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Abstract
Early identification of ambulatory persons at high short-term risk of death could benefit targeted prevention.
To identify biomarkers for all-cause mortality and enhance risk prediction, we conducted high-throughput profiling of blood
specimens in two large population-based cohorts.
106 candidate biomarkers were quantified by nuclear magnetic resonance spectroscopy of nonfasting plasma samples from a random subset of the Estonian Biobank ( n = 9,842; age range 18103 y; 508 deaths during a
median of 5.4 y of follow-up). Biomarkers for all-cause mortality were examined using stepwise proportional hazards
models. Significant biomarkers were validated and incremental predictive utility assessed in a population-based cohort from
Finland (n = 7,503; 176 deaths during 5 y of follow-up). Four circulating biomarkers predicted the risk of all-cause mortality
among participants from the Estonian Biobank after adjusting for conventional risk factors: alpha-1-acid glycoprotein
(hazard ratio [HR] 1.67 per 1standard deviation increment, 95% CI 1.531.82,
p = 5 10 31), albumin (HR 0.70, 95% CI 0.65
0.76, p = 2 10 18), very-low-density lipoprotein particle size (HR 0.69, 95% CI 0.620.77, p = 3 10 12), and citrate (HR 1.33,
95% CI 1.211.45, p = 5 10 10). All four biomarkers were predictive of cardiovascular mortality, as well as death from cancer
and other nonvascular diseases. One in five participants in the Estonian Biobank cohort with a biomarker summary score
within the highest percentile died during the first year of follow-up, indicating prominent systemic reflections of frailty. The
biomarker associations all replicated in the Finnish validation cohort. Including the four biomarkers in a risk prediction score
improved risk assessment for 5-y mortality (increase in C-statistics 0.031, p = 0.01; continuous reclassification improvement
26.3%, p = 0.001).
Biomarker associations with cardiovascular, nonvascular, and cancer mortality suggest novel systemic
connectivities across seemingly disparate morbidities. The biomarker profiling improved prediction of the short-term risk of
death from all causes above established risk factors. Further investigations are needed to clarify the biological mechanisms
and the utility of these biomarkers for guiding screening and prevention.
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The FINRISK 1997 study is a general population study
conducted to monitor the health of the Finnish population among
persons aged 2474 y at recruitment [11]. In total, 8,444
individuals were recruited to represent the working age population
of five study areas across Finland [11]. Standard clinical laboratory
measures were collected, and participants filled out questionnaires
on physical activity and socioeconomic status. Biomarker profiling
by NMR spectroscopy of serum samples was conducted for 7,503
individuals. Median fasting time was 5 h (interquartile range 4
6 h). All participants had registry-based follow-up for mortality
until December 31, 2010. The coverage of the follow-up was
100% for deaths that occurred in Finland. To match the follow-up
time in the discovery cohort, the analyses in the validation cohort
were confined to the first 5 y of follow-up; 176 of the study
participants died during this period.

Introduction
Concentrations of metabolites and proteins in the circulation
can be indicative of future disease outcomes. The existing
molecular biomarkers for all-cause mortality, however, display
modest predictive power and risk discrimination [1,2]. Early and
accurate identification of ambulatory persons at high risk of death
could assist targeting of preventive therapies. High-throughput
profiling technologies for quantification of molecules from blood
specimens, such as nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry, have emerged as promising tools for
identifying biomarkers and clarifying disease etiologies [24]. Such
molecular profiling has primarily been applied to cardiometabolic
diseases [35], yet a deviated circulating biomarker profile reflects
systemic abnormalities and could possibly also be predictive of the
risk of death from other causes [6]. Biomarkers of inflammation
and hyperglycemia are associated with risk of death from cancer
and other nonvascular conditions such as respiratory disease and
infections, in addition to death from cardiovascular disease [79].
Novel biomarkers reflecting the risk of death from all causes hold
potential to improve risk assessment, and they may further
elucidate novel disease connectivities; however, high-throughput
profiling of circulating biomarkers for all-cause mortality has not
previously been investigated in general population settings. We
therefore performed targeted screening of candidate biomarkers
by NMR spectroscopy in a large, population-based study with the
aim of identifying systemic biomarkers predictive of short-term
risk of death from any cause. The findings were validated in an
independent cohort and examined for incremental risk discrimination over and above conventional risk factors.

Biomarker Quantification by NMR Spectroscopy

Proton NMR spectroscopy of native plasma (Estonian Biobank
cohort) and serum (FINRISK study) samples was used to quantify
the concentrations of 106 circulating lipids, proteins, and metabolites. These candidate biomarkers include 85 lipoprotein lipid
measures, four abundant proteins, and 17 low-molecular-weight
metabolites, including amino acids, glycolysis precursors, and
other small molecules (Table S1). The candidate biomarkers
assayed constitute the full set of molecular measures quantified
from native plasma by the targeted NMR profiling employed in
this study. The high-throughput NMR platform has previously
been used in various epidemiological and genetics studies [12,13],
and details of the experimental protocols, including sample
preparation and spectroscopy, have been previously described
[14].

Methods

Statistical Analysis

Study Populations

All biomarker concentrations were scaled to standard deviation
(SD) units. Cox proportional hazards models were used to assess
the association of each candidate biomarker with the risk of allcause mortality. Age at blood sampling was used as time scale
this effectively corresponds to adjusting for age [15]. For biomarker discovery in the Estonian Biobank cohort, a multivariate
model was derived in a forward stepwise fashion (Figure 2). First,
the biomarker leading to the smallest p-value in the Cox model
adjusted for age and sex only was included as a predictor.
Subsequently, the biomarker leading to the smallest p-value in the
multivariate model adjusted for age, sex, and the first biomarker
was included in the prediction model. The process was repeated
until no additional biomarkers were significant at the Bonferronicorrected threshold of p 0.0005, accounting for testing of 106
candidate biomarkers.
The hazard ratios (HRs) of the four identified biomarkers for
all-cause mortality were subsequently examined in a multivariate
model adjusted for age, sex, and conventional risk factors that
were significant predictors of mortality in the Estonian Biobank
cohort: high-density lipoprotein (HDL) cholesterol, current smoking, prevalent diabetes, prevalent cardiovascular disease, and
prevalent cancer (Model A). The biomarker associations were

In this observational study, two population-based cohorts in
Estonia and Finland were followed for all-cause mortality via
population registries. All participants provided written informed
consent. The Ethics Committee of Human Studies, University of
Tartu, Estonia, and the ethical committee of the National Public
Health Institute, Finland, approved the studies. An overview of the
study design is illustrated in Figure 1. The Estonian Biobank
cohort (Estonian Genome Center, University of Tartu) included
50,715 individuals aged 18103 y at recruitment (9 October
200216 February 2011), which is approximately 5% of the
Estonian population within this age group. Recruitment was
conducted on a voluntary basis, with no restrictions for health
condition, through general practices across Estonia, as well as
through recruitment centers in the two largest cities of the country
[10].
Biomarker profiling was conducted by NMR spectroscopy
of non-fasting plasma samples for a random subset of 9,842
individuals (pregnant women excluded). Clinical and demographic
characteristics of the subset population did not differ from those of
the entire cohort (p 0.05 for characteristics in Table 1). According
to linkage with the Estonian population registry, 508 study
participants had died during follow-up as of 1 June 2013.
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Estonian Biobank Cohort
Biomarker discovery

FINRISK 1997
Replica on and valida on

Voluntary sampling popula on-wide
Age 18-103 (2020-2010)
n=50,715

Large popula on-based
cohorts in Northern Europe

Five representa ve areas across Finland
Working age popula on 24-74 in 1997
n=8,444

Plasma samples; Random subset of n=9,842;
Excluded: 38 pregnant, 78 missing biomarkers
508 deaths during median 5.4-year follow-up
(Table 1)

Biomarker profiling by
high-throughput NMR
of non-fas ng blood samples
106 circula ng biomarkers

Serum samples; n=7,503 with blood available
Excluded: 78 pregnant, 21 missing data
176 deaths during 5-year follow-up
(Table 1)

Candidate biomarker associa ons
with the all-cause mortality
Stepwise selec on (Fig 2)

Discovery of 4 biomarkers
predic ve of all-cause mortality
in general popula on se? ngs

Biomarker associa ons adjusted
for established risk factors
(Fig 3A and 3B)

Adjustment for established
risk factors and replica on

Biomarker associa ons separately
for cardiovascular death, cancer death,
and other cause mortality (Fig 3C)

Replica on of mul variate associa ons of
the 4 biomarkers for all-cause mortality
adjusted for established risk factors
(Fig 3A and 3B)

Assessment of incremental predic on
by risk predic on scores
derived from the Estonian Biobank
(Table 3 and Figure 6)

Deriva on of risk predic on score
for all-cause mortality
in the age range 25-74 (Table 2)

Cumula ve probability of death
during 5-year follow-up stra fied by
the biomarker summary score
(Figure 5)

Biomarker associa ons separately
for cardiovascular death, cancer death,
and other cause mortality (Fig 3C)

Sensi vity analyses:
Adjustment for addi onal
poten al confounders
(Figure S5)

Figure 1. Study flow chart.
Overview of the study design and analyses performed for biomarker discovery and validation of the risk prediction
model.
doi:10.1371/journal.pmed.1001606.g001

Table 1. Baseline characteristics of the study participants.
Characteristic
Womennumber (percent)
Ageyears (range)
Body mass index (kg/m 2)

Estonian Biobank
6,334 (64%)
45.3 (18103)
26.56 5.5

Systolic blood pressure (mm Hg)

126 6 17

= 9,842

FINRISK 1997
3,741 (50%)
48.4 (2474)
26.76 4.5
1366 20

Fasting duration (hours)

4.8 6 3.8

6.06 4.0

Total cholesterol (mmol/l)

5.4 6 1.1

5.56 1.1

HDL cholesterol (mmol/l)

1.76 0.4

1.46 0.4

Triglycerides (mmol/l)

1.56 1.0

1.56 1.1

2,963 (30%)

1,770 (24%)

Current smokersnumber (percent)
Smoking duration (years)

8.2 6 13.0

Cigarettes per day

5.5 6 8.4

3.76 7.8

Alcohol consumption (grams/week)

29 6 62

256 125

Use of antihypertensive therapynumber (percent)

2,489 (25%)

1,009 (13%)

Use of lipid lowering therapynumber (percent)

413 (4.2%)

269 (0.4%)

Prevalent diabetesnumber (percent)

737 (7.5%)

437 (5.8%)

Prevalent cardiovascular diseasenumber (percent)

899 (9.2%)

262 (3.5%)

Prevalent cancernumber (percent)

361 (3.7%)

175 (2.3%)

Alpha-1-acid glycoprotein (standardized units)

1.55 6 0.27

Albumin (standardized units)

= 7,503

10.96 13.6

1.376 0.23

101 6 7.5

966 6.3

VLDL particle size (average diameter, nm)

376 1.9

366 1.1

Citrate (mmol/l)

986 34

1106 19

Data are mean 6 SD unless otherwise indicated.
doi:10.1371/journal.pmed.1001606.t001
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