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Predicting human phenotypes from
genotypes is a newly emerging field
with relevance for personalized
medicine [1] and forensics [2].
However, only a few phenotypic traits
can currently be identified from DNA
information with accuracies sufficient
for practical applications [1], most
notably human eye (iris) color [3]. It
could be expected that individual age
is too biologically complex to allow

a simple and accurate molecular
estimation from biological materials.
Indeed, previously proposed genetic
methods for human age estimation,
based on the accumulation of
mitochondrial DNA deletions or

on telomere shortening, show low

accuracies and various technical
problems, and are therefore not
suitable for practical applications
[4]. Proposed biochemical methods,
such as those based on the
accumulation of D-aspartic acid,
involve the destructive analysis

of specific body parts (such as
bones, teeth and ligaments), and
suffer from technical issues and
bio-degradation [4]. In the present
study, we demonstrate that human
individual age can be estimated
accurately and reliably from blood
using T-cell DNA rearrangements, and
we provide a robust and sensitive
real-time quantitative PCR protocol
for application in various areas of
bioscience.

T lymphocytes employ specific
receptors, called T-cell receptors
(TCRs), to recognize foreign antigens.
In order to create a broad repertoire
of TCR molecules, each immature
T lymphocyte undergoes unique
somatic rearrangements in its TCR
loci during intra-thymic development.
During this rearrangement process,
the intervening DNA sequences in the
TCR loci are deleted and circularized
into episomal DNA molecules, also
called signal joint TCR excision
circles (sjTRECs) [5]. One particular
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Figure 1. Age prediction from blood-derived DNA samples.

Linear regression of the relationships between human individual age and normalized sjTREC
abundance in peripheral blood of 195 individuals (dotted lines correspond to 95% prediction
interval) and the mean AUC values from 1,000 cross-validations in predicting age categories

each spanning 20 years.

sjTREC is the 6Rec-yJa sjTREC

that arises through an intermediate
rearrangement in the TCRD/TCRA
locus in developing TCRaef* T
lymphocytes (see Supplemental
Figure S1 in the online Supplemental
Information section). This sjTREC

is seen in approximately 70% of

all newly-formed mature TCRafp* T
lymphocytes [6] (see Supplemental
Information for more details). As
shown previously, there is a log-
linear decline in syTREC number with
increasing human age, reflecting a
life-long process of thymus involution
that starts shortly after birth by
replacement with adipose tissue
and consequent loss of thymic
function [7]. Here we show that this
biological phenomenon can be used
for estimating human individual age
accurately and reliably.

We employed a TagMan qPCR
approach to quantify sjTREC levels,
normalized to the single-copy albumin
gene to account for the amount of
input DNA, in whole-blood samples
of 195 healthy Dutch individuals
ranging in age from a few weeks to 80
years (for sample and methodological
details see Supplemental Information).
We then used the measured sjTREC
abundance as the single predictor
in a linear regression model,
which explained a large and highly
statistically significant portion of the
total age variance (R2 = 0.835,

P = 8.16x10215, standard error of the
estimate = 8.9 years; Figure 1). The
R? estimates were robust against
10,000 cross-validations with an 80%
training and 20% testing split (mean
R2 = 0.836, StD = 0.036): for further
details see Supplemental Information.
We subsequently employed a model-
based prediction approach using a
multinomial logistic regression model
[3] for estimating human age across
four categories each spanning 20
years that approximately correlate to
different generations. The prediction
accuracy was evaluated by means

of the area under the ROC curves
(AUC), ranging from 0.5 (random) to

1 (perfect) prediction, as well as by
using additional prediction estimates
(see Supplemental Information).

We obtained very high AUC values
(from 0.89 up to 0.97) for all four age
categories (Figure 1), which were
robust against the cross-validations
(see Supplemental Information).
Notably, the achieved AUC values
include the highest prediction
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accuracies obtained so far for any
human trait, including those recently
described for blue and brown
eye color [3] for which practical
application has been suggested
[8]. Furthermore, we tested for the
influence of sample storage time
by analyzing fresh and 1.5-year-old
blood samples of the same individuals
and found no statistically significant
difference between the sjTREC
quantifications (see Supplemental
Information for details). This provides
a first indication that our approach,
employing small amplicon sizes of
140 bp for siTREC and 118 bp for
albumin (used for normalization),
is remarkably robust against the
negative effects of DNA degradation
and can be successfully applied to
aged blood stains. Furthermore, the
test we propose here requires small
amounts of DNA; although all 195
samples were analyzed from 50 ng of
DNA to ensure accurate results, our
preliminary sensitivity testing revealed
that the assay works reliably from
5ng, at least in young individuals (see
Supplemental Information for details).
Unlike odontological or skeletal
approaches for age estimation
[9] or some biochemical methods
[4], our DNA-based approach
using blood does not require the
availability of invasive samples such
as bones or teeth, and thus expands
the availability of biological age
estimations for practical applications.
The sensitivity, high prediction
accuracy and apparent time-wise
stability are important prerequisites
for practical applications of the
proposed DNA age test. Within the
forensic context, our approach is
expected to provide investigative
leads in criminal cases by allowing
an accurate estimation of the
generation age (clearly reflected in
a person’s appearance) of unknown
individuals from minute blood stains.
Our approach is also expected to be
applied to disaster victim identification
where body parts (containing
blood) are available and where age
information can be crucial for final
identification. Furthermore, our
method is relevant for several other
practical applications, such as: in the
determination of ‘immunological’ age
(as compared to chronological age)
under certain conditions of aging
(immunosenescence) or disease; in
anthropological studies (including
ancient DNA studies) where the

age information of an individual is
important but not available; in clinical
applications where age records were
lost; and potentially for age estimation
in wild animals for ecological research
and wildlife management. The
application of our method is restricted
to blood samples and body parts
containing blood and is not possible
for other body parts or fluids, such as
semen or saliva, that do not contain

T cells in quantities required for
sjTREC detection.

Previous studies detected a slight
gender difference in age-dependent
sjTREC numbers [10], and we also
observed a small but statistically
significant gender effect on sjTREC
quantification (see Supplemental
Information). However, including
gender as an additional factor into
regression and categorical prediction
modeling did not alter the age
estimates to any significant level (see
Supplemental Information). A potential
drawback of the proposed age
estimation approach could be in the
effect of the immune system health
status on the sjTREC copy numbers
[7]- It remains to be addressed
in future studies whether severe
pathological conditions involving the
immune system, such as HIV/AIDS
or leukemia, substantially influence
the accuracy of this method. Another
issue to be evaluated is the potential
influence of a person’s bio-geographic
ancestry on our approach for age
estimation. Future research into
other aspects of age-dependent
biological changes may allow further
improvement of accuracy in individual
age estimation from biological
materials.
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