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Abstract  Comparing biomarker profiles measured 
at similar ages, but earlier in life, among exceptionally 
long-lived individuals and their shorter-lived peers can 
improve our understanding of aging processes. This 
study aimed to (i) describe and compare biomarker 
profiles at similar ages between 64 and 99 among indi-
viduals eventually becoming centenarians and their 
shorter-lived peers, (ii) investigate the association 
between specific biomarker values and the chance of 
reaching age 100, and (iii) examine to what extent cen-
tenarians have homogenous biomarker profiles earlier 
in life. Participants in the population-based AMORIS 
cohort with information on blood-based biomarkers 
measured during 1985–1996 were followed in Swed-
ish register data for up to 35 years. We examined bio-
markers of metabolism, inflammation, liver, renal, ane-
mia, and nutritional status using descriptive statistics, 

logistic regression, and cluster analysis. In total, 1224 
participants (84.6% females) lived to their 100th birth-
day. Higher levels of total cholesterol and iron and 
lower levels of glucose, creatinine, uric acid, aspar-
tate aminotransferase, gamma-glutamyl transferase, 
alkaline phosphatase, lactate dehydrogenase, and total 
iron-binding capacity were associated with reach-
ing 100 years. Centenarians overall displayed rather 
homogenous biomarker profiles. Already from age 65 
and onwards, centenarians displayed more favorable 
biomarker values in commonly available biomarkers 
than individuals dying before age 100. The differences 
in biomarker values between centenarians and non-
centenarians more than one decade prior death suggest 
that genetic and/or possibly modifiable lifestyle factors 
reflected in these biomarker levels may play an impor-
tant role for exceptional longevity.
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Introduction

The global number of centenarians—individuals who 
survive at least to their 100th birthday—has roughly 
doubled every decade since 1950 and is projected to 
quintuple between 2022 and 2050 [1, 2]. Exceptional 
longevity is the result of a complex interplay of sev-
eral determinants, which is yet poorly understood 
and includes both genetic predisposition and lifestyle 
factors [3]. Studying centenarians and exploring dif-
ferences between them and their shorter-lived peers 
provides an opportunity to improve our understanding 
of how aging processes unfold and exceptionally long 
survival is promoted.

Despite the claim that chance plays an impor-
tant role in the achievement of exceptional longev-
ity, it has repeatedly been shown that already earlier 
in life, centenarians are a selected group with fewer 
disabilities, comorbidities, hospitalizations, and bet-
ter cognitive function compared to non-centenar-
ians [4–6]. While the cited studies focus on specific 
health outcomes, blood-based biomarkers can provide 
additional information about health status already 
before other observable outcomes occur. A Japanese 
cohort study found that low inflammation defined 
by cytomegalovirus titer, interleukin-6, tumor necro-
sis factor-alpha, and C-reactive protein (CRP) was 
an important predictor for exceptional survival [7]. 
Improved survival in old age has also been linked to 
lower creatinine, higher albumin, and several circu-
lating biomarkers (N-terminal pro-B-type natriuretic 
peptide, interleukin-6, cystatin C, and cholinesterase) 
[8]. Cross-sectional studies have found centenarians 
to have lower total cholesterol [9] and insulin toler-
ance [10] than younger elderly. However, since bio-
markers change with age, it is difficult to draw con-
clusions from cross-sectional studies that compare 
samples drawn at different ages.

Knowledge of how centenarians’ biomarker pro-
files differ from those of non-centenarians at com-
parable ages already earlier in life is scarce. The lack 
of suitable, large prospective data with long follow-
up is one likely reason for this. The Japanese cohort 
mentioned above included individuals aged 85+ only, 
and more than half of them were already centenar-
ians at baseline enrollment. Since health selection 
likely starts even earlier than age 85, it is important 
to examine potential differences between long-lived 
individuals and those with average life spans already 

several years before—or during the process  of—
health deterioration.

Moreover, several studies have reported that cen-
tenarians are not such a homogeneous population 
as sometimes perceived. An Italian study based on 
602 centenarians identified three subgroups with 
distinct health profiles [11]. It was found that 20% 
of the centenarians were in good health, 33% had 
intermediate health status, and 47% were in poor 
health. A Danish study also detected three distinct 
subgroups defined by health status: robust, inter-
mediate, and frail centenarians [12]. About half of 
the Danish centenarians were in the “robust” group. 
A German study using health insurance data from 
1121 centenarians found four distinct comorbidity 
profiles, and only a small proportion of centenarians 
had a low morbidity burden [13]. These findings 
raise the question of whether such heterogeneity in 
centenarians’ health profiles is already visible ear-
lier in life and, for example, reflected in their bio-
marker profiles. Uncovering potential heterogeneity 
in such profiles more than one decade ago may help 
us understand characteristics of health trajectories 
associated with exceptional longevity.

The AMORIS (Apolipoprotein MOrtality RISk) 
cohort offers a unique opportunity to compare bio-
markers measured at similar ages but earlier in 
life between centenarians and their shorter-lived 
peers. The cohort contains a variety of biomarkers 
assessed approximately 30 years ago and was linked 
to several administrative health registers with data 
until 2020. Using these data, we aim to (i) describe 
biomarker profiles earlier in life among individuals 
eventually becoming centenarians and their shorter-
lived peers, (ii) investigate the association between 
a set of biomarkers and the chance of reaching age 
100 with up to 35 years of follow-up, and (iii) inves-
tigate differences in biomarker profiles within the 
centenarian population.

Methods

Data sources and study population

The population-based AMORIS cohort consists 
of all individuals who underwent clinical labora-
tory testing at the Central Automation Laboratories, 
either as part of routine general health checkups or as 
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outpatients referred for laboratory testing, between 
1985 and 1996 in Stockholm County, which applies 
to more than 800,000 individuals. The cohort has 
been described in detail elsewhere [14, 15]. All lab-
oratory analyses were performed using fully auto-
mated procedures on fresh blood samples, employ-
ing a consistent and well-documented methodology 
[14, 15]. Several Swedish registers have been linked 
to the AMORIS cohort through the unique Swedish 
personal identification number enabling longitudinal 
follow-up of the participants until the end of 2020. In 
this study, the National Patient Register was used to 
retrieve information on disease diagnoses, the Cause 
of Death Registry to identify the date of death, and 
the Total Population Registry to ensure individuals 
were alive and residing in Sweden. Charlson Comor-
bidity Index (CCI) was calculated based on hospitali-
zations recorded in the National Patient Register 10 
years prior to the date of the first blood sample [16]. 
Detailed diagnose codes (ICD 8 and 9) and weighting 
of specific diagnoses were based on a previous study 
with publicly available script [16].

Birth cohorts born between 1893 to 1920 were 
included, enabling follow-up of all participants 
until age 100. Individuals were 64 to 99 years old 
at the time of their blood measurement. Individuals 
who emigrated during the follow-up were excluded 
(n=247). The final study population consisted of 
44,636 participants followed from their first blood 
measurement until their date of death. Of these, 1224 
individuals (2.7%) reached their 100th birthday, com-
prising the centenarian population. This proportion is 
very similar to the chance of reaching 100 in the gen-
eral population of Stockholm in the same time period.

The study was approved by the Stockholm regional 
ethical review board (reference number 2018/2401-
31). The ethical board waived the need for informed 
consent due to the size of the cohort and the fact that 
many of the participants had already died.

Biomarker measurement

Twelve blood-based biomarkers related to inflamma-
tion and metabolic, liver, and kidney function as well 
as potential malnutrition and anemia were included, 
all of which have been associated with aging or 
mortality in previous studies (supplemental table  1) 
[8, 17–19]. The  biomarker related to inflammation 
was uric acid; total cholesterol (TC) and glucose to 

metabolic status/function; alanine aminotransferase 
(ALAT), aspartate aminotransferase (ASAT), albu-
min, gamma-glutamyl transferase (GGT), alkaline 
phosphatase (ALP), and lactate dehydrogenase (LD) 
to liver function; creatinine to kidney functioning; 
iron and total iron-binding capacity (TIBC) to ane-
mia; and albumin to nutrition. The first measurement 
of each biomarker was used. For individuals with 
missing values on some biomarkers (see supplemen-
tal table 2 for more information on missingness), we 
decided to impute these values since complete case 
analysis (excluding participants with missing val-
ues) can lead to selection bias. Missing values were 
imputed using multiple imputation. Detailed methods 
of multiple imputation are explained in the supple-
mental materials. A comparison of imputed and com-
plete case data is shown in supplemental table 2 and 
3. Analyses were additionally run for complete-case 
data and are shown in the supplemental materials as 
sensitivity analyses.

Statistical analysis

In the first step, we investigated the distributions of 
biomarker values between centenarians and non-cen-
tenarians by estimating the 10th, 25th, 50th, 75th, and 
90th quantiles of the respective distribution. Note that 
results additionally stratifying non-centenarians by 
age at death are included in the supplemental materi-
als, as well as results from quantile regressions indi-
cating if the quantiles are statistically different.

In the second step, we investigated the associations 
between each biomarker and the likelihood of becom-
ing a centenarian. Logistic regression models were 
fitted separately for each biomarker. In these models, 
biomarkers were categorized into five groups (very 
low, low-medium, medium, high-medium, and very 
high) based on the quintiles of their respective distri-
butions across all individuals. The mid category (Q3) 
was chosen as the reference. Models were adjusted 
for age at biomarker measurement in 5-year age 
groups, sex, and CCI. Effect modification by age or 
sex was investigated using likelihood ratio tests ana-
lyzing the joint null hypothesis of no multiplicative 
interaction using three age groups 64–75, 75–84, and 
84–99 as well as sex [20]. No effect modification by 
age or sex was found for the associations between any 
of the biomarkers and the odds of reaching age 100 
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(all p-values of the likelihood ratio test were >0.05). 
In a sensitive analysis, we additionally adjusted the 
logistic regression models for specific morbidities.

In the third step and in order to see if centenarians 
displayed homogenous biomarker profiles, we con-
ducted cluster analysis using K-median clustering using 
the Miclust R package (see supplemental materials for 
further details) [21]. Potential differences in biomarker 
values between the centenarian clusters and non-cen-
tenarians were explored by comparing the respective 
quantiles of each biomarker distribution among clus-
ters. Note that  results from quantile regressions are 
included in the supplemental materials. Age-stratified 
analyses (79 years old or less and 80 years old or more) 
were also conducted as a sensitivity analysis. These 
results are available in the supplemental materials.

All statistical analyses were conducted using R 
(version 4.1.2; R Foundation for Statistical Comput-
ing, Vienna, Austria).

Results

Of 44,636 participants, 5851 (13.1%) died before 
their 80th birthday, 21,234 (47.6%) between their 
80th and 90th birthdays, 16,327 (36.6%) between 
their 90th and 100th birthdays, and 1224 (2.7%) 
became centenarians. The mean age (SD) at first bio-
marker measurement was 79.6 (7.5) years for cente-
narians and 76.7 (6.2) years for non-centenarians. 
Half of the participants were followed for more than 
10 years after biomarker assessment and 13% were 
followed for more than 20 years. The mean follow-up 
time was 11.0 (SD 7.4) years. Table 1 shows baseline 
characteristics for centenarians and non-centenarians. 
The proportion of females was higher in centenarians 
(84.6%) than in non-centenarians (61.2%). Despite 
being on average older at first blood measurement, 
the prevalence of morbidities was lower among 
individuals becoming centenarians than among 

Table 1   Baseline 
characteristics for 
centenarians and non-
centenarians

a At the time of first blood 
sample

Centenarian
(N=1224)

Non-centenarian
(N=43,412)

Age at baseline measurement, N (%)a

  64–69 125 (10.2%) 6613 (15.2%)
  70–74 230 (18.8%) 10,362 (23.9%)
  75–79 312 (25.5%) 13,821 (31.8%)
  80–84 271 (22.1%) 8299 (19.1%)
  85–89 159 (13.0%) 3456 (8.0%)
  90–94 94 (7.7%) 790 (1.8%)
  95–99 33 (2.7%) 71 (0.2%)

Female, N (%) 1035 (84.6%) 26,567 (61.2%)
Comorbiditiesa, N (%)

  Myocardial infarction 13 (1.1%) 2259 (5.2%)
  Congestive heart failure 32 (2.6%) 3778 (8.7%)
  Peripheral vascular disease 5 (0.4%) 701 (1.6%)
  Cerebrovascular disease 24 (2.0%) 2650 (6.1%)
  Chronic obstructive pulmonary disease 3 (0.2%) 708 (1.6%)
  Chronic other pulmonary disease 14 (1.1%) 928 (2.1%)
  Rheumatic disease 10 (0.8%) 941 (2.2%)
  Dementia 3 (0.2%) 486 (1.1%)
  Diabetes without chronic complication 6 (0.5%) 1389 (3.2%)
  Peptic ulcer disease 12 (1.0%) 817 (1.9%)
  Malignancy 35 (2.9%) 2634 (6.1%)

Charlson Comorbidity Index, N (%)
  0 1079 (88.2%) 31,508 (72.6%)
  1 100 (8.2%) 5926 (13.7%)
  2 or more 45 (3.7%) 5978 (13.8%)
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non-centenarians. The proportion of participants 
with a CCI ≥ 2 was 3.7% in centenarians and 13.8% 
in non-centenarians. Congestive heart failure was the 
most frequent morbidity with a prevalence of 2.6% in 
centenarians compared to 8.7% in non-centenarians.

Figure 1 shows quantiles of each biomarker distri-
bution by sex and age at measurement for centenar-
ians and non-centenarians. The green area depicts 
clinically defined normal ranges for each biomarker. 

For ALAT, ASAT, albumin, iron, and TIBC, both 
centenarians and non-centenarians fell well within 
the normal ranges, whereas for ALP and LD both 
centenarians and non-centenarians had values higher 
than the normal range. Centenarians overall showed 
favorable levels of some biomarkers, for example, 
glucose, creatinine, and uric acid where lower levels 
are considered healthier. While median values were 
not different for centenarians and non-centenarians 

Fig. 1   Quantiles (10th, 25th, 50th, 75th, 90th) of biomarkers 
for centenarians and non-centenarians. Green areas show each 
biomarker’s normal range based on commonly used clinical 
thresholds (see supplemental table 1 for further details). Mul-
tiple imputed data were used and 44,636 participants were 

included. TC, total cholesterol; ALAT, alanine aminotrans-
ferase; ASAT, aspartate aminotransferase; GGT, gamma-gluta-
myl transferase; ALP, alkaline phosphatase; TIBC, total iron-
binding capacity
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for most biomarkers, differences appeared in the ends 
of the distributions; however, these differences were 
not always statistically significant (details on which 
quantiles were statistically significantly different are 
found in supplemental table 4). Similar results were 
observed using complete case data, when additionally 
stratifying non-centenarians into individuals living up 
to 90 years, and individuals living 90–99 years, and 
when showing the mean values and SD (supplemental 
fig. 1 and 2 and supplemental table 5).

While Fig.  1 primarily allows comparison within 
each biomarker, supplemental fig.  3 enables a com-
parison between the biomarkers. The horizontal axis 
has been standardized using each biomarker’s mean 
value and standard deviation measured in the entire 
cohort. Mean biomarker values are shown together 
with their 95% confidence intervals (CI). The differ-
ences in mean values between centenarians and non-
centenarians were most pronounced for creatinine and 
uric acid, however, not statistically significantly dif-
ferent in all age groups. In a sensitivity analysis, we 
additionally analyzed repeated measures for creatine. 
These results largely resembled those of the first 
measurements and centenarians retained creatine lev-
els at second measurement. Moreover, centenarians 
displayed a smaller change in values between first 
and second measurements than did non-centenarians 
(supplemental fig. 4).

Figure 2 shows the proportion of the study popula-
tion that became centenarians across quintiles of each 
biomarker. Quintiles are here based on the respective 
biomarker distribution for all individuals combined. 
Figure 2 also depicts odds ratios (OR) for becoming 
a centenarian adjusted for the age at biomarker meas-
urement, sex, and CCI. All but two of the studied bio-
markers were associated with the likelihood of reach-
ing age 100. For total cholesterol and iron, higher 
levels increased the odds, and for glucose, creatinine, 
uric acid, ASAT, GGT, ALP, LD, and TIBC lower 
levels increased the odds of becoming a centenarian. 
A dose-response relationship was found for uric acid; 
individuals within the lowest quintile had almost 
twice the chance of reaching age 100 compared to 
those in the highest quintile. As a comparison, the 
same analyses using complete case data are found in 
supplemental fig.  5 showing similar but more pro-
nounced associations. Additionally, adjusting for 
specific comorbidities did not change the results (sup-
plemental fig.  6). The sensitivity analyses for CRP, 

ASAT/ALAT ratio, and iron/TIBC ratio showed that 
low levels of CRP and a high iron/TIBC ratio were 
associated with a higher chance of becoming a cen-
tenarian, while no association was observed between 
ASAT/ALAT ratio and the chance of reaching age 
100 (supplemental fig. 7 and supplemental table 6).

Results from the cluster analysis identifying bio-
marker profiles within the centenarian population 
are presented in Fig. 3. We identified two subgroups 
(clusters) encompassing 47.0% and 53.0% of cente-
narians. We named cluster 1 “higher nutrition” and 
cluster 2 “lower but enough nutrition” because of 
a marked difference in TC, albumin, and TIBC and 
because, albeit lower in cluster 2 than in cluster 1, 
albumin values were well within the normal range in 
both clusters. Out of the 12 biomarkers, 9 were identi-
fied in the cluster analysis. Cluster 1 displayed higher 
quantile values than cluster 2 for all included bio-
markers but these differences were only statistically 
significant for TIBC (all quantiles), as well as TC and 
albumin (see supplemental table  7). Baseline char-
acteristics and a comparison of survival for the two 
clusters (no difference observed), as well as detailed 
information on variable selection are provided in the 
supplemental materials (supplemental table  8, sup-
plemental figs.  8 and 9, and accompanying text). 
Performing the clustering in age-stratified data and 
complete case data did not change the results (supple-
mental figs. 10-12).

Discussion

Our work is to date the largest study comparing 
biomarker profiles measured at similar ages earlier 
in life among exceptionally long-lived individu-
als and their shorter-lived peers. We compared the 
biomarker profiles of centenarians to be and their 
shorter-lived peers, investigated the association 
between a set of commonly measured biomark-
ers and the odds of becoming a centenarian, and 
explored how homogenous the biomarker profiles 
among the centenarian population were at earlier 
ages. We found that all included biomarkers except 
for ALAT and albumin were predictive for the 
likelihood of reaching age 100. Moreover, more 
than one decade before their 100th birthday, cen-
tenarians had more favorable biomarker levels than 
their same-aged peers and were rather homogenous 
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in terms of their biomarker profiles. Yet, two dis-
tinct profiles were identified. The “higher nutri-
tion” profile resembled more closely the profile of 
non-centenarians, while “lower but enough nutri-
tion” was characterized by more favorable bio-
marker levels. However, the differences were small 
and primarily found for TC, albumin, and TIBC. 
It is worth noting that the biomarkers accounting 
for the differences between centenarians and cen-
tenarians are not the same as those that distinguish 
centenarians from each other.

TC, albumin, and TIBC are affected by nutrition 
and inflammation status as well as by liver function and 
anemia. They are also used as surrogate markers for 
nutrition and inflammation status [22]. Yet, we did not 
observe differences in other biomarkers of inflammation, 
liver function, and anemia such as uric acid, ASAT, and 
iron within centenarians. Heterogeneity observed within 
the centenarian population regarding TC, albumin, and 
TIBC might thus be related to nutrition rather than 
inflammation, liver function, and anemia. This could 
perhaps be related to the research on caloric restriction 

Fig. 2   Association between 
biomarker quintiles and 
becoming a centenarian 
estimated with logistic 
regression adjusted for age, 
sex, and CCI. Biomarker 
quintiles are here based 
on the respective bio-
marker distribution for 
all individuals combined 
(both centenarians and 
non-centenarians). Multiple 
imputed data were used 
and 44,636 participants 
were included. TC, total 
cholesterol; ALAT, alanine 
aminotransferase; ASAT, 
aspartate aminotransferase; 
GGT, gamma-glutamyl 
transferase; ALP, alkaline 
phosphatase; TIBC, total 
iron-binding capacity; LD, 
lactate dehydrogenase; 
CCI, Charlson Comorbidity 
Index; OR, odds ratio; CI, 
confidence interval

Proportion of
centenarians, %

3.2
3.1
3.0
2.6
1.8

2.3
3.0
3.0
2.9
2.6
3.0
2.7
3.2
2.7
2.3

3.0
2.9
2.8
2.8
2.2

2.6
3.0
2.8
2.5
2.7

2.8
2.9
2.9
2.8
2.3

2.5
3.1
3.2
2.9
2.1

3.4
3.5
2.6
2.4
1.7

3.6
3.3
3.2
2.2
1.5

2.6
2.8
2.9
3.0
2.4

4.0
3.1
2.8
2.2
1.5

2.0
2.8
2.8
3.1
3.0

OR (95%CI)

1.06 (0.88, 1.27)
1.01 (0.82, 1.24)

Reference
0.87 (0.70, 1.07)
0.67 (0.53, 0.85)

0.73 (0.60, 0.88)
0.94 (0.77, 1.16)

Reference
1.00 (0.82, 1.21)
0.97 (0.80, 1.19)
0.94 (0.76, 1.16)
0.86 (0.70, 1.06)

Reference
0.84 (0.68, 1.04)
0.70 (0.56, 0.88)

0.96 (0.79, 1.16)
1.00 (0.82, 1.21)

Reference
1.06 (0.87, 1.28)
0.90 (0.73, 1.11)

0.89 (0.73, 1.09)
1.08 (0.89, 1.31)

Reference
0.90 (0.70, 1.16)
1.00 (0.80, 1.24)

1.02 (0.84, 1.24)
1.00 (0.82, 1.22)

Reference
0.91 (0.74, 1.12)
0.73 (0.58, 0.91)

0.81 (0.66, 0.99)
0.98 (0.79, 1.21)

Reference
0.92 (0.75, 1.12)
0.69 (0.56, 0.86)

1.10 (0.91, 1.34)
1.19 (0.98, 1.45)

Reference
0.94 (0.76, 1.16)
0.69 (0.54, 0.89)

0.89 (0.75, 1.06)
0.89 (0.75, 1.06)

Reference
0.77 (0.64, 0.94)
0.56 (0.44, 0.70)

1.06 (0.87, 1.30)
1.03 (0.83, 1.27)

Reference
0.96 (0.78, 1.17)
0.75 (0.60, 0.94)

1.20 (0.99, 1.45)
1.02 (0.83, 1.24)

Reference
0.83 (0.67, 1.04)
0.61 (0.47, 0.78)

0.80 (0.64, 1.00)
1.04 (0.85, 1.26)

Reference
1.05 (0.86, 1.29)
1.00 (0.82, 1.23)

Each range

− 4.6
4.7 − 4.9
5.0 − 5.3
5.4 − 5.9

6.0 −

− 13.0
13.1 − 15.0
15.1 − 18.0
18.1 − 21.0

21.1 −
− 51.0

51.1 − 56.0
56.1 − 59.0
59.1 − 64.0

64.1 −

− 0.2
0.3 − 0.3
0.4 − 0.3
0.4 − 0.4

0.5 −

− 39.0
39.1 − 41.0
41.1 − 42.0
42.1 − 43.0

43.1 −

− 2.4
2.5 − 2.8
2.9 − 3.2
3.3 − 3.9

4.0 −

− 0.3
0.4 − 0.3
0.4 − 0.4
0.5 − 0.4

0.5 −

− 0.2
0.3 − 0.3
0.4 − 0.4
0.5 − 0.6

0.7 −

− 72.0
72.1 − 81.0
81.1 − 89.0
89.1 − 101.0

101.1 −

− 5.4
5.5 − 5.9
6.0 − 6.4
6.5 − 7.2

7.3 −

− 249.2
249.3 − 291.2
291.3 − 332.6
332.7 − 389.6

389.7 −

− 5.2
5.3 − 5.8
5.9 − 6.4
6.5 − 7.1

7.2 −

TIBC
(umol/L)

Iron
(umol/L)

LD
(ukat/L)

ALP
(ukat/L)

GGT
(ukat/L)

Albumin
(g/L)

ASAT
(ukat/L)

ALAT
(ukat/L)

Uric Acid
(umol/L)

Creatinine
(umol/L)

Glucose
(mmol/L)

TC
(mmol/L)

0.4 0.6 1.0 1.5
Odds ratio

Q1 Q2 Q3 Q4 Q5• • 0 0 0 

----0----



1700	 GeroScience (2024) 46:1693–1702

1 3
Vol:. (1234567890)

and its association with longevity [23]. However, the 
role of caloric restriction for exceptional longevity is not 
known. Moreover, there was a clear difference in uric 
acid levels between centenarians and non-centenarians, 
which might point towards inflammation, rather than—
or in addition to—nutrition, playing an important role in 
determining who reaches age 100.

No association between albumin as a single 
marker and the likelihood of becoming a cente-
narian was observed. This contrasts with a previ-
ous study in which higher levels of albumin were 
associated with higher survival chances in older 
age [8]. However, the previous study analyzed the 
effect of albumin on continuously measured sur-
vival using survival analyses, whereas we exam-
ined a dichotomous outcome, i.e., whether or not 
an individual reached their 100th birthday. It is 
possible that albumin plays a role in survival at 
younger ages, but not in the chance of becoming 
exceptionally old. Moreover, lower albumin levels 
are associated with weight loss [24] and weight 
reduction has been reported to start about nine 
years before death [25]. Since non-centenarians in 
our study included many people that survived 10 
years or more after the biomarkers were measured, 
the measurement of albumin may have been too far 
away from the date of death to detect an effect. Our 
age-stratified analyses indeed indicated a stronger 
association between albumin and survival for those 
with near-death measurements, but the differences 
were not statistically significant.

Our results for the biomarkers of liver and renal 
function and of inflammation are in line with earlier 
research. Previous cohort studies have found low lev-
els of creatinine, biomarkers of liver and renal func-
tion (cystatin C and cholinesterase), CRP, and inflam-
mation to be predictive for exceptional longevity [7, 
8]. Creatinine is a biomarker of renal function and 
ASAT, GGT, ALP, and LD are biomarkers of liver 
function. Uric acid can be deemed both a biomarker 
of inflammation and an indicator of gout [26]. One 
hypothesis is that alcohol consumption may relate to 
exceptional longevity, since several alcohol-related 
biomarkers are higher in non-centenarians compared 
to centenarians, especially GGT, and ASAT. Uric 
acid, too, may increase due to alcohol consumption. 
In sensitivity analyses, we additionally analyzed 
the ASAT/ALAT ratio which, if above 2, it is a sign 
of alcoholic liver disease [27] and these analyses 
showed that the quotient was higher for non-centenar-
ians than centenarians. The difference was, however, 
rather small. Yet, the relationship between alcohol 
consumption, the biological response to it, and excep-
tional longevity may be an interesting topic for future 
research.

Most individuals, both centenarians and non-
centenarians, had values of ALP and LD outside the 
range considered normal in clinical guidelines. This 
is likely due to aging and the presence of age-related 
health conditions [28], as these guidelines are set 
based on a younger and healthier population. As such, 
clinically defined normal ranges might not always 

Fig. 3   Quantiles (10th, 
25th, 50th, 75th, 90th) 
of biomarkers included 
in the cluster analysis for 
centenarian clusters and 
non-centenarians. Green 
areas show each biomark-
er’s normal range based on 
commonly-used clinical 
thresholds (see supple-
mental table 1 for further 
details). Multiple imputed 
data were used and 44,636 
participants were included. 
TC, total cholesterol; 
GGT, gamma-glutamyl 
transferase; ALP, alkaline 
phosphatase; TIBC, total 
iron-binding capacity
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reflect the optimum for the oldest old. For example, 
we found that a higher total cholesterol level was 
associated with a higher chance of becoming cente-
narian, which stands in contrast to clinical guidelines 
regarding cholesterol levels [29] but is in line with 
previous studies showing that high cholesterol is gen-
erally favorable for mortality in very old age [30]. A 
previous cross-sectional study compared cholesterol 
levels among offspring of exceptionally long-lived 
individuals and age-matched controls and found 
slightly higher cholesterol levels among the offspring 
than controls [9]. Even if they could not observe the 
life spans of the offspring and controls, it might—in 
accordance with our work—indicate that high choles-
terol levels are more frequently observed among indi-
viduals predisposed to survive longer.

Our study has several strengths including a large 
sample size, a long-term follow-up, representative 
population (the chance of reaching age 100 was the 
same in the Amoris cohort as in the general popula-
tion of Stockholm), and access to high-quality register 
data allowing a complete follow-up of all participants. 
Moreover, the biomarkers were analyzed in the same 
laboratory with a consistently applied and well-doc-
umented methodology. However, our study also has 
limitations that should be considered when interpreting 
the results. First, we did not have access to all desired 
biomarkers potentially related to longevity, for exam-
ple, immunity biomarkers like white blood cells [26]. 
Immunity has been reported to be crucial in the aging 
process [17] and, moreover, better information regard-
ing inflammation would have been desirable, although 
we were able to include uric acid and analyzed sub-
samples with information on CRP. Finally, even if 
biomarkers to some extent reflect lifestyle factors, life-
style information such as smoking, alcohol consump-
tion, and physical activity would have allowed a bet-
ter understanding of how lifestyle factors relate to and 
interact with biomarker levels in exceptionally old age.

In conclusion, already from age 65 onwards, a 
difference in commonly available biomarkers was 
observed between individuals who eventually became 
centenarians and those who did not. Higher lev-
els of total cholesterol and iron and lower levels of 
glucose, creatinine, uric acid, ASAT, GGT, ALP, 
TIBC, and LD were associated with a greater likeli-
hood of becoming a centenarian. While chance likely 
plays a role for reaching age 100, the differences in 
biomarker values more than one decade prior death 

suggest that genetic and/or lifestyle factors, reflected 
in these biomarker levels may also play a role for 
exceptional longevity. Our work—to date the largest 
study on this topic—also shows that centenarians had 
homogeneous biomarker profiles which underscores 
the importance of specific biomarker characteristics 
in research on exceptional longevity.
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