HDL) were associated with clinical progression
(HR (95% CI), 1.4 (1.0-1.8), p=0.02, Model 2). When we stratified the analyses
for baseline diagnosis, effects sizes for HDL remained similar in SCD and MCI
but lost significance (model 2). Additionally, some novel associations were found.
Within MCI, low CSF SAM levels and high theobromine levels were associated
with clinical progression (HR (95%CI) 0.8 (0.6-1.0), p<0.05 ; 1.4 (1.0-2.0),
p=0.02, Model 2).
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Progression
79
3.4 (2.1-5.3)*
28 (27-29)*
34 (43%)
67.6±7.1*
49 (62%)*
25.6±2.9

32 (42%)
37 (49%)*
7 (9%)
2 (0-2)
31 (39%)
9 (11%)
8 (10%)
2 (3%)
22 (28%)
706 (622-794)*
502 (335-693)*
70 (51-93)*

104 (50%)
68 (33%)
35 (17%)
1 (0-2)

67 (31%)
21 (10%)
16 (7%)
10 (5%)
52 (24%)

1002 (779-1232)
271 (182-372)
47 (33-64)

1065 (887-1253)
243 (167-319)
44 (32-57)

27 (23%)
3 (3%)
7 (6%)
3 (3%)
19 (16%)

61 (54%)
38 (34%)
14( 12%)
1 (0-2)

Subgroups
SCD
Stable
120
3.0 (2.1-5.2)
30 (29-30)
54 (45%)
59.6±10.1
47 (39%)
25.7±3.8

722 (631-888)*
381 (265-562)*
54 (48-80)*

9 (31%)
2 (7%)
3 (10%)
0 (0%)
5 (17%)

11 (41%)
14 (52%)
2 (7%)
2 (1-2)

Progression
29
3.9 (2.3-6.0)
30 (28-30)
11 (38%)
67.2±7.1*
17 (59%)
25.2±3.1

888 (678-1156)
321 (204-447)
50 (37-71)

40 (40%)
18 (18%)
9 (9%)
7 (7%)
33 (33%)

43 (46%)
30 (32%)
21 (22%)
1 (0-2)

MCI
Stable
100
2.5 (1.1-3.9)
29 (27-29)
34 (34%)
65.1±8.3
55 (56%)
25.5±3.5

703 (622-761)*
592 (415-796)*
78 (58-95)*

22 (44%)
7 (14%)
5 (10%)
2 (4%)
17 (34%)

21 (43%)
23 (47%)
5 (10%)
1 (0-2)

Progression
50
3.2 (2.1-4.7)*
28 (26-29)
23 (46%)
67.8±7.2*
32 (64%)
25.8±2.8

to χ2 tests, t-tests and Mann Whitney U tests when appropriate. a 61 missings (20%) in BMI values,b30 missings (10%) missings in alcohol intake values, all other baseline
characteristics have <5% missings.

Data in mean ±SD. Abbreviations: APOE, apolipoprotein E; Aβ42, Amyloid β peptide 1-42; BMI, body mass index; IQR, interquartile range; MCI, mild cognitive impairment;
MMSE, Mini-Mental State Examination; SCD, subjective cognitive decline; SD, standard deviation; t-tau, total-tau; p-tau, phosphorylated tau; y, years. Groups were
compared on their outcome (stable vs. progression) in the total cohort and within subgroups of their baseline syndrome diagnosis (SCD/MCI).* p<0.05, p-values correspond

Alcohol (glasses/day)b
Hypertension
Hypercholesterolemia
Diabetes Mellitus
Myocardial infarction
Lipid lowering drugs
AD biomarkers
Aβ42 (pg/ml)
t-tau (pg/ml)
p-tau (pg/ml)

BMIa
Vascular risk factors
Smoking status
Never
Former
Current

Follow-up diagnosis
N
Follow-up time (y)
Baseline MMSE score
Female
Age (y)
APOE ε4 carrier

Total group
Stable
220
2.9 (1.4-4.2)
29 (28-30)
88 (40%)
62.1±9.7
102 (47%)
25.6±3.7

Table 1 Baseline characteristics according to baseline and follow-up diagnosis characteristics
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1.0 (0.7-1.2)

1.2 (0.9-1.5)
1.1 (0.9-1.4)

1.0 (0.8-1.4)

1.2 (0.9-1.5)

Omega-3-FA

Glucose

0.9 (0.7-1.1)

1.1 (0.9-1.4)

1.1 (0.9-1.4)

1.1 (0.9-1.4)

SAH CSF

Choline

1.0 (0.8-1.3)

1.1 (0.9-1.3)

1.1 (0.9-1.3)

1.1 (0.9-1.4)

Vitamin B12

Folate

Uridine plasma

Uridine CSF

1.1 (0.9-1.4)

0.9 (0.7-1.2)

SAM CSF

0.9 (0.7-1.1)

1.1 (0.9-.1.3)

SAH plasma

Betaine

1.1 (0.9-1.3)

SAM plasma

Vitamin B6

1.1 (0.8-1.3)

1.1 (0.9-1.3)

HCy CSF

1.1 (0.8-1.3)

1.0 (0.8-1.3)

1.1 (0.9-1.4)

1.1 (0.8-1.4)

1.0 (0.7-1.2)

0.9 (0.7-1.1)

0.9 (0.7-1.2)

0.9 (0.7-1.2)

1.1 (0.9-1.5)

1.0 (0.8-1.3)

1.0 (0.8-1.3)

1.1 (0.9-1.4)

1.2 (1.0-1.5)

Insulin

HCy plasma

1.0 (0.8-1.3)

1.1 (0.8-1.4)

0.9 (0.7-1.2)

1.1 (0.8-1.4)

Triglycerides

1.0 (0.8-1.3)

DHA

0.9 (0.7-1.1)

1.0 (0.8-1.2)

LDL

TC

1.0 (0.7-1.5)

1.1 (0.7-1.5)

1.4 (0.9-2.2)

1.3 (0.8-2.0)

0.9 (0.6-1.3)

1.4 (1.0 -2.0)*

1.2 (0.8-1.8)

1.3 (0.9-1.9)

1.2 (0.8-1.8)

1.1 (0.7-1.6)

1.1 (0.8-1.5)

1.1 (0.8-1.6)

1.1 (0.8-1.6)

1.1 (0.7-1.6)

1.2 (0.8-1.9)

1.3 (0.7-2.2)

1.2 (0.7-2.1)

1.1 (0.7-1.6)

1.0 (0.6-1.5)

0.9 (0.6-1.3)

1.2 (0.8-1.6)

Model 1

1.4 (1.0-1.8)*

Model 2

Model 1

1.2 (1.0-1.5)*

SCD

All

HDL

Nutritional biomarkers

1.0 (0.7-1.4)

1.0 (0.8-1.4)
1.1 (0.8-1.6)

1.1(0.6-2.0)a
1.0 (0.6-1.7)

1.2 (0.9-1.7)
1.1 (0.8-1.5)

1.0 (0.8-1.3)
1.1 (0.8-1.5)

0.9 (0.6-1.3)
1.1 (0.8-1.6)

1.1 (0.8-1.5)

0.8 (0.5-1.3)

1.0 (0.7-1.3)
1.1 (0.8-1.5)

1.1 (0.8-1.6)
1.0 (0.7-1.5)

1.0 (0.7-1.4)

1.0 (0.7-1.4)
1.0 (0.8-1.3)

0.9 (0.6-1.2)
1.0 (0.7-1.3)

1.4 (1.0-2.0)
1.0 (0.7-1.6)
1.2 (0.7-2.0)

1.0 (0.8-1.3)

1.0 (0.7-1.6)

1.4 (0.9-2.2)

0.9 (0.7-1.3)

0.8 (0.6-1.2)

1.0 (0.7-1.5)

1.1 (0.8-1.4)

0.9 (0.7-1.3)

1.0 (0.8-1.3)

1.0 (0.7-1.4)

1.1 (0.8-1.5)

0.8 (0.6-1.1)

0.8 (0.6-1.0)*

0.9 (0.7-1.2)
0.8 (0.6-1.1)

0.7 (0.5-1.2)
1.4 (0.9-2.1)

1.1 (0.8-1.4)

1.3 (0.9-1.8)

1.1 (0.8-1.5)
1.2 (0.9-1.6)

1.0 (0.7-1.5)

1.2 (0.8-1.7)

1.1 (0.8-1.5)

1.1 (0.6-2.0)

0.8 (0.6-1.2)

1.1 (0.8-1.6)

1.0 (0.7-1.4)

1.0 (0.7-1.4)

0.8 (0.6-1.1)

0.8 (0.5-1.3)

Model 2
1.3 (0.9-2.0)

a

1.0 (0.8-1.4)
1.1 (0.8-1.5)

0.8 (0.5-1.3)
0.9 (0.6-1.5)

Model 1
1.5 (1.1-2.0)*

Model 2
1.5 (1.0-2.4)

MCI

Table 2 Cox proportional hazard models for the association of nutritional biomarkers with clinical progression during follow-up
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0.9 (0.7-1.2)

1.0 (0.8-1.2)

1,25(OH)2D

1.1 (0.9-1.4)

1.0 (0.8-1.3)

1.2 (0.9-1.5)

1.0 (0.8-1.3)

0.9 (0.7-1.2)

1.1 (0.8-1.4)

1.0 (0.8-1.2)

1.0 (0.8-1.3)

0.8 (0.5-1.1)

0.9 (0.6-1.3)

0.9 (0.6-1.3)

0.8 (0.6-1.1)

0.9 (0.6-1.5)

1.0 (0.7-1.5)

1.0 (0.7-1.4)

1.0 (0.8-1.5)

0.9 (0.6-1.3)

0.9 (0.6-1.3)

1.0 (0.7-1.5)

Model 2

0.7 (0.5-1.1)

1.1 (0.7-1.6)

0.8 (0.5-1.2)

0.9 (0.6-1.2)

1.1 (0.7-1.7)

1.0 (0.7-1.5)

1.0 (0.7-1.5)

1.2 (0.8-1.7)

1.0 (0.6-1.6)

0.9 (0.6-1.2)

0.8 (0.6-1.3)

0.8 (0.5-1.1)

1.2 (0.9-1.6)

1.0 (0.7-1.4)

1.5 (1.1-2.0)*

1.2 (0.8-1.6)

0.9 (0.7-1.2)

1.1 (0.8-1.5)

0.9 (0.7-1.2)

1.0 (0.8-1.4)

1.2 (0.9-1.6)

1.0 (0.7-1.5)

0.8 (0.7-1.1)

0.9 (0.7-1.3)

Model 1

MCI
Model 2

1.2 (0.9-1.6)

1.0 (0.8-1.4)

1.4 (1.0-2.0)*

1.4 (1.0-2.0)

0.9 (0.7-1.3)

1.1 (0.8-1.5)

1.0 (0.8-1.5)

1.0 (0.7-1.4)

1.0 (0.7-1.4)

1.1 (0.8-1.6)

0.9 (0.7-1.1)

1.0 (0.7-1.3)

* p<0.05 a Coefficients did not converge. data should be interpreted with caution

Cox proportional hazard models. Model 1 unadjusted, model 2 adjusted for age, sex, diagnosis, cardiovascular disease and lipid-lowering medication. Data are presented
as HR (95% CI). nutritional biomarkers were log-transformed if not normally distributed and all nutritional biomarkers were transformed to z-scores prior to analysis.
Abbreviations: 25(OH) D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25 dihydroxy vitamin D; DHA, docosahexaenoic acid; HCy, homocysteine; HDL, high density lipoprotein
cholesterol; LDL, low density lipoprotein cholesterol; Omega-3-FA; omega 3 fatty acids; SAM, S-adesonsylmethionine; SAH, S-adenosylhomocysteine;TC, total cholesterol

1.2 (1.0 -1.6)

0.9 (0.7-1.2)

Theobromine

25(OH) D

0.8 (0.6-1.1)

1.0 (0.8-1.2)

Albumin

Bilirubin

1.0 (0.8-1.2)

1.0 (0.8-1.2)

Vitamin A

Vitamin E

1.0 (0.8-1.2)

1.0 (0.8-1.2)

Copper

Selenium

0.9 (0.7-1.1)
1.0 (0.8-1.2)

0.9 (0.7-1.1)

0.9 (0.7-1.2)

Magnesium

Iron

0.8 (0.5-1.1)

Model 1

Model 2
0.9 (0.7-1.1)

Model 1

0.8 (0.6-1.0)*

SCD

All

Zinc

Nutritional biomarkers

Table 2 Continued.
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Nutritional biomarker profiles and clinical progression
Nutritional biomarkers show considerable interdependencies; see for correlations
between nutritional biomarkers and of nutritional biomarkers with CSF AD
biomarkers in Supplementary text 2, Supplementary figure 1 and 2.
Therefore, we used PLS-Cox analyses to detect nutritional biomarker profiles
associated with clinical progression (Kaplan-Meier curves in Figure 1).
Within SCD, PLS-Cox revealed one nutritional biomarker profile which was
associated with clinical progression (HR (95%CI) SCD 1.5 (1.1-2.0), p<0.01, Model
2). This profile was characterized by high positive weights for folate and betaine and
high negative weights for zinc (Figure 2). When labelling SCD subjects according
to higher or lower profile scores, those with high scores were older, more often had
hypertension and hypercholesterolemia, more often used lipid lowering medication
and had higher t-tau and p-tau levels (Supplementary table 3).
Within MCI, we found two different profiles associated with clinical progression
(HR (95% CI) 2.0 (1.4-2.7), p<0.01; 1.7 (1.3-2.2), p<0.01, Model 2). The first
profile was characterized by high positive weights for theobromine an HDL
and high negative weights for triglycerides (Figure 2). The second profile was
characterized by high positive weights for plasma SAM and high negative weights
for total cholesterol (Figure 2). MCI subjects with high scores for the first profile,
were more often female, had less follow-up and had less often hypertension and
myocardial infarction. Moreover, they showed less use of lipid lowering medication,
had lower Aβ42 levels, and higher t-tau and p-tau levels. MCI subjects with high
scores for the second profile, were more often male, were older and had higher BMI
and more often hypertension (Supplementary table 3).

Nutritional biomarkers and cognitive decline
Finally, we used linear mixed models to investigate the association of nutritional
biomarkers with MMSE (Table 3). High triglycerides and low HDL, folate, CSF
SAH, vitamin B6 and plasma and CSF uridine levels were associated with lower
baseline MMSE scores. Only high HDL levels were associated with decline
on the MMSE (B(SE) -0.12(0.06), p=0.04, Model 2). Next, we stratified for
baseline diagnosis. In SCD, low vitamin B6 levels were associated with baseline
performance on the MMSE (B(SE) 0.30(0.14), p=0.03, Model 2) and high folate
and low bilirubin levels were associated with decline on the MMSE (B(SE)
-0.16(0.07), p=0.03; 0.15(0.06), p=0.01, Model 2). In MCI, high homocysteine
and low plasma and CSF uridine levels were associated with baseline MMSE
scores (B(SE) -0.41(0.20), p=0.04, 0.40(0.19), p=0.03 , 0.38(0.19), p=0.04,
Model 2) and high levels of iron, HDL, total cholesterol and 1,25(OH)2 vitamin
D were associated with decline on the MMSE (B(SE) -0.34(0.12), p=0.01;
-0.18(0.09),p<0.05, -0.18(0.09), p<0.05; -0.17(0.08), p<0.05, Model 2).
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Figure 1 Kaplan-Meier curves according to nutritional biomarker profile scores in quartiles.
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Figure 1 Continued. Unadjusted Kaplan-Meier curves for clinical progression with separate lines for nutritional biomarker profile(=component) quartiles: red=quartile 1 (lowest), green=quartile 2, blue=quartile
3, purple=quartile 4 (highest). Kaplan-Meier curves depict the number of subjects that still have their
baseline diagnosis at a certain follow-up with 1.0 indicating 100% and 0.8 indicating 80%. Abbreviations:
HR = hazard ratio, CI = confidence interval, a hazard ratio adjusted for sex, age, cardiovascular disease and
lipid lowering medication.

145

Chapter 4.2

Figure 2 Mean weights of the 33 nutritional biomarkers for the different nutritional biomarker profiles. Mean
weights based on leave-one-out cross-validation are shown as bars with grey whiskers denoting standard
deviation of nutritional biomarker weights for each nutritional biomarker profile.
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SAH plasma

SAM plasma

HCy CSF

HCy plasma

Insulin

Glucose

Omega-3-FA

DHA

Triglycerides

TC

LDL

HDL

0.03 (0.12)
-0.01 (0.06)

Annual change

-0.01 (0.07)

Annual change

Baseline

-0.10 (0.12)

0.03 (0.06)

Annual change

Baseline

-0.10 (0.12)

-0.01 (0.07)

Annual change

Baseline

-0.27 (0.12)*

0.10 (0.06)

Annual change

Baseline

-0.10 (0.12)

-0.01 (0.08)

Annual change

Baseline

0.03 (0.15)

-0.07 (0.08)

Annual change

Baseline

-0.16 (0.15)

-0.08 (0.08)

Annual change

Baseline

-0.15 (0.15)

0.04 (0.06)

Baseline

-0.26 (0.12)*

Annual change

-0.09 (0.06)

Annual change

Baseline

0.08 (0.12)

Baseline

-0.07 (0.06)

Annual change

-0.11 (0.06)
0.10 (0.12)

Annual change

Baseline

0.24 (0.12)*

-0.01 (0.06)

0.14 (0.13)

-0.01 (0.07)

-0.12 (0.12)

0.04 (0.06)

-0.09 (0.12)

0.00 (0.07)

-0.18 (0.13)

0.10 (0.06)

-0.08 (0.12)

0.00 (0.08)

0.12 (0.14)

-0.08 (0.08)

-0.08 (0.14)

-0.09 (0.08)

-0.10 (0.14)

0.04 (0.06)

-0.25 (0.12)*

-0.09 (0.06)

-0.03 (0.12)

-0.07 (0.06)

-0.02 (0.12)

-0.12 (0.06)*

0.26 (0.13)*

0.00 (0.07)

0.01 (0.13)

-0.03 (0.08)

-0.06 (0.13)

0.03 (0.07)

0.02 (0.14)

0.02 (0.07)

-0.04 (0.14)

0.05 (0.07)

-0.07 (0.14)

-0.10 (0.08)

-0.05 (0.17)

0.00 (0.09)

0.02 (0.18)

0.01 (0.08)

-0.02 (0.17)

0.00 (0.06)

-0.26 (0.14)

-0.06 (0.07)

0.07 (0.14)

0.00 (0.07)

0.04 (0.14)

-0.07 (0.06)

0.32 (0.13)*

Model1

Baseline

SCD

Model1

Model 2

All

0.08 (0.09)

0.22 (0.19)
0.02 (0.10)

0.00 (0.07)

-0.19 (0.18)

0.11 (0.14)

-0.02 (0.10)

0.05 (0.10)

0.02 (0.07)

0.07 (0.14)

-0.30 (0.19)

0.10 (0.15)

-0.03 (0.08)

0.07 (0.09)

0.12 (0.09)

0.05 (0.07)

0.06 (0.09)

-0.15 (0.18)

-0.01 (0.14)

-0.18 (0.19)

0.11 (0.11)

-0.10 (0.08)

0.03 (0.07)

0.19 (0.21)

-0.05 (0.18)

-0.06 (0.13)

-0.29 (0.19)

-0.18 (0.12)

0.00 (0.09)

-0.23 (0.12)

-0.01 (0.10)

0.21 (0.21)

-0.02 (0.10)

-0.25 (0.19)

0.06 (0.10)

-0.41(0.20)*

0.12 (0.09)

-0.15 (0.18)

0.11 (0.12)

0.16 (0.22)

-0.19 (0.12)

-0.18 (0.21)

-0.23 (0.12)

-0.16 (0.22)
-0.19 (0.22)

-0.22 (0.22)

-0.02 (0.17)

-0.33 (0.18)

0.01 (0.08)

0.09 (0.09)

-0.18 (0.09)*

-0.02 (0.19)

-0.18 (0.09)*

0.04 (0.18)

-0.26 (0.17)

-0.16 (0.15)
0.00 (0.07)

-0.06 (0.19)

-0.02 (0.17)
-0.18 (0.09)*

-0.17 (0.09)

0.00 (0.07)
-0.03 (0.15)

0.06 (0.17)

-0.05 (0.07)

-0.17 (0.09)

-0.18 (0.09)*

-0.07 (0.06)
-0.02 (0.14)

Model 2
0.30 (0.21)

Model1
0.11 (0.19)

0.18 (0.15)

MCI
Model 2

Table 3 Linear mixed models for the association of nutritional biomarkers with cognitive decline during follow-up
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Iron

Magnesium

Zinc

Uridine CSF

Uridine plasma

Folate

Vitamin B12

Vitamin B6

Betaine

Choline

SAH CSF

SAM CSF

Table 3 Continued.

0.18 (0.13)
-0.11 (0.08)

Annual change

-0.03 (0.06)

Annual change

Baseline

0.20 (0.11)

-0.03 (0.06)

Annual change

Baseline

0.05 (0.12)

Baseline

0.33 (0.12)*
-0.09 (0.06)

Annual change

-0.02 (0.06)

Annual change

Baseline

0.27 (0.12)*

Baseline

0.33(0.12)*
-0.01 (0.06)

Annual change

0.03 (0.07)

Annual change

Baseline

0.32 (0.14)*

-0.03 (0.06)

Annual change

Baseline

0.39 (0.12)*

0.11 (0.06)

Baseline

0.09 (0.12)

Annual change

0.05 (0.06)

Annual change

Baseline

0.06 (0.12)

Baseline

0.18 (0.12)
-0.07 (0.06)

Annual change

0.03 (0.06)

Annual change

Baseline

-0.17 (0.12)

-0.12 (0.08)

0.04 (0.12)

0.02 (0.06)

0.15 (0.11)

-0.04 (0.06)

-0.05 (0.12)

-0.09 (0.06)

0.28 (0.11)*

-0.03 (0.06)

0.30 (0.11)*

-0.01 (0.06)

0.27 (0.11)*

0.02 (0.07)

0.23 (0.13)

-0.04 (0.06)

0.27 (0.12)*

0.11 (0.06)

0.05 (0.12)

0.05 (0.06)

0.07 (0.12)

-0.07 (0.06)

0.26 (0.12)*

0.03 (0.06)

-0.16 (0.11)

0.07 (0.08)

-0.04 (0.12)

0.04 (0.08)

0.05 (0.16)

0.00 (0.07)

-0.01 (0.13)

-0.04 (0.06)

0.20 (0.13)

-0.02 (0.06)

0.18 (0.13)

-0.17 (0.07)*

0.29 (0.15)

-0.08 (0.07)

0.25 (0.16)

-0.09 (0.07)

0.35 (0.13)*

0.05 (0.06)

-0.03 (0.13)

0.02 (0.07)

-0.11 (0.14)

-0.08 (0.06)

0.27 (0.13)*

0.07 (0.07)

-0.19 (0.13)

Model1

Baseline

SCD

Model1

Model 2

All

0.07 (0.09)

-0.04 (0.12)

0.04 (0.08)

0.04 (0.15)

-0.01 (0.07)

-0.04 (0.12)

-0.03 (0.06)

0.23 (0.12)

-0.02 (0.06)

0.17 (0.13)

-0.16 (0.07)*

0.21(0.15)

-0.08 (0.08)

0.19 (0.16)

-0.08 (0.07)

0.30 (0.14)*

0.05 (0.06)

-0.04 (0.13)

0.02 (0.07)

-0.09 (0.15)

-0.08 (0.07)

0.23 (0.13)

0.07 (0.07)

-0.18 (0.13)

Model 2

-0.33 (0.12)*

0.28 (0.24)

-0.02 (0.08)

0.26 (0.15)

-0.09 (0.10)

-0.07 (0.20)

-0.16 (0.09)

0.40 (0.19)*

-0.01 (0.09)

0.36 (0.19)

0.04 (0.08)

0.24 (0.16)

0.09 (0.11)

0.24 (0.20)

-0.06 (0.09)

0.22 (0.18)

0.14 (0.09)

0.21 (0.19)

0.07 (0.08)

0.21 (0.17)

-0.05 (0.10)

0.23 (0.19)

0.00 (0.09)

-0.16 (0.18)

Model1

MCI

-0.34 (0.12)*

0.21 (0.24)

-0.02 (0.08)

0.17 (0.15)

-0.10 (0.10)

-0.12 (0.20)

-0.16 (0.09)

0.38 (0.19)*

0.00 (0.09)

0.40 (0.19)*

0.04 (0.08)

0.24(0.16)

0.09 (0.11)

0.22 (0.20)

-0.06 (0.09)

0.21 (0.18)

0.14 (0.09)

0.10 (0.19)

0.07 (0.08)

0.17 (0.17)

-0.04 (0.10)

0.30 (0.19)

0.00 (0.09)

-0.12 (0.18)

Model 2
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0.00 (0.12)
-0.08 (0.06)

Annual change

0.00 (0.06)

Baseline

-0.01 (0.12)

Annual change

-0.04 (0.06)

Annual change

Baseline

0.02 (0.12)

0.08 (0.06)

Annual change

Baseline

-0.16 (0.12)

0.03 (0.06)

Annual change

Baseline

0.15 (0.12)

-0.09 (0.06)

Annual change

Baseline

0.18 (0.12)

0.02 (0.06)

Baseline

0.01 (0.12)

Annual change

-0.02(0.06)

Annual change

Baseline

0.29 (0.12)*

-0.09 (0.06)

Annual change

Baseline

-0.06 (0.12)

-0.08 (0.06)

0.04 (0.12)

0.00 (0.06)

-0.08 (0.11)

-0.04 (0.06)

0.04 (0.12)

0.07 (0.06)

-0.15 (0.12)

0.02 (0.06)

0.03 (0.12)

-0.09 (0.06)

0.05 (0.12)

0.01 (0.06)

0.04 (0.12)

-0.02 (0.06)

0.21 (0.11)

-0.09 (0.06)

-0.03 (0.13)

0.06 (0.07)

0.15 (0.15)

-0.04 (0.06)

0.10 (0.12)

0.05 (0.07)

0.13 (0.14)

0.15 (0.06)

-0.17 (0.12)

0.02 (0.08)

0.01 (0.16)

-0.12 (0.07)

0.12 (0.13)

0.02 (0.07)

-0.01 (0.14)

0.01 (0.06)

0.20 (0.13)

-0.02 (0.07)

0.05 (0.13)

Model1

Baseline

SCD

Model1

Model 2

All

-0.04 (0.09)
-0.06 (0.22)
0.04 (0.11)
-0.01 (0.18)
-0.08 (0.09)

0.01 (0.08)
-0.11 (0.12)
0.15 (0.06)*
0.09 (0.14)
0.05 (0.07)

-0.17 (0.08)*

-0.01 (0.17)

0.08 (0.15)

0.05 (0.07)

-0.13 (0.09)

-0.12 (0.07)

-0.06 (0.17)

0.03 (0.18)

-0.01 (0.14)

0.20 (0.14)

0.02 (0.09)

-0.26 (0.19)

0.02 (0.17)

0.08 (0.14)
0.02 (0.07)

0.03 (0.10)

-0.12 (0.09)

0.01 (0.06)

-0.04 (0.06)

-0.07 (0.19)

0.25 (0.18)

0.16 (0.13)

0.07 (0.12)

-0.12 (0.09)

-0.16 (0.09)

-0.02 (0.07)

Model 2

-0.17 (0.08)*

-0.01 (0.18)

0.02 (0.10)

-0.31 (0.19)

-0.08 (0.09)

-0.09 (0.18)

0.03 (0.11)

-0.17 (0.22)

-0.04 (0.09)

0.01 (0.17)

-0.14 (0.09)

0.03 (0.19)

0.02 (0.09)

0.26 (0.18)

-0.16 (0.09)

-0.03 (0.20)

Model1
-0.16 (0.18)

-0.05 (0.15)

MCI
Model 2

Data are presented as standardized effect estimates with SE. Linear mixed models were used to assess the association between nutritional biomarkers and the rate
of cognitive decline as measured with the MMSE. A random intercept and random slope for time (in years) were assumed. The model included nutritional biomarker,
time the interaction between nutritional biomarker and time (model 1) and sex, age, diagnosis (for total cohort models), cardiovascular disease and lipid-lowering
medication (model 2).The given effect estimates represent the difference in baseline MMSE per SD nutritional biomarker level and the difference in annual MMSE
change per SD nutritional biomarker level * p<0.05
Abbreviations: 25(OH) D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25 dihydroxy vitamin D; DHA, docosahexaenoic acid; HCy, homocysteine; HDL, high density lipoprotein;
LDL, low density lipoprotein; Omega-3-FA; omega 3 fatty acids; SAM, S-adesonsylmethionine; SAH, S-adenosylhomocysteine;TC, total cholesterol

1,25(OH)2D

25(OH) D

Theobromine

Bilirubin

Albumin

Vitamin E

Vitamin A

Selenium

Copper

Table 3 Continued.
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Discussion
In this retrospective, longitudinal cohort study we found promising stagedependent nutritional biomarker profiles associated with clinical progression.
Most consistent findings include high serum HDL levels associated with clinical
progression and cognitive decline.
High HDL levels were associated with clinical progression and cognitive decline.
Moreover, the first nutritional biomarker profile in MCI showed a cardiovascular
favorable cholesterol profile; i.e. high HDL and low triglycerides levels. This is in
apparent contrast with previous studies showing that cardiovascular risk factors
in mid-life increase the risk of late-life dementia[33, 34]. Our finding is however
consistent with studies showing that ‘shortly’ before onset of dementia, lower
cholesterol levels (suggesting a cardiovascular favorable cholesterol profile), are
associated with progression to dementia [35-37]. In our study, high HDL levels
were associated with clinical progression in MCI, but not in SCD, suggesting
that this change in cholesterols might only occur in a symptomatic stage. Our
finding for HDL might also be explained by the different subtypes. One MCI
nutritional biomarker profile, characterized by high HDL, associated with less
cardiovascular disease, lower Aβ42 and higher t-tau and p-tau levels, while the
second MCI profile associated with hypertension and higher BMI, but not with AD
biomarkers. This suggests one AD-related subgroup with a better cardiovascular
health and another subgroup with increased cardiovascular risks in MCI. This is
consistent with another study, showing that MCI patients with low risk on clinical
progression to AD had more often obesity and hypercholesterolemia than those
with high risk on AD [38].
Plasma homocysteine levels were higher in MCI clinical progression vs. stable.
Moreover, lower CSF SAM levels associated with clinical progression. In SCD,
high folate levels and a nutritional biomarker profile high in folate associated with
cognitive decline and clinical progression. The results for SCD are in contrast
with those in MCI, as folate lowers homocysteine levels [39]. Our findings for
MCI are consistent with previous reports of high blood homocysteine and low
CSF SAM levels being associated with cognitive decline [40-42]. In contrast, the
second nutritional biomarker profile in MCI showed high plasma SAM levels,
indicating perhaps that the role of SAM alters with different compositions of
nutritional biomarker synergy reflected in a profile. As homocysteine metabolism
is important for the formation of synaptic membranes, these findings confirm
homocysteine metabolism as interesting, but stage and subgroup dependent,
target for dietary intervention studies.
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Consistent with previous reports on lower levels of antioxidants in AD, we
found low bilirubin and zinc levels associated with cognitive decline and the
nutritional biomarker profile in SCD [3, 5, 43]. We also showed some contraintuitive findings for antioxidants, i.e. high iron, 1,25(OH)2 vitamin D levels
were associated with cognitive decline in SCD and high theobromine levels were
related to clinical progression and the first nutritional biomarker profile in MCI.
Iron and 1,25(OH)2 vitamin D levels show diurnal variation and short half-lives
that might have biased our results [44, 45]. Our findings could however also
indicate that lower levels of antioxidants, are not detectable in earlier stages.
As nutritional change is likely to involve different metabolic pathways, an
integrative approach that examines nutritional biomarker profiles is desirable.
The best approach to study nutritional biomarker profiles is not yet clear. One
previous study also used PLS-Cox to identify nutritional biomarker profiles
associated with dementia risk [29]. Unfortunately, the overlap in measured
nutritional biomarkers is small, hampering direct comparison of results. In this
study, we made first important steps in testing the validity of PLS-Cox models.
Replication and further validation of these nutritional biomarker profiles is
however needed to define the (clinical) value.
The major limitation of this study is that our nutritional biomarker findings
cannot elucidate the mechanistic role these markers have in the disease progress
of dementia. Nutritional biomarkers levels could indicate a nutrient insufficiency.
We cannot exclude the possibility of reverse causality however, as pre-dementia
disease could have altered the nutritional status. Therefore this study cannot do
any recommendations on whether alterations of these nutritional biomarkers
with dietary interventions would be beneficial. Our findings do suggest however,
that these nutritional biomarkers might aid in the identification of patients at
(metabolic) risk for clinical progression. In future studies it might be interesting
to stratify patients based on (combinations) of nutritional biomarkers; patients at
(metabolic) risk for progression might benefit from dietary interventions, while
patients without metabolic risk might be selected for physical activity or drug
interventions. Another potential limitation is that we used non-fasting blood
samples and had no data on dietary intake or supplement use. Dietary intake
and medication possibly influenced nutritional biomarker levels [46]. We have
corrected our results however for lipid-lowering medication. The nutritional
biomarker findings reported in this study are subtle, as an exploratory study we
did not control for multiple comparisons, however the results of this study need
to be replicated. A strength of this study is the use of a large and diverse panel
of nutritional biomarkers. Moreover, cognitive follow-up and clinical data, e.g.
CSF biomarkers, were available. Group sizes in this study are relatively small,
in comparison to population-based cohorts. To mitigate this, we oversampled
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subjects with clinical progression during follow-up to maximize our power for
risk of clinical progression.

Conclusion and Implications
In conclusion, we observed stage- and subtype dependent nutritional biomarker
profiles associated with clinical progression in memory-clinic patients with SCD
and MCI. These results show that nutritional biomarker changes in pre-dementia
stages are subtle, but studied as nutritional biomarkers profiles, combinations of
nutritional biomarkers are highlighted that can potentially be of value to select
patients for dietary intervention trials.
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Supplementary text 1
Most analyses were performed in the department of Clinical Chemistry of the
Vrije Universiteit Amsterdam, Amsterdam UMC, Amsterdam, the Netherlands,
except for zinc, selenium and copper analyses which were performed in Medlon,
Enschede, the Netherlands, theobromine measurements which were performed at
the Center for Neuroscience and Cell Biology, University of Coimbra, Cantanhede,
Portugal, uridine measurements which were performed at Maastricht UMC+,
Maastricht, the Netherlands and docosahexaenoic acid (DHA) and Omega-3 fatty
acids which were measured at Nightingale©, Helsinki, Finland.
High density lipoprotein (HDL) cholesterol, total cholesterol and triglycerides
were measured in serum with a colorimetric assay on a Cobas 8000 system
(HDL-Cholesterol plus, Cholesterol gen, Triglycerides, Roche Diagnostics, Roche,
Basel, Switzerland). For these lipids inter-assay coefficients of variations (CV’s)
were 0.9-2.0% . The lower limit of quantitation (LLOQ) was 0.08 mmol/L
for HDL, 0.1 mmol/L for triglycerides and 0,1 mmol/L for total cholesterol.
HDL. Low density lipoprotein (LDL) cholesterol was calculated from total
cholesterol using the Friedewald formule LDL-cholesterol = total cholesterol
– HDL cholesterol – (0.45x triglyceride). The Friedewald formula is valid for
triglycerides levels ≤ 5mmol/L. For three cases triglycerides levels were >5
mmol/L and these cases where imputed using the Friedewald formula with
the highest valid value for triglycerides (=5 mmol/L). DHA and Omega-3 fatty
acids were measured in plasma using high-throughput proton nuclear magnetic
resonance metabolomics as described previously [1]. Serum insulin was measured
by sandwich luminescence immunoassay on an Centaur XP analyzer (Siemens).
Inter-assay CV for insulin in serum is 7.3%, LLOQ is 10 pmol/L. Plasma glucose
was tested with UV detection on a Cobas 8000 system (Glucose HK Gen, Roche
Diagnostics, Roche, Basel, Switzerland). Inter-assay CV for glucose was 1.1-1.3%,
LLOQ was 0.11 mmol/L.
Plasma homocysteine, serum folate and serum vitamin B12 were measured
by competitive luminescence immunoassay on an Architect analyzer
(Abbott Diagnostics, Abbott Laboratories). Inter-assay CV’s were 2%-4% for
homocysteine in plasma, 9% for folate and 6.3% for vitamin B12. LLOQ was
1μmol/L for homocysteine in plasma, 2nmol/L for folate and 44 pmol/L for
vitamin B12. For cerebrospinal fluid (CSF) homocysteine, to 100 µL of CSF 250
pmol [D4]-homocysteine (Cambridge Isotopes) was added and the samples
were reduced using 25 mmol/L dithiothreitol for 30 min at 4 ° C. Subsequently,
sample clean-up was performed using cation exchange solid phase extraction
and the homocysteine was determined using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Details of the method are described previously
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[2]. The inter-assay CV for this assay was 5.1%-28.1%. Lower LLOQ for CSF
homocysteine 0.005 μmol/L. Choline and betaine were detected in plasma using
normal phase chromatography and positive electrospray MS as described by Holm
et al [3]. A plasma pool spiked at three different levels was used for the calculation
of the precision. Inter-assay CV’s for choline and betaine were 0.8% - 1.9% and
1.1 – 2.2%, respectively. Lower limit of quantification for choline and betaine in
plasma were 0.3 and 0.8 μmol/L. Plasma and CSF S-adenosylmethionine (SAM)
and S-adensoylhomocysteine (SAH) were measured by positive electrospray
LC-MS/MS. 2H3-SAM and 13C5-SAH were used as an internal standards. SAM
and SAH were detected, using m/z transitions 399.2 -> 136.1 for SAM, 402.2
-> 136.1 for 2H3-SAM, 385.2 -> 136.1 for SAH, 390.2 -> 136.1 for 13C5-SAH. The
inter-assay CV’s for SAM are 3.2% in CSF and 7.6% in plasma, and for SAH
8.6% in CSF and 6.0% in plasma. Vitamin B6 in plasma was determined using
LC-MS/MS adapted from a previously published method [4]. Plasma was diluted
ten times with saline and deproteinized using 10% trichloroacetic spiked with
stable isotope labelled internal standard (PLP-d2). Quantification was carried out
with reverse phase chromatography and positive electrospray ionization mode.
Inter-assay variation calculated for three quality control samples was 1.4% - 2.0%
and the LLOQ was 1.2 nmol/L. Plasma and CSF uridine were measured by ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-MS/
MS). 15N2-uridine was used as an internal standard. Samples were deproteinized
with acetonitrile before quantification. Interassay CV for uridine in plasma and
CSF was 4.0%-14%. LLOQ for plasma and CSF uridine was estimated at 0.2
μmol/L [5].
Plasma zinc, copper and selenium were detected by electron multiplier using
inductively coupled mass spectrometry (ICP-MS) (NexION 300D, Perkin Elmer,
Waltham, Massachusetts, USA). LLOQ was 0.27 μmol/L for copper, 0.3 μmol/L
for zinc and 0.15 μmol/L for selenium. Inter-assay CV’s were 3.1% for copper, 2.9%
for zinc, 4.7% for selenium. Vitamin A and E were measured in plasma using high
performance liquid chromatography with UV detection [6]. Inter-assay variation
was determined at two different concentrations and ranged from 0.7% - 1.1 % for
vitamin A and 0.8% - 1.6% for vitamin E. The LLOQ was 0.1 μmol/L for vitamin
A and 1.0 μmol/L for vitamin E. Serum albumin concentrations were determined
by rate nephelometry on a Beckman Coulter Immage 800 immunochemistry
system (ALB test, Beckman Coulter, Danaher, Washington DC, USA). The interassay CV for serum was 2.3-4.3%. Serum bilirubin, magnesium and iron was
measured by a colorimetric assay on a Cobas 8000 system (Bilirubin Total Gen,
Magnesium Gen, Iron Gen, Roche Diagnostics, Roche, Basel, Switzerland). The
inter-assay CV for serum bilirubin, iron and magnesium was 1.3-3.3%. Five
cases had bilirubin levels below the limit of detection (2.5 μmol/L) these were
imputed with half of the lowest limit of detection (1.25 μmol/L). Theobromine
158

Nutritional biomarker profiles and clinical progression

in CSF was analyzed on a CTC-xt (PAL System) - LC Nexera system (Shimadzu)
coupled to a 4000 QTRAP mass spectrometer operated by Analyst 1.6.1 (Sciex).
Theobromine and theobromine-d6 were quantified using LC-MS/MS. The
intra- and interday CVs were <10% for low, medium and high levels. The LLOQ
determined based on the calibration curve was 0.04 μM. LC-MS/MS was used
to detect 1,25 dihydroxyvitamin D and 25-hydroxyvitamin D levels in serum.
Inter-assay coefficients of variation (CV’s) for 25- hydroxyvitamin D and 1,25
dihydroxyvitamin was 7.5%. LLOQ was 10 pmol/L for 1,25 dihydroxyvitamin D
and 4 nmol/L for 25 hydroxyvitamin D.

Supplementary text 2
Interdependency of nutritional biomarkers was evaluated using Pearson’s
correlations (Figure 1). As expected, we found correlations between nutritional
biomarkers sharing metabolic pathways such as lipids and nutritional biomarkers
from the homocysteine metabolism. Additionally, fat-soluble vitamin E was
positively correlated to LDL and total cholesterol (r =0.63, p<0.01 and r =0.70,
p<0.01 ) while SAM and uridine were negatively correlated both in plasma
and CSF (r =-0.39, p<0.01 and r =-0.35, p<0.01 in CSF). The above mentioned
correlations remained intact when analyzing SCD and MCI separately, except for
the negative association between SAM and uridine plasma that lost significance in
both groups (data not shown). Next, associations between nutritional biomarkers
and AD biomarkers (i.e. Aβ42, tau and p-tau) were examined in SCD and MCI
(Figure 2). In both groups strongest correlations were found between SAH
CSF and tau and p-tau levels (tau r=0.38, p<0.01 SCD; r=0.38, p<0.01 MCI;
p-tau r=0.45, p<0.01 SCD; r=0.46, p<0.01 MCI). Additionally some correlations
were specific for SCD and MCI. In SCD, bilirubin was negatively correlated with
tau and p-tau (r=-0.27, p<0.01; r=-0.25, p<0.01). In MCI, triglycerides were
negatively correlated and HDL was positively correlated with tau and p-tau levels
(r=-0.35, p=0.02 ; r=-0.35, p=0.02 ; r=0.28 p<0.01; r=0.27 p<0.01).
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Supplementary table 1 Nutritional biomarkers analyzed
Nutritional
biomarkers

Material N

Methods

Reference

Lower

Within
range

Higher

N(%)

N(%)

N(%)

32(11)

267(89)

valuesa
SCD

MCI

HDL

serum

149

150

colorimetric assay, >0.9 mmol/L
Cobas 8000

LDL b

serum

149

150

< 5.0 mmol/L

TC

serum

149

150

colorimetric assay, < 6.5 mmol/L
Cobas 8000

246(82) 53(18)

Triglycerides

serum

149

150

colorimetric assay, <2.0 mmol/L
Cobas 8000

221(74) 78(26)

DHA

plasma

87

98

NMR

N/A e

Omega-3-FA

plasma

87

98

NMR

N/Ae

Glucose

plasma

104

94

UV detection, Cobas <7.8 mmol/L
8000 system

171(86) 27(14)

Insulin

serum

149

150

luminescence
12-96 pmol/L c
immunoassay,
Centaur XP analyzer

102(34) 197(66)

HCy

plasma

138

147

competitive
luminescence
immunoassay,
Architect analyzer

6-19 µmol/L c ♀ 3(3)

114(97) 1(1)

8-18 µmol/L c ♂ 9(5)

151(90) 7(4)

HCy

CSF

146

148

LC-MS/MS

N/A

288(96) 11(4)

e

SAM

plasma

149

148

LC-MS/MS

55-116 nmol/L 65(22)

215(72) 17(6)

SAH

plasma

149

149

LC-MS/MS

9-45 nmol/L

290(97) 6(2)

2(1)

SAM

CSF

148

150

LC-MS/MS

104-337 nmol/L 8(3)

288(96) 2(1)

SAH

CSF

149

150

LC-MS/MS

5-31 nmol/L

293(98) 6(2)

Choline

plasma

149

150

LC-MS/MS

N/A e

Betaine

plasma

149

150

LC-MS/MS

N/Ae

Vitamin B6

plasma

149

150

LC-MS/MS

51-183 nmol/L 119(40) 158(53) 22(7)

Vitamin B12

serum

103

121

Competitive
luminescence
immunoassay,
Architect analyzer

150-700 pmol/L 14(6)

206(92) 4(2)

Folate

serum

149

150

competitive
luminescence
immunoassay,
Architect analyzer

> 6 nmol/L

3(1)

296(99)

Uridine

plasma

145

148

UPLC-MS/MS

2209–8232
nmol/L

47(16)

246(84) 0(0)
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Supplementary table 1 Continued.
Nutritional
biomarkers

Material N

Uridine

CSF

Methods

Reference

Lower

Within
range

0(0)

293(99) 4(1)

valuesa
148

149

UPLC-MS/MS

944–4587

Higher

nmol/L d
nanomol/l

a

Zinc

plasma

149

150

ICP-MS

Magnesium

serum

149

148

colorimetric assay, 0.7-1.0 mmol/L 6(2)
Cobas 8000

10-18 µmol/L

20(7)

287(96) 4(1)

236(79) 43(14)

Iron

serum

149

150

colorimetric assay, 11-27 µmol/L ♀ 12(10)
Cobas 8000
women

104(85) 6(5)

Copper

plasma

149

150

ICP-MS

11-32 µmol/L ♂ 11(6)

163(92) 3(2)

10-24 µmol/L

295(99) 4(1)

0(0)

Selenium

plasma

149

150

ICP-MS

0,7-1,4 µmol/L 3(1)

258(86) 38(13)

Vitamin A

plasma

149

150

HPLC

1.2-3.0 µmol/L 2(1)

277(93) 20(7)

Vitamin E

plasma

149

150

HPLC

20-39 µmol/L

4(1)

208(70) 87(30)

Albumin

serum

149

150

Beckman Coulter
Immage 800
immunochemistry
system

35-52 g/L

10(3)

289(97)

Bilirubin

serum

149

148

colorimetric assay, <20 µmol/L
Cobas 8000

Theobromine CSF

149

150

LC-MS/MS

N/A

25(OH) D

serum

148

150

LC-MS/MS

>50 nmol/L

1,25(OH)2 D

serum

149

150

LC-MS/MS

50-170 pmol/L 2(1)

294(98) 3(1)

89(30)

209(70)
265(89)

Reference values as reported by local laboratories that performed measurement of the nutritional

biomarkers. bLDL cholesterol was calculated using the Friedewald formula: LDL cholesterol= total
cholesterol-HDL cholesterol-(0.45xtriglycerides).c Reference values are for fasting samples. d reference
values were calculated in cohort with subjects <20y. e no reference values available, but levels in our
cohort are not materially different from large healthy cohorts, except for choline levels that were higher
in our cohort [7-9]. Abbreviations: 25(OH) D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25 dihydroxy vitamin D;
CSF, cerebrospinal fluid; DHA, docosahexaenoic acid; HCy, homocysteine; HDL, high density lipoprotein
cholesterol; HPLC, high-performance liquid chromatography; ICP-MS, inductively coupled plasma
mass; LC-MS/MS, liquid chromatography– tandem mass spectrometry; LDL, low density lipoprotein
cholesterol; N/A; not available; Omega-3-FA; omega 3 fatty acids; NMR, nuclear magnetic resonance
SAM, S-adesonsylmethionine; SAH, S-adenosylhomocysteine; TC, total cholesterol; UPLC-MS/MS, Ultra
performance liquid chromatography - tandem mass spectrometer
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3.45 (2.80-3.99)

5.76 (4.82-6.24)

1.48 (0.99-2.06)

0.15 (0.12-0.21)

0.44 (0.35-0.57)

5.60 (5.00-6.70)

238 (71-476)

9.9 (8.4-12.2)

0.07 (0.05-0.09)

72.0 (56.2-90.3)

19.9 (16.0-24.2)

182 (157-207)

15.2 (12.6-19.3)

10.4 (8.8-12.3)

39.3 (33.0-45.8)

61.7 (39.2-98.8)

287 (219-354)

17.8 (12.9-25.0)

LDL (calculated)

TC, mmol/L

Triglycerides, mmol/L

DHA, mmol/L

Omega-3-FA, mmol/L

Glucose, mmol/L

Insulin, pmol/L

HCy plasma, μmol/L

HCy CSF, μmol/L

SAM plasma, nmol/L

SAH plasma, nmol/L

SAM CSF, nmol/L

SAH CSF, nmol/L

Choline, μmol/L

Betaine, μmol/L

Vitamin B6, nmol/L

Vitamin B12, pmol/L

Folate, nmol/L

1.31 (1.08-1.71)

Stable

Total group

HDL, mmol/L

Nutritional biomarkers

Follow-up diagnosis

16.7 (11.7-25.9)

274 (199-355)

59.3 (42.0-81.1)

38.7 (30.8-46.5)

10.6 (8.8-12.2)

18.5 (13.8-22.1)

174 (147-202)

19.4 (16.2-24.3)

80.0 (62.5-89.0)

0.07 (0.06-0.09)

11.2 (9.2-13.1)

162 (74-350)

5.80 (4.90-7.20)

0.45 (0.40-0.56)

0.16 (0.13-0.20)

1.37 (1.13-1.99)

5.67 (4.90-6.37)

3.34 (2.70-4.05)

1.49 (1.17-1.66)

Progression

17.8 (13.0-24.7)

299 (220-346)

66.8 (40.4-112.0)

38.5 (32.7-45.5)

10.2 (9.1-12.2)

15.2 (12.6-19.3)

181 (155-199)

19.5 (15.0-24.2)

73.1 (56.3-90.4)

0.07 (0.05-0.09)

9.6 (8.3-11.8)

212 (70-484)

5.50 (5.00-6.08)

0.41 (0.35-0.59)

0.15 (0.11-0.21)

1.45 (0.99-2.03)

5.81 (4.99-6.25)

3.51 (3.05-4.01)

1.31 (1.09-1.83)

Stable

SCD

3.26 (2.84-4.26)

17.5 (15.0-30.2)

316 (264-369)

63.5 (47.3-98.4)

42.0 (31.2-51.5)

10.4 (8.7-13.2)

18.5 (13.8-22.1)

185 (149-215)

17.6 (15.4-21.5)

80.1 (60.5-88.0)

0.07 (0.06-0.11)

10.9 (8.1-12.0)

194 (78-369)

5.50 (4.65-7.48)

0.52 (0.43-0.59)

0.18 (0.14-0.24)

1.35 (1.11-1.93)

5.69 (4.90-6.55)

17.8 (12.4-25.1)

281 (217-357)

57.3 (36.7-89.5)

40.1 (33.0-46.2)

10.6 (8.7-12.5)

17.0 (14.1-21.3)

183 (158-217)

20.2 (17.0-24.3)

71.7 (51.8-89.4)

0.07 (0.05-0.09)

10.2 (8.4-12.9)

258 (72-476)

6.00 (5.00-7.20)

0.47 (0.37-0.57)

0.15 (0.13-0.21)

1.51 (0.98-2.18)

5.52 (4.69-6.23)

3.34 (2.66-3.95)

1.32 (1.08-1.60)

Stable

MCI

Subgroups

1.55 (1.08-1.71)

Progression
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15.5 (11.0-24.3)

252 (198-354)

53.5 (34.7-78.0)

38.1 (30.7-44.2)

10.7 (8.8-12.2)

16.6 (13.9-20.3)

172 (143-198)

21.5 (16.9-24.5)

79.9 (62.7-89.0)

0.07 (0.05-0.09)

11.3 (9.5-13.7)*

140 (72-339)

5.80 (5.10-7.00)

0.45 (0.39-0.55)

0.16 (0.13-0.19)

1.45 (1.13-2.11)

5.63 (4.88-6.28)

3.38 (2.52-4.00)

1.49 (1.21-1.65)

Progression
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2854 (2399-3477)
12.1 (11.3-15.1)
0.84 (0.81-0.87)
16.7 (13.3-19.9)

2768 (2375-3234)

12.7 (11.3-15.2)

0.86 (0.81-0.90)

Uridine CSF, nmol/L

Zinc, μmol/L

Magnesium, mmol/L

1,25(OH)2 D, pmol/L

118 (95-136)

65.0 (48.7-79.6)

6.0 (3.8-12.1)

33.5 (29.4-40.4)

2.08 (1.82-2.44)

1.09 (0.99-1.24)

SCD

119 (101-140)

66.0 (47.5-85.5)

5.3 (3.3-10.2)

6.50 (4.53-8.95)

40.9 (39.6-42.9)

35.7 (30.6-39.5)

2.13 (1.84-2.50)

1.15 (0.99-1.28)

14.6 (13.2-16.9)

17.4 (14.8-20.9)

0.86 (0.81-0.89)

12.8 (11.4-16.3)

2830 (2413-3243)

3784 (2475-4691)

Stable

16.0 (13.3-19.1)
1.08 (0.98-1.23)
2.13 (1.74-2.50)
32.3 (28.9-37.9)
39.8 (37.9-42.4)
6.15 (4.70-8.63)
5.5 (3.3-9.4)
60.9 (42.1-81.2)
115 (93-146)

1.16 (0.95-1.26)
2.01 (1.87-2.27)
37.0 (30.1-42.3)
40.7 (39.2-42.2)
5.90 (3.60-7.10)*
4.8 (2.8-8.7)
64.8 (47.1-79.1)
111 (90-131)

0.86 (0.82-0.89)

15.3 (13.4-16.9)

0.86 (0.81-0.91)

12.5 (11.3-16.1)
18.1 (15.9-19.7)

12.2 (11.3-14.2)

2741 (2246-3649)

14.6 (13.7-16.9)

3519 (2461-4354)
2726 (2267-3167)

3082 (2330-4461)

Stable

Progression

MCI

Subgroups

124 (100-143)

65.2 (49.4-79.9)

7.6 (4.8-12.9)*

6.40 (4.78- 9.53)

39.0 (37.2-41.2)

33.3 (28.0-39.8)

2.12 (1.78-2.52)

1.04 (0.99-1.21)

14.6(13.2-16.9)

16.3 (12.7-21.2)

0.84 (0.80-0.87)

12.1 (11.3-14.7)

2856 (2462-3377)

3287 (2786-4537)

Progression

Data in median (interquartile range). Abbreviations: 25(OH) D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25 dihydroxy vitamin D; DHA, docosahexaenoic acid; HCy,
homocysteine; HDL, high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol; MCI, mild cognitive impairment; Omega-3-FA, omega 3 fatty acids;
SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SCD, subjective cognitive decline; TC, total cholesterol. Groups were compared on their outcome (stable
vs. progression) in the total cohort and within subgroups of their baseline syndrome diagnosis (SCD/MCI).* p<0.05, p-values correspond to linear regression analysis
on (log-transformed) z-scores. Nutritional biomarker level models were adjusted for sex, age, diagnosis, cardiovascular disease and lipid lowering medication.

64.0 (44.9-84.0)

118 (98-144)

25(OH)D, nmol/L

6.20 (4.60-8.40)

6.40 (4.70-8.80)

5.4 (3.3-9.8)

34.8 (29.6-39.4)

40.4 (38.6-42.8)

Vitamin E, μmol/L

Albumin, g/L

Bilirubin, μmol/L

2.13 (1.78-2.50)

Vitamin A, μmol/L

Theobromine, pmol/μl

39.6 (37.8-41.7)

1.11 (0.98-1.26)

Selenium, μmol/L

14.6 (13.4-16.9)

16.6 (14.5-20.3)

15.0 (13.3-16.9)

Iron, μmol/L

Copper, μmol/L

3229 (2631-4501)

3621 (2466-4515)

Uridine plasma, nmol/L

Progression

Stable

Follow-up diagnosis

Total group

Supplementary table 2 Continued.
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Supplementary table 3 Characteristics for profile scores
SCD profile

MCI profile 1

MCI profile 2

Clinical progression, HR (95% CI), Model 1

1.7 (1.3-2.2)*

2.0 (1.5-2.7)*

1.4 (1.1-1.7)*

Clinical progression, HR (95% CI), Model 2

1.5 (1.1-2.0)*

2.0 (1.4-2.7)*

1.7 (1.3-2.2)*

B (SE)

B (SE)

B (SE)

Follow-up time (y)

-0.07 (0.04)

-0.18 (0.04)*

-0.04 (0.05)

Baseline MMSE score

0.06 (0.08)

-0.08 (0.04)

0.00 (0.05)

Female

-0.21 (0.21)

0.91 (0.17)*

-1.02 (0.22)*

Age (y)

0.05 (0.01)*

0.01 (0.01)

0.03 (0.01)*

0.13 (0.22)

0.21 (0.19)

-0.21 (0.23)

BMI (kg/m )

0.02 (0.03)

-0.06 (0.03)

0.11 (0.04)*

Hypertension

0.68 (0.24)*

-0.37 (0.18)*

0.86 (0.22)*

Hypercholesterolemia

1.44 (0.58)*

-0.35 (0.24)

-0.06 (0.30)

Diabetes Mellitus

0.27 (0.43)

-0.23 (0.31)

-0.11 (0.39)

Myocardial infarction

-0.26 (0.76)

-1.11 (0.37)*

0.85 (0.47)

Lipid lowering drugs

0.68 (0.29)*

-0.52 (0.19)*

0.46 (0.24)

APOE Ɛ4 carrier
2 a

Aβ42 (z score)

-0.07 (0.12)

-0.20 (0.09)*

0.06 (0.11)

t-tau (z score)

0.39 (0.11)*

0.31 (0.09)*

-0.01 (0.11)

p-tau (z score)

0.33 (0.12)*

0.20 (0.09)*

-0.02 (0.11)

Abbreviations: Aβ42, amyloid beta-42; APOE, apolipoprotein E; BMI = body mass index, MMSE, Mini-Mental
State Examination, p-tau, phosphorylated tau, t-tau, total tau; associations of clinical characteristics with
profile scores were tested with linear regression analyses. Aβ42, t-tau and p-tau scores were log-transformed
and standardized into z scores a 61 missings (20%) in BMI values. * p<0.05
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Supplementary figure 1 Correlation between nutritional biomarkers. Abbreviations: 25(OH) D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25 dihydroxy vitamin D; Omega-3 FA, omega 3 fatty acids. Pearson’s correlation
plot between Nutritional biomarkers. Blue color depicts positive correlation coefficients, while red depicts
negative correlation coefficients. Insignificant (p>0.05) correlation coefficients are left blank
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Supplementary figure 2 Correlation of AD biomarkers with nutritional biomarkers for SCD and MCI. Abbreviations: 25(OH) D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25 dihydroxy vitamin D; Aβ42, amyloid beta-42;
AD, Alzheimer’s disease; HCy, homocysteine; MCI, mild cognitive impairment; Omega-3 FA, omega 3 fatty
acids. p-tau, phosphorylated tau, SCD, subjective cognitive decline; t-tau, total tau. Pearson’s correlation
plot between Nutritional biomarkers and AD biomarkers in SCD and MCI. Blue color depicts positive correlation coefficients, while red depicts negative correlation coefficients. Insignificant (p>0.05) correlation
coefficients are left blank.
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