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Background and Objectives—Many laboratory tests have normal ranges that change with
age. While people older than 85 years of age are the fastest growing age group, distributions for
such tests at extreme old ages are unknown.

Design—Cross-sectional cohort study.
Settings—International cohort study.

Participants—~Participants of the Long Life Family Study (LLFS, n=~5,000, age range 25 to 110
years, median age 67, 45% males).

Measurements—Serum biomarkers were selected based on association with aging-related
diseases and included: complete blood count, lipids (triglycerides, HDL-c, LDL-c and total
cholesterol), 25-OH vitamin D2 and D3, and vitamin D epi-isomer, diabetes related biomarkers
(adiponectin, insulin, insulin-like growth factor 1 (IGF1), glucose, hemoglobin A1C, soluble
receptor for advanced glycation end-product (SRAGE)), kidney disease related biomarkers
(albumin, creatinine, cystatin), endocrine biomarkers (dehydroepiandrosterone (DHEA), and sex-
hormone binding globulin (SHBG), testosterone) markers of inflammation (interleukin 6 (IL6),
high-sensitive C-reactive protein, NT-proBNP), ferritin, and transferrin.

Results—Out of 38 measured biomarkers, 34 were significantly correlated with age. Summary
statistics were generated for all biomarkers according to sex and 5-year age increments, spanning
50 to 100+ years, after exclusion of participants with diseases and treatments that were associated
with biomarkers. We also generated a biomarker dataset that will be useful for other investigators
seeking to compare biomarker levels across studies.

Conclusion—Levels of several biomarkers change with older age in healthy individuals. The
descriptive statistics that we have identified herein will be useful in future studies and, if replicated
in additional studies, might become useful also in clinical practice. The availability of the
reference dataset will facilitate appropriate calibration of biomarkers measured in different
laboratories.

Keywords
Healthy aging; Long Life Family Study; serum biomarkers; reference values

Introduction

Many circulating biomarkers change with age independently of disease (1). Characterizing
age-adjusted distributions of these biomarkers in healthy older adults would therefore be
important to increase specificity of diagnosis, inform treatment and prevention, and limit
unnecessary procedures and treatments. Despite the fact that people over the age of 85 are
the fastest growing age segment of our population (2), characterization of many circulating
biomarkers for this age group remain incomplete, and changes at extreme old ages are
predicted from mathematical models (3). Furthermore, in those studies where data are
available for this age range, such as those reported by the NHANES (National Health and
Nutrition Examination Survey) (4), and by the Mayo Clinic, the data for age 85 and older are
aggregated, rather than differentiated into additional age subgroups. For example, the
NHANES and Mayo Clinic reported normal range for circulating levels of NT-proBNP (5) is
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truncated at age 83 (median age of survival for women of the 1940 birth year cohort (6)).
Although elevated NT-proBNP can be indicative of systolic dysfunction, atrial fibrillation
and some other age-related diseases (7), NT-proBNP levels can increase with age alone (8)
and therefore normal ranges specific for older ages in healthy individuals may be useful as a
reference marker for healthy aging. As another example, Mayo Clinic provides normal levels
of adiponectin corrected for body mass index (9), but this biomarker also increases
substantially with older age in people without heart disease, diabetes, or osteoporosis (10).
Similarly, the Mayo Clinic reports a normal range for testosterone for men older than 18
years (11), confounding the interpretation of normal values of testosterone in older men

(12). Similar concerns exist for other commonly assessed biomarkers, a number of which we
were able to address in this study.

The lack of known distribution of established and emerging biomarkers in people of older
ages was the rationale for determining summary statistics of 38 biomarkers according to sex
and 5-year age increments spanning 50 to 100+ years, in participants of the Long Life
Family Study (LLFS). The selected study participants were free of specific age-related
diseases at the time of blood collection and considered “clinically healthy” (13). The 38
biomarkers included commonly used laboratory data such as cholesterol, but also emerging
biomarkers like soluble receptor for advanced glycation end-product (SRAGE). We also
generated a biomarker data set that will be useful for calibration of biomarkers measured in
different laboratories.

Material and Methods

Study population

Biomarkers

The LLFS is a family-based, longitudinal study of healthy aging and longevity that enrolled
approximately 5,000 subjects between 2006 and 2009 via three American and one Danish
field centers. Probands were screened for inclusion using the Family Longevity Selection
Score (FL0SS), which scored the degree of familial longevity using sex and birth-year
cohort survival probabilities of the proband and their siblings (14). Eligibility of sibships for
the study was based on a FLoSS score >7, lack of detectable cognitive impairment in the
proband, and having at least one living sibling. Socio-demographic, medical history data,
and current medical conditions and medications were collected via in-person visits for all
subjects as described in (13, 15). A sensitive diagnosis of cognitive impairment suggestive of
Alzheimer’s disease was based on the algorithm described in (16). Medications were
grouped into categories including anti-hypertensives, anti-anginals, oral hypoglycemics and
insulin, and lipid-lowering drugs as described in (13). All data are available from dbGaP
(dbGaP Study Accession: phs000397.v1.p1). All participants underwent informed consent.

Fasting blood samples were obtained following a standardized venipuncture protocol by
staff at the LLFS baseline visit. Approximately 50 mL of blood specimens were collected
according to the standardized protocol (13). The serum tubes were kept at room temperature
for 30-45 minutes prior to centrifugation to allow for clotting and centrifuged on site at
3000 x g for 10 minutes. The centrifuged serum tubes along with the other unprocessed
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blood tubes were shipped to the Advanced Diagnostics and Research Laboratory (ARDL) at
the University of Minnesota. To evaluate peripheral blood mononuclear cells, the
anticoagulated EDTA tubes were centrifuged at 3000 x g for 30 minutes at 15°C. An
unprocessed EDTA tube was used for measurement of complete blood counts. All serum,
plasma aliquots and RNA samples were stored at -80°C until analysis. The central laboratory
maintains a biorepository of plasma, serum, genomic DNA, and RNA for future analysis.
Description of the assays and their accuracy is available from https://dsgweb.wustl.edu/lIfs/.

The biomarkers were selected based on known or hypothetical association with aging-
related diseases and include: complete blood count, lipids (triglycerides, HDL-c, LDL-c and
total cholesterol), 25-OH vitamin D2 and D3, and vitamin D epi-isomer, diabetes related
biomarkers (adiponectin, insulin, insulin-like growth factor 1 (IGF1), glucose, hemoglobin
A1C, soluble receptor for advanced glycation end-product (SRAGE, adiponectin)), kidney
disease related biomarkers (albumin, creatinine, cystatin), sex hormone markers
(dehydroepiandrosterone (DHEA), sex-hormone binding globulin (SHBG), testosterone)
markers of inflammation (interleukin 6 (IL6), high-sensitive C-reactive protein, NT-
proBNP), ferritin, and transferrin.

Statistical analysis

38 biomarkers were included in the analysis. Undetectable levels of IGF1R, DHEA, ferritin,
hsCRP, insulin, vitamin D2 were imputed using uniform distributions between 0 and the
lower detection level. Significant correlation of each biomarker with age at enroliment was
tested using Pearson correlation coefficient and t-test. The results are summarized in Table 1.
Associations of each individual biomarker with age-related diseases collected at the
enrollment, fasting status (whether or not individuals fasted > 8 hours before blood draw),
and medications for heart disease, hypertension, diabetes, or elevated LDL or total
cholesterol, were tested using age and sex standardized biomarkers as outcomes of linear
regression models. Age standardization was conducted in a model-free way, using 5 year-
age intervals <50, 50-54, 55-59,..., 96-99 and >=100, based on enrollment ages.

Yi — Hage,sex
Specifically, for each biomarker we computed the standardized data as “i— Cagesex
WHhEre Wage, sex aNd o 496, sex are age-strata and sex specific mean and standard deviation using
5 year-age intervals <50, 50-54, 55-59,..., 96-99 and >=100, based on enrollment ages.
This model-free standardization was used to avoid using a linear dependency of biomarker
data with age that is often not satisfied. Some biomarkers were log-transformed
(adiponectin, creatinine, hsCRP, cystatin C, HBALC, ferritin, IGF1, IL6, insulin, NT-
proBNP, SRAGE, transferrin) or cubic-root transformed (Absolute basophils, eosinophils,
monocyte counts, vitamin D2, DHEA, SHBGE) before standardization. Supplement Table 1
summarizes the results. This preliminary analysis identified the diseases and conditions that
could affect the steady-state level of each biomarker and, for each biomarker, summary
statistics of the raw data were computed on the subset of LLFS participants who did not
present with those diseases or conditions at enrollment and represented the “healthy cohort”
in LLFS. Summary statistics included sample size, range, 2.51, 50, and 97.5! percentiles.
Distribution of biomarkers was displayed using boxplots for sex and 5-years strata (Table 2,
Figure 1, Supplement Table 2 and Supplement Figures). The data used to generate the
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reference summary statistics are available from https://dsgweb.wustl.edu/lIfs/. All analyses
were conducted with the statistical software R v3.0 using in-house scripts.

LLFS participants have been described at length in several manuscripts, see for example (13,
15). The study enrolled participants from families with evidence of longevity, and 4704
participants had blood samples collected at enrollment. These participants included
approximately 45% males, 99.3% Caucasians, and had detailed information about medical
history, medications, and major health conditions at the time of enrollment.

Thirty eight biomarkers were measured on all LLFS participants based on known or
hypothetical association with aging-related diseases. Thirty four of these biomarkers
displayed a statistically significant association with age at enrollment (Table 1), while
absolute basophil and lymphocyte counts, triglycerides, and insulin did not show significant
changes with older age. Correlations with age ranged between -0.4 (DHEA) and 0.6
(Cystatin) and were very small for some biomarkers suggesting either small changes with
age (for example ferritin) or non-linear changes (for example Vitamin D3). All biomarkers
were analyzed for association with fasting status (whether participants were fasting for more
than 8 hours at time of blood collection), with each of the 4 categories of medications, and
with age-related diseases as reported at enrollment. For this analysis, data on different types
of cancer (excluding prostate cancer) were aggregated, because of the small prevalence of
individual cancers (Supplement Table 1). This analysis identified the disease set and
treatments associated with each biomarker. To generate summary values for healthy aging,
we removed values for individuals with reported diseases that we found associated with
individual biomarkers. We also removed measurements taken in participants who were not
fasting for at least 8 hours before the blood draw, or treated with medications that were
associated with significantly different biomarker levels. Participants’ selection was done for
each biomarker, so that the number of healthy individuals available for each biomarker
varied slightly. As an example, Table 2 shows summary statistics for NT-proBNP and
SRAGE, and Figure 1 displays the distribution of the two biomarkers, stratified by sex and
5-year age groups.

Summary statistics by age groups and sex and graphical displays of additional biomarkers
with >10% correlation with age at enrollment are available in Supplement Table 2.
Summaries of all 38 biomarkers are distributed from the LLFS web site together with the
companion dataset (https://dsgweb.wustl.edu/lIfs/). The plots in Figure 1 and Supplement
Figures show that the distributions of some biomarkers changed substantially over a range of
50 years, in both sexes. For example median levels of cystatin or DHEA differed by more
than 2 fold, while median levels of NT-proBNP changed by more than 10 folds. Some of the
most evident changes in distributions occurred at late ages (for example the distribution of
adiponectin changed after age 75) while for other biomarkers the changes occurred
continuously with older ages. Some biomarkers were characterized by smaller changes in
the range of 1.5 folds. The distributions of hematocrit, hemoglobin, CRP, IL6, RBC, and
RDW in males aged 100+ were very different from the other age groups, but only a small
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number of males were available to calculate the summary statistics of those biomarkers (n=2
to 4).

Discussion

In this study, we generated age-based summary statistics for 38 circulating biomarkers in
healthy older adults enrolled in the LLFS. These data integrate existing information about
biomarkers commonly used to monitor the health of older individuals by providing
descriptive statistics ranging from <50 up to age 100 and older, stratified by age and sex. We
also provide descriptive statistics for emerging biomarkers of aging. While there is a
plethora of epidemiological studies of aging that report reference values in the 50-75 years
range (17), very little data is available for older ages and virtually no data is available for
ages 90 and older. The summary statistics that we generated highlight the importance of
using appropriate age-specific reference values for very old individuals, because their values
can vary substantially at extreme ages, even in healthy people. For example Figure 1 shows
the steady increase in levels of NT-proBNP in both males and females with increasing older
age, and emphasizes the only partial overlapping of interquartile range observed for example
for the age groups 80-84 and 90-94.

In the clinical laboratory medicine literature, it is commonly assumed that calculation of
reference intervals requires a minimum of 120 individuals. Since most clinical laboratories
do not have the resources to establish a reference range for their analytes, most laboratories
verify the reference range supplied by the manufacturer by running 30—40 samples. The age
group “100 and older” includes a smaller number of participants compared to other age
groups (Table 2 and Supplement Table 2). Rather than combining males and females
together and reporting aggregate data, we present the data stratified by sex with a note of
caution that the sample sizes are small thus reducing the reliability of these reference values.
Results are presented for all races combined. Exclusion of the 17 subjects of African
ancestry did not change the summary statistics substantively.

One potential weakness of this study is that we selected individuals to be included in the
analysis based on the lack of disease as reported at enrollment. Although there may be LLFS
participants who did not report diseases at enrollment, we hypothesize that this rate of
undetected cases is low because the prevalence of aging-related diseases in LLFS is low.
LLFS investigators have shown that this cohort is enriched of healthy agers and has a lower
prevalence of aging-related diseases compared to other studies (13, 15, 16). Furthermore, the
summary statistics that are provided in Supplement Table 2 include different ranges based on
quartiles, deciles, and percentiles so that more conservative ranges of values can be used if
needed.

It is important to emphasize that, while this report provides novel and useful data to study
aging, these results are not yet usable in a clinical setting. There are several aspects of LLFS
bio-specimen collection protocol and processing that are unique to this study, for example
overnight shipping of samples and processing and freezing of samples 24-48 hours after
blood collection. These issues limit the applicability of this study to clinical laboratories
with standard operating procedures. Also, about 75% of LLFS members have evidence for
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familial longevity and tend to be healthier than participants in other studies (13, 15), hence
these values may not reflect what might be observed in the general population. It is an open
question whether the calculated statistics in LLFS represent what healthy aging individuals
should be compared to or aim for, or whether for example genetic variants associated with
longevity may actually affect the distribution of these biomarker data. The analysis also
includes family members who may have more similar biomarker data because of shared
environment and genetics. Since the analyses are presented stratified by age groups and sex,
the number of related people per stratum is typically small (approximately 10% on average
and essentially null in the oldest age strata) so we ignored corrections for relatedness. Wider
ranges of values could be observed in healthy agers randomly selected from the population
and only access to larger datasets will provide comprehensive data.

Additionally, the companion dataset that is distributed from https://dsgweb.wustl.edu/lIfs/
includes data of all 38 biomarkers, for the sex and age groups used in the manuscript and
will be useful to the scientific community in assessing and comparing biomarker levels
across multiple studies. A challenge of comparing biomarkers from different studies of
aging is that such comparisons can be confounded by laboratory-specific biases that are not
easy to account for without access to the raw data. The companion data set can be used to
calibrate biomarker data across different studies by using appropriate statistical analysis of
the biomarker data aggregated from different studies to produce estimates of laboratory
effects that can be used to remove lab-specific biases.

Finally, this manuscript did not attempt to characterize underlying changes in biomarker
levels and their implication on disease prognostics/forecasting, health span and lifespan. We
showed that the distribution of many circulating biomarkers are different in various age
groups in a large sample of individuals who are clinically healthy, and we provided summary
statistics that describe these differences over a wide range of ages. More work is needed to
understand the biological mechanisms underlying these differences and the implication on
health-span and lifespan. By showing that the distributions of many biomarkers vary with
age and sex in apparently healthy people, we expect that this data will be an important
reference for future studies of biomarkers of aging and for the generation of biomarker
signatures that characterize specific aging-related processes or diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of Biomarkers with significant correlation with age at enrollment

Biomarker Correlation Pvalue
Abs. eosinophil count 0.0812  6.05E-08
Abs monocyte counts 0.2058 <1E-253
Abs. neutrophil count 0.2437 <1E-253
Adiponectin 0.3178 <1E-253
Albumin —-0.3615 3.35E-145
Creatine 0.3073 <1E-253
High sensitive CRP 0.1489 <1E-253
Cystatin 0.6294 <1E-253
Vitamin D3 -0.1086 8.23E-14
Vitamin D2 0.0731 6.05E-07
Vitamin D (epi-isomer) —-0.0945 8.33E-11
Total Choleststerol -0.1832  9.04E-37
HDL Cholesterol -0.0989 1.09E-11
LDL Cholesterol -0.1688  2.10E-31
Ferritin 0.0438 0.003347
DHEA -0.4766  9.06E-253
Glucose 0.0775 1.11E-07
Hemoglobin -0.3427 1.06E-129
HA1C 0.2161 <1E-253
IL6 0.2101 <1E-253
1gfl -0.1586 1.27E-26
Hematocrit -0.2770  1.38E-83
MCV 0.1790 <1E-253
MCH 0.0314  0.031319
MCHC -0.1603  1.86E-28
NT-proBNP 0.3793 <1E-253
Platelets -0.1030 1.42E-12
RBC count -0.3477 9.22E-134
Red cell distribution width % 0.3191 <1E-253
SHBG 0.2835 <1E-253
SRAGE 0.2622 <1E-253
Testosterone -0.0677 3.32E-06
Transferrin receptor 0.1377 <1E-253
WBC count 0.1855 <1E-253
Abs. basophil counts 0.0174 0.25747
Abs. lymphocyte counts 0.0040 0.78653
Insulin -0.0197 0.17969
Triglycerides -0.0142 0.33107
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Pearson correlation coefficient and the p-value from the t statistic to test the null hypothesis of no correlation with age. The 4 biomarkers at the
bottom of the table did not show a significant correlation with age at enroliment.
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