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Abstract

Biomarkers of aging serve as important outcome measures in longevity-promoting interventions. However, there is limited consensus on which
specific biomarkers are most appropriate for human intervention studies. This work aimed to address this need by establishing an expert con-
sensus on biomarkers of aging for use in intervention studies via the Delphi method.

A 3-round Delphi study was conducted using an online platform. In Round 1, expert panel members provided suggestions for candidate biomark-
ers of aging. In Rounds 2 and 3, they voted on 500 initial statements (yes/no) relating to 20 biomarkers of aging. Panel members could abstain
from voting on biomarkers outside their expertise. Consensus was reached when there was >70% agreement on a statement/biomarker.

Of the 460 international panel members invited to participate, 116 completed Round 1, 87 completed Round 2, and 60 completed Round 3.
Across the 3 rounds, 14 biomarkers met consensus that spanned physiological (eg, insulin-like growth factor 1, growth-differentiating factor15),
inflammatory (eg, high sensitivity C-reactive protein, interleukin-6), functional (eg, muscle mass, muscle strength, hand grip strength, Timed-
Up-and-Go, gait speed, standing balance test, frailty index, cognitive health, blood pressure), and epigenetic (eg, DNA methylation/epigenetic

clocks) domains.

Expert consensus identified 14 potential biomarkers of aging which may be used as outcome measures in intervention studies. Future aging
research should identify which combination of these biomarkers has the greatest utility.

Keywords: Consensus, Delphi method, Longevity
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Biomarkers of ageing for use in human intervention studies:
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By 2030, it is estimated that 1 in 6 people globally will be
aged over 60 years. Meanwhile, the number of adults aged
>80 years is predicted to triple between 2020 and 2050,
reaching 426 million (1). Aging is associated with poorer
health, reduced physiological reserve, and lower survival
rates due to the accumulation of molecular and cellular
damage and is generally accompanied by an increased risk
of acute and chronic conditions. However, there is hetero-
geneity in aging trajectories between individuals due to
differences in genetic background, as well as lifestyle and
environmental exposures. Understanding the underlying
mechanisms of the aging process and identifying strategies
to improve the aging trajectory is a major research and pub-
lic health priority.

Biomarkers of aging can be defined as “quantitative param-
eters of an organism that, either alone or in a composite,
predict biological age and ideally its changes in response to
age-related interventions” (2,3). Biomarkers of aging can be
used to understand and monitor the aging process and can

help strengthen understanding of the factors responsible for
inter-individual differences in aging.

Previous research (3-12) has provided guidance on the
features of an appropriate biomarker of aging, including: (1)
relevance to aging; (2) minimally invasive and reliable mea-
surement; (3) prediction of functional/biological aspects of
aging, for example, mortality, better than chronological age;
(4) responsiveness to longevity-promoting interventions; (5)
being quantifiable without subjective assessment; (6) results
generated by an assay that is adaptable to routine clinical
practice and has a timely turnaround (ie, in days vs weeks);
(7) high sensitivity and specificity; (8) detectability using
easily accessible specimens; and (9) the ability to monitor
aging independent of the effect of disease processes (13-15).
Although research in this field is growing, with established
biomarkers of aging consortia (3,7,16) contributing to this
area, there is currently no international consensus on the
most appropriate biomarkers currently available for use as
outcomes in human intervention studies.
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Therefore, the primary aim of this study was to establish a
multi-national consensus on appropriate biomarkers of aging
for use in human intervention studies. The secondary aim was
to provide insight into the suitability of the recommended bio-
markers for use in different research settings (which has been
highlighted as a research priority in recent reviews) (3,17). It
is anticipated that the findings from this study, in conjunction
with the results of longitudinal studies focusing on biomark-
ers, may help inform the design of future intervention studies
investigating the aging process.

Method

Delphi Method

The Delphi method is a flexible, scientific approach for
providing expert consensus on any given topic, especially
when empirical evidence is limited or controversial (18,19).
Although there is no universally accepted framework for con-
ducting a Delphi method, some key features include: (1) ano-
nymity of panel members, allowing for the removal of bias
associated with opinions; (2) controlled feedback; (3) viewing
of the overall group response; and (4) adoption of an itera-
tive approach (usually 3 rounds) (19,20). For this study, data
were collected and managed using REDCap electronic data
capture tools (21,22). Data collection took place between
October 2023 and February 2024. Following each round,
responses were analyzed by the research team (GP, CF, EP,
VIK, OMS) and feedback was provided to the panel members
after anonymization.

Selection and Recruitment of Expert Panel
Members

Diversity in the demographics and professional experience
of panel members is a preferred criterion of Delphi meth-
ods (19). Therefore, expert panel members (researchers and
clinicians) from a range of aging-related disciplines were
invited to participate based on their expertise or experience
in aging and/or biomarker research. Panel members were
required to have >1 first or last author publication involving
biomarkers of aging and/or be an applied practitioner/clini-
cian with practical experience of working with older adults
(65+ years) and using biomarkers to predict future health/
longevity. In addition, panel members were required to be
English-speaking and aged >18 years. Invitations were sent
out to pre-identified researchers via emails and ResearchGate
(https://www.researchgate.net/). Invitations were also distrib-
uted via learned societies and research groups/networks asso-
ciated with aging and biomarker research to ensure a broad
coverage of researchers in the field of aging (Supplementary
Table 1).

Panel members were asked to share their age, area of exper-
tise, associated research group, career stage, career location,
and clinician status. During the recruitment process (which
was conducted parallel to Round 1), purposive sampling
was used to maximize the diversity of expertise and global
representation in the panel. If specialist areas were missing,
attempts were made to recruit panel members with expertise
in these areas. A dropout rate of 20% was anticipated over the
3 rounds (23,24) and, considering the breadth of this research
topic, we aimed to recruit >50 panel members to capture a
variety of opinions from different disciplines. It is of note that
there are currently no guidelines on selecting a sample size for
multi-disciplinary research using the Delphi approach (23)

although ~20 panel members have been deemed sufficient
for homogeneous samples (25). Finally, panel members who
completed the 3 rounds had the opportunity to be involved in
the manuscript as co-authors.

Ethics

Newcastle University granted ethical approval for this study
(35295/2023). Panel members provided informed consent
using REDCap before commencing Round 1.

Pilot Testing

Prior to Round 1, different options for the open-ended ques-
tion were pilot tested on native and non-native English speak-
ers. Ten researchers at Newcastle University (UK) were asked
to provide feedback on comprehensibility and select their pre-
ferred wording for the question. The highest scoring question
was selected for use in Round 1.

Round 1

Consenting panel members were directed to Round 1 of the
Delphi study automatically. Panel members were provided
with a definition of “biomarkers of aging” (13) and “aging”
(26) as a guide to ensure consistent interpretation of the open-
ended question. Panel members were presented with the fol-
lowing open-ended question: “Please list all biomarkers of
ageing which you would recommend for use as an outcome
measure in intervention studies in humans.” This was followed
by a free text box for responses. Presenting an open-ended
question was considered preferable over proposing a list of
biomarkers by the research team to minimize bias introduced
by researcher opinions. Panel members were provided with
6 weeks to complete Round 1. Automated reminder emails
were sent weekly to maximize response rate.

Round 2

The answers from Round 1 were collated and biomarkers
with similar constructs were manually grouped and refined.
Biomarkers were selected for Round 2 if they were suggested
10 or more times. The use of this threshold for selecting bio-
markers for Round 2 was based around a practical decision
to minimize panel member burden by avoiding the inclusion
of potentially irrelevant biomarkers. An invitation to Round
2 was sent out to panel members who completed Round 1.
In this round, panel members were asked to appraise only
those biomarkers which they believed to be within their area
of expertise. Panel members were asked whether they would
recommend the biomarker for use in intervention studies
and were also presented with an additional 25 statements
regarding the suitability of the biomarker for use in interven-
tions (Table 1). The 25 statements were based on previous
literature associated with biomarkers of aging (13-15,27).
Responses for each biomarker were binary (yes or no) with
the option to skip a question if a panel member was unsure,
did not have expertise in that biomarker, or felt there was not
enough evidence to answer.

A threshold was set a priori to determine the level of agree-
ment required for consensus. Consensus was determined as
70% or more of panel members agreeing on a statement. If
a biomarker reached this threshold, it was accepted as hav-
ing reached consensus and removed from further voting in
Round 3. All statements for which there was less than 50%
agreement between panel members were removed from fur-
ther voting due to perceived redundancy. Statements that did
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Table 1. A List of Statements (Referred to Here as “Statements”) Provided to Panel Members for Each Biomarker in Round 2 and Round 3 (When

Required)

Statements

Do you have expertise in this biomarker?

Would you recommend this as an appropriate biomarker of aging for use in intervention studies?

Statements

Suitable as an outcome for acute intervention studies?
Suitable as an outcome for short-term intervention (<3 months) studies?
Suitable as an outcome for medium-term intervention (3—6 months) studies?

Suitable as an outcome for long-term intervention (26 months) studies?

Suitable for field settings?
Suitable for cognitively impaired participants?
Suitable for frail participants?

Does the act of measuring this biomarker accelerate aging?

¥ P NN R DD

Is it clinically validated (ie, has it been validated for use in clinical settings against set clinical standards)?

10. Is it mechanistically validated (ie, does the biomarker reflect underlying cellular and molecular mechanisms of aging)?

1. Is it generalizable (ie, does the biomarker function across different applications, eg, cell type, organ, system, human populations)?

12. Is it precise (ie, repeatable, and reproducible)?

13. Is it reliable (ie, repeatable with minimal technical variability)?

14. Are sampling and source materials easily obtained including collection, storage, and processing?

15. Are complex models or software required for interpretation?
16. Is it sensitive?

17. Is it specific?

18. Can it be blinded to participants?

19. Can it be blinded to researchers?

20. Can it be blinded to data analysts?

21. Does it predict functional aspects of aging better than chronological aging?

22. Is it responsive (ie, does it respond to accelerated or decelerated aging)?

23. Is this biomarker of...

e  Minimal burden

e Moderate burden

e Burdensome

24. Is this biomarker...

e Noninvasive

e Moderately invasive

e Invasive

25. Is this biomarker of...

e Minimal financial cost (<$10/participant)

e Low financial cost ($10-50/participant)

® Moderate financial cost ($51-100/participant)
e High financial cost ($101-1000+/participant)

not reach consensus but for which there was moderate agree-
ment between panel members (51%-69%) were reevaluated
in Round 3. These thresholds were selected based on previ-
ous Delphi methods, including those exploring biomarkers
(28-30). When calculating the percentage of responses for
each statement, the denominator was based on the number
of panel members who reported expertise for that particu-
lar biomarker. Panel members were provided with 5 weeks
to complete Round 2 and automated reminder emails were
sent weekly.

Interim Round

Prior to Round 3, panel members were given the opportunity
to share any feedback on the content of Round 2. A text box

was provided for suggestions (eg, to improve the wording of
the statements to better reflect the views of the panel) that
may increase the likelihood of achieving consensus in Round
3. Panel members were also able to see the list of biomarkers
that had not yet reached consensus and would be reevaluated
in Round 3. Panel members were provided with 1 week to
complete this Round.

Round 3

Round 3 was the final round of the survey in which all state-
ments (biomarker recommendations and statements) that had
not yet reached consensus were reevaluated. In this round,
the results from Round 2 were shared anonymously with
the panel members who completed Rounds 1 and 2. Panel
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members were able to view their previous responses, along-
side a summary of the overall group voting from Round 2.
They then had the option to keep or alter their responses in
consideration of the responses from the wider panel. Panel
members were asked to appraise all statements which had
not yet reached consensus. Panel members were also asked
an additional question on whether they would recommend
composite biomarkers for use in intervention studies. Panel
members were provided with 3 weeks to complete Round 3
and automated reminder emails were sent weekly.

Data Analysis

Counts and percentages of responses for each statement and
biomarker were calculated for each round on Microsoft
Excel. Descriptive analyses were performed using SPSS (ver-
sion 26) (SPSS Inc., Chicago, IL). Frequencies of responses
(yes/no) determined the level of agreement in each round and
dictated which biomarkers would be reevaluated in Round 3.
Chi-square tests were used to compare the differences in char-
acteristics in panel members across the 3 rounds to evaluate
risk of selection bias.

Results

In total, 460 invitations were sent to potential panel mem-
bers. Of these, 150 panel members (32% response rate) con-
sented to participate, of whom 116 (77%) completed Round
1. Eighty-seven panel members (75%) completed Round 2
and 60 (69%) completed all 3 rounds. There were more non-
clinicians (73 %) than clinicians, with a slightly larger percent-
age of panel members in senior roles (self-defined long-term
career stages with higher levels of autonomy, responsibility, or
leadership) (42%) and the majority of these resided in Europe
(65%) (Supplementary Table 2, Supplementary Figure 1).
There were no differences in characteristics of the panel mem-
bers across the rounds (clinician vs non-clinician, career stage,
country of location, p > .05, data not shown). A flow diagram
of the process and the results are displayed in Figure 1.

A total of 460 biomarkers of aging were suggested in
Round 1, which were reduced to 341 when categorized into
major themes (Supplementary Table 2). Of these, 20 bio-
markers were mentioned >10 times. These biomarkers were
appraised by the panel in Round 2, and included: physiological
(insulin-like growth factor 1 [IGF-1], growth-differentiating
factor-15 [GDEF-15], glucose, glycated hemoglobin [HbA1c],
cholesterol), inflammatory (high sensitivity C-reactive protein
[hsCRP], interleukin-6 [IL-6]), functional (muscle mass, mus-
cle strength, hand grip strength [HGS], Timed-Up-and-Go
[TUG], gait speed, standing balance test [SBT], frailty index,
cognitive health, blood pressure), and genetic/epigenetic (telo-
mere length, DNA methylation, epigenetic clocks) domains.

In Round 2, 14 of the 20 potential biomarkers reached con-
sensus. Two biomarkers were removed from further voting
due to a lack of agreement, and 4 biomarkers were carried
over to Round 3 for reevaluation (Figure 2A). Biomarkers
that met consensus as a suitable biomarker of aging were:
IGF-1, GDF-15, hsCRP, IL-6, muscle mass, muscle strength,
HGS, TUG, gait speed, SBT, frailty index, cognitive health,
and DNA methylation and epigenetic clocks which were
merged into one biomarker for Round 3 due to similar-
ity since epigenetic clocks typically use DNA methylation
data. Biomarkers that attained less than 50% agreement
between panel members, and thus were removed from further

Survey Development

Open-ended question “Please list all biomarkers of ageing
which you would recommend for use as an outcome
measure in intervention studies in humans®

Survey
Development

Sent to 460 invitees with knowledge in biomarkers of ageing
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panel members
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Biomarkers = 14
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Figure 1. Flow diagram of the Delphi process and results with indications
of biomarkers and statements reaching consensus across each round.
Numbers in parentheses indicate the numbers of statements reaching
consensus (yes or no). *In Round 2, two biomarkers were amalgamated
thus reducing the total number of statements from 500 to 475 and
resulting in a total of 13 accepted (yes) by the end of Round 2, 125
undecided, and 59 removed biomarkers.

consideration, were cholesterol and glucose. Biomarkers
reaching moderate consensus and further evaluated in Round
3 were TNF-a, HbAlc, blood pressure, and telomere length.
In Round 3, 1 biomarker (blood pressure) reached con-
sensus and 3 biomarkers (TNF-a, HbAlc, telomere length)
attained less than 70% agreement across 60 panel members
(Figure 2B and C). Biomarkers which were not recommended
(£50% agreement) were glucose and cholesterol; biomarkers
which had moderate agreement (51%—-69% agreement) were
TNF-a, HbAlc, and telomere length; and biomarkers that
were recommended (>70% agreement) were IGF-1, GDF-135,
hsCRP, IL-6, muscle mass, muscle strength, HGS, TUG, gait
speed, SBT, frailty index (eg, Fried, Rockwood Mitnitski),
cognitive health (eg, Montreal cognitive assessment), blood
pressure, and DNA methylation/epigenetic clocks. Full details
of the level of agreement for the statements are listed in
Supplementary Material (Supplementary Tables 4-23).

Statements Achieving Consensus

Panel members were presented with a total of 500 statements
for appraisal at the start of Round 2. In this round, 310 state-
ments (62%) met consensus (90% “yes,” 10% “no”), 130
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Figure 2. Summary of overall responses (yes/no) to biomarkers. (A) 20
biomarkers from Round 2, (B) 4 biomarkers recirculated for Round 3, and
(C) Total recommended biomarkers. Black bars indicate % of responses
denoted to not recommend the biomarker and dark gray bars indicate

% of responses denoted to recommend the biomarker. Dashed line
indicates the 70% threshold. GDF-15: growth differentiation factor 15;
HbA1c: glycated hemoglobin; HGS: hand grip strength; hsCRP: high
sensitivity C-reactive protein; IGF-1: insulin-like growth factor 1; IL-6:
interleukin-6; SBT: standing balance test; TNF-a: tumor necrosis factor
alpha; TUG: Timed-Up-and-Go.
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Figure 3. A summary of overall responses across Round 2 and Round 3.
Statements are divided by those that were removed as agreement was
<50% (white), those that were undecided as agreement was 51%-69%
(striped), those that reached consensus for “No” with agreement

at 270% (black), and those that reached consensus for “Yes" with
agreement at >70% (dark gray).

(26%) did not pass the threshold for consensus (51%-69%
agreement), and 60 (12%) were removed due to either poor
agreement between panel members (<50% agreement) or
because their associated biomarkers were removed from vot-
ing (Figure 3). As noted, prior to Round 3, two biomarkers
“DNA methylation” and “epigenetic clocks” were amalgam-
ated. When accounting for the amalgamation of these bio-
markers (and thus the collapse of 50 statements associated

with these biomarkers into 25 statements), the resulting total
number of statements which met consensus, did not pass the
threshold for consensus, and were removed was 291 (61%,
88% “yes,” 12% “no”), 125 (26%), and 59 (12%), respec-
tively. Of the 125 statements re-appraised in Round 3, 72
(58%) met consensus (78% “yes,” 22% “no”), 51 (41%)
did not pass the threshold for consensus, and 2 (1%) were
removed. By Round 3, there was limited agreement (“yes”)
on which biomarkers were suitable for use in acute (47%)
and short-term (59%) interventions, while there was greater
agreement on biomarkers suitable for use in medium (100%)
and long-term (100%) interventions.

There was good agreement on the ease of use for different
biomarkers (statements 5-7, 15 in Table 1), with 78 %-100%
of panel members providing the same response. For state-
ments associated with biomarker mechanisms (statements
8, 21, 22) the agreement in responses ranged from 72% to
100%. Statements regarding the evaluation of the biomarker
(statements 9-13, 15, 16 in Table 1) varied with complete
agreement at the end of Round 3 for mechanistic validation,
precision, reliability, and sensitivity (100%) to lower agree-
ment for specificity (35%). Agreement on the ability to blind
participants, researchers, and data analysts using the bio-
markers (statements 18-20) ranged from 100% agreement
for blinding to data analysts to 61% and 67% for blinding to
researchers and participants, respectively.

Most biomarkers were deemed to be either noninvasive
(50%) or moderately invasive (50%), although there was less
agreement (65%) on burden. Finally, agreement regarding
financial cost varied depending upon the biomarker, although
panel members typically agreed that there was minimal finan-
cial cost associated with physical function and blood-based
biomarkers and higher costs associated with DNA methyla-
tion (Figure 4A and B). Based on the panel members’ recom-
mendations a simple tool has been developed that can be used
to select biomarkers based on suitability for use in different
interventions/settings and can be found in the Supplementary
Material (as an Excel file).

Discussion

This study aimed to establish consensus on biomarkers of
aging for use in human intervention studies. In total, 60 expert
panel members completed all 3 iterative rounds. Consensus
was reached for 14 biomarkers (88%) and 363 (76 %) state-
ments. Most of the biomarkers that achieved consensus were
functional/physiological biomarkers, while consensus was
also achieved for a limited number of molecular biomarkers
(biological clock-based and inflammatory molecules).

Statements Associated with Biomarker
Recommendations

Intervention duration

All recommended biomarkers were deemed to be more suit-
able for medium- (3—6 months) and long-term (>6 months)
interventions than acute and short-term (< 3 months) inter-
ventions. The effects of any nutritional, lifestyle, or pharma-
cological intervention(s) may take time to occur and most
current biomarkers of aging may be unable to detect changes
in response to acute intervention studies. Furthermore, it is
challenging to be certain that short-term changes in any out-
come measure in response to an intervention provides infor-
mation about the aging process, as many (if not most) of such
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Figure 4. A summary of responses in each major theme in (A) Round 2
and (B) Round 3. Statements are divided by those that were removed as
agreement was <560% (white), those that were undecided as agreement
was 51%-69% (striped), those that reached consensus for “No” with
agreement at >70% (black), and those that reached consensus for “Yes"
with agreement at 270% (dark gray). Technicalities included precision,
reliability, and mechanical validation; Function# included generalisabilty,
prediction of biological age and responsiveness; Function* included
requirement of models/software for, and age acceleration; Suitability for
various settings included field, frail and cognitively impaired participants
and access to materials; Intervention duration included acute, short,
medium and long.

changes are likely to be homeostatic responses with limited
long-term significance.

Setting

All recommended biomarkers reached consensus on their
suitability for frail and cognitively impaired participants.
This is a crucial requirement if studies are to be carried out in
aging populations, because frailty and cognitive impairment
affect 12%-24% and 12%-41% of older adults (>70 years)
worldwide, respectively (31,32). Furthermore, most biomark-
ers were deemed suitable for field settings, apart from IL-6
and TNF-a, where the threshold for consensus was not met.
This was unexpected, given some other blood-based biomark-
ers were deemed to be suitable for field testing and advance-
ments in novel collection methods, such as dry blood spot
sampling, means that IL-6 and TNF-a can be measured from
samples collected in remote settings (33). However, one pos-
sible contributing factor toward the lack of consensus is that
reliable detection of baseline concentrations for these mark-
ers requires ultra-sensitive methods that may be unavailable
to some researchers compared with more standard labora-
tory techniques. The panel agreed that sampling and source
materials could be easily obtained without the requirement
for complex models for all biomarkers apart from DNA
methylation/biological clock-based biomarkers (which were
amalgamated for consideration in Round 3, given perceived
overlap between these biomarkers); an expected finding since
these molecular biomarkers require more advanced laboratory

processes. There was, however, uncertainty regarding the use
of complex models and software to assess cognitive health.
This is potentially because cognitive health can be assessed
using a variety of biomarkers ranging from paper-based and/
or questionnaire-based cognitive tasks to state-of-the-art
imaging and spectroscopy.

Functional link to aging

Collection or measurement of all the recommended biomark-
ers was not expected to influence the rate of aging. Most of
the biomarkers were deemed generalizable across tissues and
populations (3). Four biomarkers (hsCRP, TNF-a, HbAlc,
and blood pressure) did not meet the agreement threshold for
predicting biological age better than chronological age (3).
Likewise, two biomarkers (HbAlc and blood pressure) did
not meet the agreement threshold for being responsive bio-
markers (ie, respond to accelerated or decelerated aging).

Assessment and technicalities

There was less agreement on the recommended biomarkers
with regards to clinical validation, sensitivity, and specificity
compared with mechanistic validation (ie, whether the bio-
marker reflects the underlying cellular and molecular mecha-
nisms of aging). However, all biomarkers were deemed precise
and reliable, with lower agreement for telomere length, per-
haps because telomere length changes can be transient and
may not reflect aging per se (34). Furthermore, there is large
interindividual differences in telomere length, and multi-
ple measurements over the lifetime of a participant may be
required to make meaningful inferences about the aging tra-
jectory (accepting that this would be associated with addi-
tional financial cost/participant burden and would require
careful consideration of biological vs analytical variation
when interpreting values).

Burden, invasiveness, and financial costs

Respondents considered that assessment of most biomarkers
was associated with minimal burden, although 5 biomark-
ers (IL-6, TNF-a, muscle mass, cognitive health, DNA meth-
ylation) did not meet the agreement threshold. It is unclear
why there was less agreement for IL-6 and TNF-a, while
hsCRP, IGF-1, and GDF-15 were classified as minimal bur-
den, despite it being possible to measure these biomarkers
in plasma/serum. No biomarkers were suggested to be inva-
sive; approximately half were deemed noninvasive and half
moderately invasive. There was consensus that DNA methyl-
ation was associated with high financial cost while there was
also consensus that the physiological biomarkers were low
burden, noninvasive and of low financial cost; an expected
finding given the minimal equipment required for assessment
(35). Similarly, inflammatory blood-based biomarkers were
perceived to have lower burden, lower invasiveness, and low
financial cost, which mirrors recent consortia recommenda-
tions (3,6).

Comparison with Other Studies and Reports

Of the 14 recommended biomarkers, muscle strength had the
highest agreement (98 %), while IGF-1 had the lowest (70%).
The high number of physiological biomarker recommenda-
tions may have reflected the panel members’ expertise. Alter-
natively, it may be that these biomarkers are more appropriate
and suitable for a range of statements and intervention set-
tings than cellular/molecular biomarkers (35), or that the lack
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of consensus on other suggested biomarkers may be related
to the inherent difficulties in evaluating their validity as aging
biomarkers (17). Furthermore, research on cellular/molecu-
lar markers of aging is a rapidly evolving area with minimal
time for each scientific development to mature and be useful
to further clinical and research use. In contrast, physiologi-
cal measures have been used in research and clinical contexts
for many decades, and so may be more familiar to a broader
range of individuals.

Previous groups and consortia have identified various
biomarkers of aging. The MARK-AGE consortium and the
Biomarker of Aging consortium have both recommended
omics-based measures (epigenomics, transcriptomics, pro-
teomics, and metabolomics) as potential biomarkers of aging
(3,36). There were, however, fewer recommendations from
our panel members in these categories. This may be because
omics-based measures can be limited to advanced laboratory
facilities and researchers with financial resources to sup-
port these approaches or because many of these promising
cutting-edge biomarkers are still under investigation and there
is a lack of specificity on exactly what should be assessed.
Another category commonly recommended are inflammatory
blood-based and hormone biomarkers such as IL-6, hsCRP,
TNF-a (3,7,36-38), and GDF-15 (39), which were also sug-
gested by our panel members. The Biomarkers of Ageing con-
sortium among others (9-11,35,36,40) have proposed that
physiological biomarkers could be suitable for measuring
aging. Previous work (9,10,40) has encompassed physiologi-
cal, metabolic (ie, HbA1c), physical capability, cognitive func-
tion, and social and psychological wellbeing in addition to
utilizing the National Institutes of Health (NIH) toolbox (41)
(an application consisting of over 100 validated tests allowing
researchers to reliably assess cognitive, neuromuscular, sen-
sory and emotional function throughout life). These recom-
mendations were mirrored among our panel members with a
high level of agreement for physiological biomarkers.

As highlighted in the FDA-NIH Biomarkers, EndpointS,
and other Tools (BEST) (2), broad consensus has not yet
been reached on the definitions of biomarker classes (ie, com-
posite, digital) and their applications. Recent work by the
Biomarkers of Ageing consortium is aiming to reach a con-
sensus definition on these issues (3). Finally, as noted by oth-
ers (2,3,7,36,42), the panel agreed that composite biomarkers
are preferred over single biomarkers. This is in part due to the
complexity and heterogeneity of the aging process across the
body and between individuals (2,3,7,36,42) (discussed fur-
ther below).

Strengths and Limitations

The current study has several strengths. Firstly, we used an
accepted scientific approach (the Delphi method) to pool the
knowledge and expert opinions of panel members. Secondly,
we recruited a large (greater in size compared with other mul-
tidisciplinary Delphi studies) (43,44), multi-national cohort
of panel members with diverse expertise due to the broad
inclusion criteria which captured a range of potentially dif-
ferent views. This diversity across the panel members was
maintained throughout the study with no differences in those
who completed partial rounds, or all 3 rounds. Thirdly, the
study took an agnostic approach, in which specific biomark-
ers and their applications were proposed by panel members,
rather than being suggested by the research team, to minimize
researcher influence/bias. Fourthly, anonymity of the panel

members was maintained across all rounds, which allowed
individuals to express and change their responses privately
without peer pressure (25,45,46). Such anonymity would not
be possible if consensus were derived using other methods,
such as via round table discussion. Fifthly, the online nature
of the survey allowed panel members time to synthesize and
process their thoughts and recommendations and allowed for
a wide range of countries to be involved without restrictions
imposed by travel and time-zone differences. Nevertheless, it is
accepted that remotely conducting the study—as per the orig-
inal Delphi method (18)—may have hindered communication
for some individuals and increased the number of statements
for which consensus was not reached, due to the inability to
further clarify or discuss nuances in recommendations.

Several limitations should also be highlighted. Firstly, the
study was conducted in English, and so non-English-speaking
experts may have been unable to take part. This could have
skewed the results toward practices or views more widely
accepted among those with English language skills. However,
during pilot testing, the readability and comprehensibility
was assessed by a mix of non-native English and English-
speaking researchers. Despite this limitation, this study had
good international representation with panel members from
25 countries in Round 1 and 19 in Round 3 (of which 12%
were from upper-middle income countries, and 4% from
low-income countries (47)) and no evidence of selection/attri-
tion bias between rounds. A second limitation is that, despite
best efforts, our panel may not have been fully representa-
tive of the wider aging research community. The study had a
larger proportion of panel members focusing on human phys-
iology who were based in Europe (with a large proportion
in the United Kngdom), and relatively poor representation
from cellular biology, imaging, and clinical trials, which may
have influenced the recommendations. Indeed, many of the
biomarkers recommended in this study could be broadly clas-
sified as “physical and physiological function” biomarkers
of aging. Such biomarkers may provide limited information
about the underpinning molecular mechanisms of aging (48),
which have been identified as important criteria for appropri-
ate biomarkers of aging by some researchers (9-11,35,36,40).
A third potential limitation is that we adopted one specific set
of definitions for “aging” and “biomarkers of aging,” albeit
ones that have been widely used in previous literature in
this area. It is possible that using alternative definitions for
“aging” and “biomarkers of aging” may have altered the final
list of biomarkers of aging proposed in this study, although
this possibility is minimized by the fact that the panel mem-
bers were experts in the aging field.

Recommendations and Future Research

To date, there is no clear consensus on a single biomarker to
capture biological aging. Due to the complexity and nuances
within biomarkers of aging research, as well as the hetero-
geneous nature of the aging process, with different organs/
systems aging at different rates, it is unlikely that a single
biomarker would capture the complex heterogeneous pro-
cesses of aging. Thus, composite biomarkers, encompassing
a range of biomarkers, may be the best way forward. While
there is no existing consensus on the best combination of bio-
markers to fully capture biological aging (3,7,10,36,49,50)
addressing this research gap should be considered a priority
for the future. Other promising approaches include the use of
artificial intelligence and multimodal foundation models for
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data-driven outcomes and processing high-throughput omics
methods (3). Our findings also reiterated the need to consider
biomarkers that are suitable for field settings, such that they
can be measured in resource-poor environments. Biobanks
where biological specimens (and associated metadata) are
stored for future testing are becoming more widespread and
could offer an avenue for biomarker validation (3,9). How-
ever, this is likely to be associated with higher financial costs
as some biomarkers (eg, omics-based) are less affordable,
especially in studies with large sample sizes. There is also a
need for standardized collection procedures and protocols for
each recommended biomarker as seen in the NIH toolbox
(41) to improve consistency between repeated measures and
across populations (39,40). Repeated biomarker measure-
ments in the same individual could provide information on
the “pace of aging” (4) and the cross-validation across differ-
ent populations could further help address the current gaps in
biomarker validation (42). Finally, there is a need to identify
or modify biomarkers of aging which can be measured earlier
in life (eg, TUG may need to be adapted to prevent ceiling lim-
its in younger, fitter adults) (10). This could help identify and
address any potential risks which can be attenuated through
lifestyle, nutritional, or pharmacological interventions (9,10).

Conclusion

This study provides an international consensus on biomark-
ers of aging for use in human intervention studies. There was
moderate to high consensus (70%-98% agreement) on 14
biomarkers (IGF-1, growth GDF-15, hsCRP, IL-6, muscle
mass, muscle strength, hand grip strength, Timed-Up-and-Go,
gait speed, standing balance test, frailty index, cognitive
health, blood pressure, DNA methylation/epigenetic clocks)
among panel members from a range of disciplines and coun-
tries. These findings may help harmonize outcome measures
to facilitate the comparison of the intervention effective-
ness across studies and aid in planning future interventions.
Finally, the biomarkers recommended by the panel members
may help shape future biomarker of aging guidelines and
provide objective criteria for researchers in selecting the most
appropriate, and economically viable biomarkers for a spe-
cific study.

Supplementary Material

Supplementary data are available at The Journals of
Gerontology, Series A: Biological Sciences and Medical
Sciences online.
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