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Abstract Brain age prediction is a relatively new
tool in neuro-medicine and the neurosciences. In
research and clinical practice, it finds multiple use
as a marker for biological age, for general health sta-
tus of the brain and as an indicator for several brain-
based disorders. Its utility in all these tasks depends
on detecting outliers and thus failing to correctly pre-
dict chronological age. The indicative value of brain
age prediction is generated by the gap between a
brain’s chronological age and the predicted age, the
brain age gap (BAG). This article shows how the clin-
ical and research use of brain age prediction tacitly
pathologizes the states that it is sensitive to. It will be
argued that the tacit character of this transformation
conceals the need for its explicit justification.
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Introduction

Brain age prediction is advertised as a novel and pow-
erful tool for neurology, psychiatry and beyond. The
promise associated with this technique is to gain clin-
ically relevant information about patients’ health sta-
tus from the comparison of their brain-imagery with
that of others at the same chronological age. Admit-
tedly, mere comparison of brain imagery to a chrono-
logical age-corrected standard is not novel [for earlier
comparisons see for example [1]. What is novel about
the contemporary technique is the scale at which it is
carried out, the scale of data used for comparison and
the number of criteria of comparison [2, 3].

Brain age prediction uses a machine learning sys-
tem trained on imaging data and age information of a
training group to predict the age of individuals based
on their imaging data. The main goal of generating an
age prediction is to calculate the so-called brain age
gap (BAG) or brain age delta, the difference between
predicted and chronological age.

This rough sketch can be filled out by many differ-
ent procedures employing different training groups,
imaging modalities, machine learning approaches
etc. [4, 5]. These differences play a major role for the
direction of future development, as will be discussed
below.

The fact that one of the most useful outputs of
brain age prediction is the brain age gap might at
first look slightly paradoxical. This is because brain
age prediction — counter to what the name might lead
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one to expect — is mostly used to do something dif-
ferent than predicting chronological age. It differenti-
ates between and draws the relation between a set of
biological states — the brain age — and chronological
age. In order to see why the apparent paradox that the
gap between true chronological age and predicted age
is most informative isn’t really that paradoxical, one
needs to track how and for what purpose these two
‘ages’ a being related to each other.

The use of brain age prediction implicitly presup-
poses a difference between chronological and biologi-
cal aging. It does so by virtue of training a model to
predict chronological aging from information about
the biological state of individual brains. It further pre-
supposes that there is a typical trajectory of biologi-
cal aging that occurs during chronological aging. It
does so again by presupposing that information about
the biological state of a brain is suited to predict its
chronological age. If there were no typical trajectory
(or trajectories), no typical pattern(s) of biological
change during chronological ageing, such a predic-
tion wouldn’t be possible.

Under which circumstances a brain age prediction
model works best, depends — among other things — on
its intended purpose. For predicting the chronologi-
cal age of a person outside the training group — which
given the costs and availability of alternatives is an
uncommon but still possible purpose — it works best
if it generates minimal predictive error across all
populations.

For this particular purpose, a nearly non-normative
model is most useful. With ‘non-normative’ I refer
to a model based on a training set including partici-
pants with very different biological states and prop-
erties including different health status. Such a model
would — counter to common practice — not be lim-
ited to training data of healthy volunteers. Used for
the purpose of chronological age prediction, a non-
normative model is not intended to generate different
prediction error for subjects conforming and subjects
not conforming to some normative standard such as
health.

The latter, however, is the more common aim in
the use of brain age prediction. It is usually used to
identify brains which differ in their trajectory of bio-
logical change over time from some norm, typically
health. For this particular purpose it is useful and
common to train a model on a dataset including only
healthy persons, thus generating a normative model.
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In this case, a brain age prediction model works
best if it generates minimal error for the training
group and individuals which meet the norm implicit
in the model, and if it generates a different error for
individuals not meeting this norm, i.e. for outliers in
the biological trajectory.

As a contrast compare this to counting the rings
of a tree. This too is a technique that predicts the
chronological age of an organism, but in general there
is no such thing as TAG, tree age gap, from which
we would expect meaningful information about the
health or general biological state of the tree. If brain
age prediction worked as well as tree age prediction,
it would be useless for most current purposes.

A positive brain age gap indicates what is often
called premature or accelerated aging, while negative
numbers can be read as delayed aging [2]. Yet, it is
not clear whether BAG represents any circumscrib-
able single phenomenon or set of phenomena, much
less whether these are best described as aging. More
research on the underlying neurobiological properties
detected by brain age prediction will be required to
differentiate which phenomena BAG is in fact sensi-
tive too. But this kind of research will not discover
whether ‘aging’ is a fitting terminological choice for
any of these phenomena, rather it will decide — as
shown in the following — that it is not.

The uses of BAG

Whether and how BAG is best seen as indicating
aging depends on what practical purposes it is used
for. There are several suggestions for such uses, in
particular as a marker of general brain health, for
early detection, prognosis, or differential diagnosis of
brain-based disorders, and for the prediction of treat-
ment outcome [2]. Tellingly, all these practical goals,
especially the former ones, are oriented towards the
identification of pathological states and processes
and, where possible, at successively finding means for
intervention.

General Marker of Health

As a marker of general brain health the brain age
gap can indicate an increased risk of mortality [6].
In addition, it is a valuable addition to the diagnos-
tic toolkit in neurology — and possibly neuro-psychi-
atry — insofar as it can indicate several different brain
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related disorders without yet providing a differential
diagnosis or a specific prediction of any of them.

Despite its use, BAG is neither the only nor the
most cost-efficient way of predicting increased mor-
tality risk. And while BAG is correlated with several
brain-related disorders, it is not the best marker for
predicting any specific such disorder, especially given
the large number of confounds, such as educational
status [7] obesity [8], blood pressure, smoking hab-
its, dietary effects etc. [9]. Nevertheless, the function
as a general marker for brain health, or brain main-
tenance [10], is thought to appeal to a lay person’s
understanding of aging as a generalized deterioration
of biological structure and function [11].

Whether or not transparent to patients, BAG has its
clinical use as a general marker. As such it refers to
a generalized state of the organism’s brain, as many
other medical markers do. In this it differs from other
uses of BAG which, as discussed below, identify
brain age with specific biological causes of reduced
functioning. This generality — might one say: lack of
specificity — is a clinical advantage for general pre-
dictions of mortality, and thus for engaging in further
investigations into the probable causes of the patient’s
higher mortality risk. In this use, BAG might improve
upon established screening tools [12], however, given
the costs of MRI-based markers, its potential for
wider use in health screening depends amongst others
on the availability of alternative diagnostic tools, its
population specific diagnostic value and the availabil-
ity of consecutive therapeutic interventions.

Specific predictor or diagnostic marker

BAGs generality is a disadvantage for differential
diagnoses. For this purpose, modifications of the uni-
tary measure BAG might become necessary. Thus,
once BAG is employed for more specific predictive or
even diagnostic purposes, the need for and direction
of further research becomes apparent. When used to
predict or diagnose the onset of brain-based disor-
ders, one main goal is to improve the specificity of
the marker. But for several procedures of measuring
and calculating brain age gap, different brain based
disorders seem to result in indistinguishable values
thus limiting specificity of the tool [2]. If BAG pre-
dicts the onset of some brain-based disorder without
specifying which one, its utility remains quite limited.
If, however, BAG or a derivative thereof were suited

to predict or even diagnose specific brain-based dis-
orders its utility would be significantly higher, espe-
cially given that differential diagnosis of some such
disorders can take extremely long with the current
tools.

Consequently, this is one area that attracts signifi-
cant research effort. For example, several research
groups try to compare the different sensitivities of
different imaging modalities. Niu and colleagues
combined T1 weighted structural MRI, diffusion MRI
and resting state fMRI to improve age prediction [13].
Cole used six imaging modalities present in the UK
Biobank dataset [14]. It is possible to employ such
a combinatorial approach not to simply improve age
prediction but to identify underlying neurobiological
phenomena more precisely. Rokicki and colleagues
investigated not only whether multimodal measure-
ment can improve the accuracy of brain age predic-
tions, but they also analyzed whether different modal-
ities are suited for generating more specific brain age
gap measures for different brain-based disorders [15].

Differentiating MRI-modalities is only one way of
improving the specificity of BAG measures. Another
way to approach this task is to vary what exactly to
measure during data acquisition, for example whether
to take a region or voxel-based approach, to include
whole brain measures or specific areas only, which
areas to include. Cole for example reported that in his
multimodal approach [14] only 34 phenotypes of the
original 1079 variables were informative about age.
Leonardsen and colleagues used a transfer learning
approach, selecting 64 features in their deep learn-
ing-based brain-age prediction model for predicting
brain-based disorders. They report relatively high
predictive values for Alzheimer’s Disease, Multiple
Sclerosis, Mild Cognitive Impairment, and psychotic
diagnoses [16].

There is currently a trend to use brain age predic-
tion models — via transfer learning and other tech-
niques — for the purpose of detecting common brain-
based disorders. This is one obvious next step given
that large, specialized datasets and thus trained mod-
els for detecting specific neurological disorders are
not always available — and might not be for some time
to come [17]. However, this is only one obvious next
step. One alternative — nearly as obvious — will be to
use brain age prediction models to identify neurobio-
logical contributions to aging which currently are not
considered to be pathological.
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Here is one example from current research.
Bashyam and colleagues describe how models with
a moderate fit for age prediction — i.e., with a mod-
erate as opposed to high or low mean absolute error
in age prediction — are superior in predicting known
brain disorders. They are superior because they take
into account phenotypes that are affected by other
parameters than age, i.e., pathological changes such
as “small vessel ischaemic disease, amyloid plaques,
and tau neurofibrillary tangles” [17]. Tight fitting
models — i.e., models with low mean absolute error
in age prediction — avoid such patterns, making them
worse at detecting known disorders. Thus, tight fitting
models are better suited to identify the neurobiologi-
cal manifestations of aging beyond what is currently
considered a disorder.

So, one might think that depending on imaging
modality and model in use, one can deliver on the
core promises of brain age prediction, namely pre-
dict mortality with a general marker of brain health,
predict or diagnose known age-related disorders, and
identify non-disorder changes in the aging brain, i.e.,
its biological age.

On the limits of BAG as a specific marker and as a
marker for age

Contrary to this impression, I want to claim that BAG
is currently severely limited in its clinical utility for
specific diagnoses and, what is more, develops its
own paradoxical dynamic when identifying non-dis-
order changes in the aging brain.

The limits of BAG as a specific marker

The first claim seems to already be accepted by many
scientists in the field. Brain age gap is not alone in
this: “Most bio markers [of aging] including telomere
length lack specificity regarding the mechanisms of
aging processes” [18]. Different scientists draw dif-
ferent conclusions from this fact, however. While
some turn towards specific markers for known brain-
based disorders, others try to modify BAG into such
a marker as seen above in the work of Leonardsen
or Rokicki, who investigate whether some results of
BAG measures are specific for known brain-based
disorders. Leonardsen et al. analysed the components
of their predictive model and generated “increased
predictive value for MS, AD and MCI when using the
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internal representations of the SFCN-reg [regression
Simple Fully Convolutional Network] underlying the
brain age predictions” [16]. Rokicki et al. started with
the observation that “BAG has been shown to be more
accurate in predicting the conversion of mild cogni-
tive impairment (MCI) to AD compared to T1-based
MRI features such as cortical thickness and regional
brain volumes (Gaser & Franke, 2013) and poten-
tially can be used as a biomarker for early demen-
tia risk screening (Wang et al., 2019)” [15]. They
investigated whether there are “distinct deviations in
patients with psychiatric and neurological disorders”
[15], which they claim to have found together with
different age prediction performance: ‘“prediction
performance in the patient populations varied across
the different disorders. T1w-based BAGs were most
robust in classifying AD, and also to some extent in
SZ and BD” [15].

As mentioned above, there are good reasons to
take this path if better markers are not yet available
and their development might depend on assembling
larger datasets for a given disorder.

A serious limit for the latter approach is prob-
ably the tension between the inclusive requirements
of BAG and the exclusive focus on disease markers.
A marker for a specific disease should typically be
both sensitive and specific, that is it should react to
the presence of the disease in question and only to
its presence. BAG on the other hand needs to include
the effect of several different processes, pathologi-
cal as well as non-pathological. It must account for
a range of related differences beyond those caused
by a single disorder. Thus, even if, which is highly
improbable, one specific disease would cause a dis-
tinctive difference in BAG — say for example Early
Onset Alzheimer’s causes a BAG of x years — other
phenomena will overlap with this effect and the per-
son’s overall BAG will most likely not be x. As men-
tioned above, BAG knows several confounds [9]. This
methodological issue basically forced researchers to
decide what they want their specific procedure to do,
or rather what they want it to do well and relinquish
the inclusivity of BAG. This is why Baecker et al. in
their overview and introduction to the method con-
clude in their paragraph on Differential diagnosis of
brain-based disorders “that an abnormal brain age
cannot be a stand-alone measure of diagnosis, as it
lacks specificity, especially in light of the inherently
large neuroanatomical heterogeneity in the general
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population” [2]. Rather they see its potential in pro-
viding complementary information for other diagnos-
tic biomarkers and methods.

The limits of BAG as a (stable) marker for age

My second claim raises a more substantial issue,
namely that the use of the biomarker BAG results in
a paradox. Very briefly the paradox is this: by using
brain age gap as a clinical marker, one tacitly takes
the biological states this marker indicates to be path-
ological. This claim consists of two parts. First, the
judgment that an individual person’s brain appears
older than that of an age controlled reference class,
one takes the biological states of this person’s brain
to be pathological. The second part is slightly more
complicated. Brain age predictors compare a person’s
imaging results to those of many other individuals
of known age. They seem to have an implicit model
of the typical, i.e. statistically normal measures in
a given age controlled reference class. Identifying
the biological states which the predictor takes to be
indicative for advanced age across individuals is a
first step towards taking these states and their causes
— not age fout court but age promoting processes (see
below) — as potentially pathological.

In both parts, two additional steps are required for
full pathologization: One is correlating these changes
with possible functional decline and the other is tak-
ing them to be amenable to intervention. We’ll see in
the following, that both steps follow naturally from
taking the first ones just outlined.

Before I detail the steps of pathologization of age,
a short observation on the expected effects is in order,
because they complete the paradox that surrounds
the use of brain age prediction: To take biological
states to be pathological implies endorsing means for
diagnosis and therapeutic or preventative interven-
tion and a commitment to eliminate them as corol-
laries of chronological age. Successful interventions
into processes originally associated with aging will
ceteris paribus reduce the prevalence of the latter.
Once prevalence declines so does the regular asso-
ciation between the process in question and chrono-
logical age. In effect, a biomarker specific for this
process will no longer be useful as indicators of age
or age-related diseases. Admittedly, this effect is to
be expected in the very long run only, given the state

of the art of interventions in aging processes and the
expectable speed of their dissemination.

Nevertheless, this paradox has interesting practi-
cal repercussions, which are caused by the character
of this particular case of pathologization. It happens
within a certain research paradigm and not in the con-
text of a dispute between disciplines or even further
social influence groups. And even within the research
paradigm it occurs more or less tacitly via the use
of specific, highly useful tools, namely biomarkers
for age, such as Brain Age Gap. In this, this particu-
lar case of pathologization stands in contrast with
others. This case of pathologization does not result
from medicalization — the active extension of the
definitional sovereignty of medicine — which would
spark open social dispute and therefore public delib-
eration. Nor is it a result of a deliberative process
about the status as pathological within the discipline
or across disciplines. Due to the research paradigm-
internal and tacit character of this pathologization
of aging, the social and interdisciplinary discourse
about whether certain states of persons belong to the
field of interpretation and intervention of medicine
is omitted — just as tacitly. This process, however, is
what confers social justification on the social deci-
sion to consider a state or type of states a valid target
for medical interventions. Even if this process should
come to the same conclusion — which is possible but
not foreseeable at present — its absence generates a
lack of justification.

The paradox effect just outlined is shared with
other biomarkers of aging, it finds its origin in their
reliance on a biological concept of aging. Biologi-
cal conceptions of age necessarily draw a contrast to
chronological age. The intuitive and plausible core
idea behind every biological conception of age is that
a person can be biologically older or younger than her
chronological age. This is not just a common-sensi-
cal intuition expressed in describing some persons as
aging well and others as aging badly. As a scientific
concept it allows us to describe how biological pro-
cesses of change with chronological age occur faster
in some organisms than in others. Once it is accepted
that biological age is different from chronological
age, it isn’t possible anymore to identify an organ-
ism’s age by calendrical methods. Instead, a measur-
ing method of some biological state of the organism
is required. Which state exactly should be measured
depends on the specifics of the current theory of
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biological aging [19, but see 20]. Thus, understanding
aging as biological aging requires using biomarkers
of aging and these only make sense against this con-
ceptual background.

Now a marker of aging will typically not be sensi-
tive to the whole of the aging processes or its effects.
Rather individual biomarkers will be sensitive to
specific processes or effects of aging. That is the rea-
son why there are several different biomarkers from
diverse biological subdisciplines and techniques [21].
The brain age gap (or other organ age gaps) is just
one such marker. What such a marker is sensitive to
can also be called a mechanism of aging — or a set of
such mechanisms and their effects in the case of BAG.

This idea has recently been cast into a science-
based philosophical theory of aging by Maél Lem-
oine [22]. His definition makes it obvious why bio-
logical age deviates from chronological age:

“The aging of an organism is a process result-
ing from the combination of mechanisms limit-
ing its lifespan (“promotive”) and mechanisms
modulating their effects (“protective”). The
balance between the effects of these two types
determines the rate of aging” [22].

If aging results from promotive and protective pro-
cesses and these can occur in different organisms and
environments to different degrees, the rate of aging
varies from organism to organism and is not fixed
by chronological age. In principle it is even possible
that protective mechanisms overcompensate promo-
tive mechanisms for some time, which would result
in a reduction of biological age. In fact, there are sev-
eral observations of a reverse of BAG values associ-
ated with special circumstances [23] or interventions
[24]. One advantage of Lemoine’s reconstruction of
the processes of aging is that it is informed by current
science but neutral enough with regard to scientific
theories of aging. It is compatible with there being
just one cause of aging, which result in a plurality of
different mechanisms, as well as with there being sev-
eral separate causes, which in various constellations
result in different mechanisms [20].

One contingent fact about aging in real world
species is that promotive mechanisms of aging pre-
dominantly result in some form of structural damage,
functional decline, or depletion and protective mecha-
nisms typically merely counteract promotive mecha-
nisms or repair the damage they do. One can imagine
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species in which promotive mechanisms of aging
result in resilience and functional increase — in fact,
fantasy authors have imagined such creatures — and it
would still make sense to describe their development
as aging and investigate their rate of biological aging.
Real world cases of biological aging, however, share
two core characteristics: depending on the specific
organism and its environment they can (1) progress
faster (or slower) in comparison to other organisms of
the same species and (2) they result in structural dam-
age, functional decline, or depletion of the organism.
That sound suspiciously like another type of process
with similar development path: pathological pro-
cesses. Depending on the definition of ‘pathological’,
processes are considered as pathological only if (2)
they result in structural damage, functional decline,
or depletion as (1) compared to the biological state of
other organisms in a reference class [25].

To support the case that using a biological con-
cept of aging and measuring age with biomarkers of
aging takes their referents to be pathological, it helps
compare the scientific trajectory of the identification
of mechanisms of aging. Lemoine points out a telling
analogy:

“This situation probably reflects a sort of back-
tracking process similar to that observed in
the investigation of diseases: a disease is first
defined as a collection of symptoms, then gen-
erally as the underlying imbalance responsible
for those symptoms, then as the local deficiency
causing the imbalance, and finally based on the
etiology of the disease” [22].

The claim is that the investigation of mechanisms
of aging shows close parallels to the investigations
of diseases. It starts from the observation of macro-
scopic changes in an organism and its behavior, then
proceeds to identify microscopic changes and their
causes. Lemoine’s description is so accurate that it
tempts the reader to overlook one minor inaccuracy.
The inaccuracy is contained in the claim that the pro-
cess of identifying mechanisms of aging is similar to
the investigation of diseases. I want to claim that it
isn’t similar, it is exactly the same.

What could the differences between these two
processes of investigation be? One answer could be
based on different methodologies. There could be
different initial observations starting these investiga-
tions, there could be different methods of collecting
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and analyzing data. Admittedly, biogerontology,
which is probably the dominant sub-discipline study-
ing aging, while a young field, is already encompass-
ing several different strands of investigation, includ-
ing evolutionary biology, ecological sciences, and
physiology as well as molecular biology. It is hardly
possible to compare these strands of research in and
beyond the biogerontological field. There is, how-
ever, no separate biogerontological physiology or
biogerontological molecular biology, but a set of
shared approaches, methods, and not least, theories
across fields of investigation.

Another answer could refer to differences in the
subject under investigation. It would beg the question
to argue that one investigates pathological processes
and the other non-pathological ones. Here are some
more informative possible suggestions: a) investiga-
tions of diseases but not of mechanisms of aging seek
out extrinsic causes of mortality, b) investigations
of diseases but not of mechanisms of aging seek out
effects independent of chronological age, c) investi-
gations of diseases but not of mechanisms of aging
seek out causes of mortality (or loss of function and
damage) occurring in some but not all members of a
taxon.

The first two suggestions seem to be ruled out by
actual research into purely internal diseases such as
some cancers, auto-immune-diseases etc. as well as
by investigations into age related diseases ranging
from arthritis to Alzheimer’s. The third suggestion
needs to be taken more seriously. Indeed, investiga-
tions into diseases typically target processes that do
not affect every member of a taxon. But this is neither
a universal rule, nor would it be a necessary one if it
happened to be true at the moment. Especially with
parasitic diseases, it is quite likely that cases of full
endemic contamination occur. Matthewson and Grif-
fiths for example speculate that there might well be
no cockatoos without feather lice [26]. Even if there
were not, that would not rule out the kind of inves-
tigation described above starting with a set of symp-
toms and ending with the etiology. Caplan points out
that universality is not distinctive of aging, referring
to gum disease, which is universal in humans, but still
clearly investigated and treated as a disease [27]. A
process (or state) can still be investigated as any other
disease even if it is universal.

To summarize the argument up to this point: The
progress of different mechanisms of aging relative to

the chronological age of the organism is what biologi-
cal conceptions of age refer to and what markers of
aging measure. Biological aging is typically asso-
ciated with structural damage, functional decline,
depletion. Mechanisms of aging are detected and
investigated in the same way as pathological pro-
cesses are.

Where does that leave markers of aging in general
and brain age prediction in particular? They are scien-
tifically and practically on par with investigations into
pathological processes resulting in structural dam-
age, functional decline, and depletion. This equiva-
lence of investigations into mechanisms of aging and
into pathological states is responsible for the tacit
character of the pathologization of aging. It happens
through the use of standard tools and methods of sci-
entific investigation.

The further claim introduced above was that the
use of the marker ‘brain age gap’ amounts to tak-
ing the biological state it indicates to be (potentially)
pathological. As mentioned above, this claim has two
parts. First of all, biological states of an individual
are taken to be pathological in case this person has a
positive value in brain age gap. Zero and negative val-
ues in BAG would point to average or above average
state of the biological mechanisms in question — this
is why BAG points to potentially pathological states,
not pathological states sans phrase. And clearly, just
as with other medical markers, not every positive
BAG value would be taken to indicate pathology, but
levels raised beyond a threshold to be fixed by valida-
tion studies. The reason why an individual’s positive
BAG is taken to indicate pathological states should
be clear by now. The states in question are investi-
gated and seen as potential target of intervention in
the same way as other pathological states, they are
associated with structural damage, functional decline,
depletion just as other pathological states are, and
they negatively deviate from the statistical norm in
the person’s reference group.

But not just an individual’s positive BAG is taken
to indicate potentially pathological states. The same
is true for the states which brain age prediction is sen-
sitive to in general. This can be shown in two ways.
First by simple aggregation. Individual positive BAG
values indicate pathological states; each component
sensitive to a single biological measure in brain age
prediction can result in a positive BAG value while
holding all other components equal. Thus, each
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component used in brain age prediction can indicate
a pathological state, i.e., indicates a potentially (if
resulting in positive BAG) pathological state.

Second, and more importantly, brain age predic-
tion models generate an implicit representation of
the typical measures of biological states in a given
age controlled reference class. The computation of a
BAG-value is not sensitive to all variables present in
the data-set but takes into account a specific subset of
these states, which can be identified by analyzing the
model ex post.

It is not just likely, it is a pressing research hypoth-
esis that some, if not most, of the variables used in
the computation of BAG values refer to biological
features which changes with chronological age and
is associated with damage of decline. Thus, the brain
age prediction model identifies candidates for biologi-
cal states the change of which most likely results in
functional loss, damage or decline.

In addition, there is no principled distinction into
‘pathological biological mechanisms associated with
age and with damage or decline’ and ‘non-pathologi-
cal mechanisms associated with age and with damage
or decline’ or into mechanisms licensing the develop-
ment and use of interventions and mechanisms not
doing so. On the contrary, they are investigated and
taken to be valid targets of intervention alike. Thus,
brain age prediction identifies variables referring to
biological states the change of which is likely to be
associated with structural damage, functional decline,
depletion, i.e. they refer to potentially pathological
states.

What is more: Once one has clarified that a spe-
cific biological mechanism leads to structural dam-
age, functional decline, depletion, then the deci-
sion against developing or using interventions in
this mechanism seems to require justification. This
applies not only to the decision whether to intervene
at all, but also to what threshold of intervention one
sets. That is, if a mechanism is identified as causing
damage, there arises a need to justify the decision not
to stop it as long as the damage is only as great as it
is for other people of the same age for whom one also
does not intervene. A threshold of pathology set rela-
tive to a similar affected population becomes ques-
tionable. Thus, the use of brain age prediction seems
not only to result at in a potential pathologization
of some states it is sensitive to. It’s use also makes
it very difficult to still accept mechanisms as normal
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aging which are identified via brain age prediction
and consecutive investigations as possible targets of
the development and use if interventions.

One might object that the mere identification of
potentially pathological mechanisms is not sufficient
to fully pathologize them. A state or process is con-
sidered to be pathological only, if it crosses a cer-
tain threshold, and the setting of this threshold is a
deliberate process within and often across disciplines.
This objection, however, affects the pathologization
of individual BAG values only. Admittedly, individ-
ual elevated BAG will only be considered to indicate
pathology if it crosses a certain threshold. Even here,
one should, however, keep in mind that as opposed to
previous practice, this is a case of pathologization of
states previously accepted as regrettable but normal.
What previously counted as aging badly is under-
stood as pathological.

However, the objection that processes need to cross
a threshold in order to count as pathological does not
affect the claim that the use of brain age prediction
identifies processes associated with structural dam-
age, functional decline, depletion across individuals
and thereby pathologizes these processes. At least it
does not, if one does not accept what I have explic-
itly rejected above, namely that one can set a thresh-
old relative to the similarly affected population. If an
independent threshold of pathology is chosen based
on e.g. functional criteria, the effects of mechanisms
of aging are guaranteed to cross it, it is just a question
of time.

A similar claim has been made by Arthur Caplan,
who writes “Why shouldn’t we treat aging as a dis-
ease? Scientists are beginning to do exactly that as the
mechanisms and causes of aging become clearer and
begin to appear open to manipulation and alteration”
[27]. T should add that it is not only when manipu-
lation and alteration is possible, but when diagnosis
becomes possible and manipulations and alterations
become a valid research goal that the mechanisms
come to be treated as pathological [cf. 28]. In a simi-
lar vein, Bjgrn Hofmann points out this specific role
of markers in his analysis of the role of technology
in defining diseases: “Thus, the technological con-
stituted signs and markers are basic to the demarca-
tion of disease. They define disease entities and are
applied to recognise disease in the particular case,
and as such provide a technological semiology of
disease” [29]. Even if currently manipulation and
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alterations of mechanisms of aging are restricted to
animal models and thus not available for the human
case, with the invention of markers for biological age
they have become a valid research target which draws
substantial investment of scientific expertise and
resources.

This is not to make the stronger claim that aging
is pathological or that mechanisms of aging are dis-
eases. While that might be the case, the present arti-
cle is intended to defend the less ambitious claim
that the use of biological concepts and biomarkers of
aging amounts to treating biological aging as poten-
tially pathological and mechanisms of aging as poten-
tial diseases. So much seems to be accepted even by
authors who otherwise argue against understanding
age as pathological, such as Schramme, who explic-
itly concedes: “Admittedly, aging might be avoidable
in the future. If and when this is possible, it might
become a disease” [30]. And the fact that the question
whether aging is pathological is not in fact answered
but a positive answer is presupposed in scientific and
possibly clinical practice raises the issue of a lack of
explicit justification of the practice.

Here is one related difference one could make in
the scientific engagement with mechanisms of aging
and pathological processes. One could decide that
while both are investigated in the same way, research
into manipulations and alterations is a valid research
goal in one and not the other case. This is indeed a
suggestion regularly made in moral theorizing [see
31] to name just one example of a common strategy],
if not so much in philosophy of science.

This type of argument can proceed from a purely
normative foundation claiming that we should not
interfere with aging processes for some practical rea-
sons. Mostly such practical reasons refer to the value
of cultural techniques of coping with aging. Take
one of the philosophically most sound examples of
this argument: Thomas Schramme rightly points out
that there are several valuable individual and cultural
mechanisms of coping with aging. There is individual
development of skills in several tasks:

“[...] old people are much better, especially
more efficient, at performing some tasks than
younger people because they develop different
abilities with age, while admittedly losing some
others. If we eliminate senescence, these adap-
tive mechanisms would be lost” [30].

And there are cultural provisions changing the
role of individuals while still allowing for full social
inclusion and cooperation:

“[...] people of a certain age are not expected to
work for money. The rationale for having a wel-
fare system and pensions is obviously related to
the frailties of old age” [30].

While I’'m sympathetic to valuing such cultural
achievements, I think they not only need to prove
their value when confronted with new background
conditions such as interventions into the aging pro-
cess. They also need to be comparatively superior to
the combination of new background conditions and
alternative cultural techniques. It is at least not obvi-
ous that the coping mechanisms described by Sch-
ramme — and others discussed in literature — are still
comparatively valuable under conditions of different
aging processes.

An alternative way to support the decision to inves-
tigate disease but not mechanisms of aging tries to
refer to some factual properties of aging. One promi-
nent strand of arguments categorizes mechanisms of
aging or aging itself as a natural process and therefore
not a valid target for investigating interventions, while
diseases are somehow not natural and therefore valid
targets of intervention.'

This type of argument immediately leads us astray
because it appeals directly to the metaphysics of dis-
eases and aging without recourse to the epistemologi-
cal task of distinguishing between those. Thus, this

' To be frank, it remains completely unclear what “natural”
is intended to mean in arguments of that type. As discussed
above it cannot mean “universal”, it cannot reasonably mean
“inevitable”, it is probably not intended as an opposite to “cul-
tural” nor to “supernatural”. I'll therefore not follow up on
claims of naturalness but turn to the next reasonable alterna-
tive. This alternative has been suggested by some authors in
wondering whether aging but not disease has an evolution-
ary purpose. A suggestion in this direction has been made by
August Weismann in the nineteenth century [32]. He proposed
the idea that aging has the purpose of weeding out elderly and
less fit individuals from a population. However, Weismann
rejected this idea in his own later writing [33]. It clearly relies
on faulty evolutionary thinking, such as the idea of selection
on the level of the whole population and the idea of a purpose
in the process of evolution [34]. The same seems to be true for
more contemporary references to evolutionary theories in sup-
porting some kind of purpose of aging as amply discussed by
Tim Lewens or Alan Buchanan [35, 36].
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type of argument simply isn’t available when one tries
to identify the difference between investigations into
pathological processes and processes of aging.

Either way, the core problem of the argument is
simply that is does not provide us with any way of
distinguishing investigations. If one were to use any
marker of aging and identified a process that leads to
damage, depletion of functional decline, we do not
know whether it is a mechanism of aging or a patho-
logical process, and the suggestion that only one of
them is a valid target for research and intervention
does not tell us which one.

In a nutshell, this means that BAG is neither a suf-
ficiently specific marker for established brain-based
disorder nor a marker for age as distinguishable from
disease. It stands at the beginning of a scientific tra-
jectory which investigates the effects and — later on
— the causes and processes of so-called mechanisms
of aging in the same manner as pathological states
and processes are being investigated. It therefore has
great potential to identify mechanisms of aging suited
for intervention and thus tacitly transfer them into
the category of age-related diseases. Does that mean
brain age gap is suited as a marker for such newly
identified age related, brain-based diseases?

The limits of BAG as a specific marker for novel
age-related brain-based diseases

Again, the answer seems to be negative. The reason
why brain age gap isn’t a marker for novel brain-
based diseases should by now be obvious, since it
relies on reiteration of the argumentative steps above:

BAG will play a relevant role in the process
of identifying individual mechanisms of aging as
described in the previous section (The limits of BAG
as a (stable) marker for age). It is possible to iden-
tify in the predictor which features it was sensitive
to, and — by comparison with more specific markers
— to identify which currently non-pathological fea-
tures have been identified as indicating advanced age,
as described in the section before (The limits of BAG
as a specific marker). This will at first provide rough
indicators only, which might ideally be improved
upon. However, for each of the mechanisms so iden-
tified, brain age prediction will be in the same posi-
tion in which it is relative to established brain-based
disorders: it will not be specific to this mechanism. It
will be the best we have while there are not yet any
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markers specific to the mechanism in question. But
its role as a marker for such individual mechanisms
will be transient, once a specific mechanism enters
the focus of further research. Such research will likely
not only generate more distinctive markers but might
also turn up possible interventions.

BAG thus starts out as a not very specific marker
for some mechanisms of aging — but often the best we
have — and ceases to be the latter once more specific
diagnostic tools are developed. What is more, when
research into interventions becomes a valid research
goal, what once was a mechanism of aging starts to
become an age-related disease. Even if BAG happens
to still be the best marker for the identification of the
state of process in question, it ceases to be a marker
for age. So, if BAG is neither a specific marker for
established or novel brain-based disorder, nor a stable
marker for age, what, if anything, is its role?

BAG as an investigative tool, and its repercussions

The answer to this question should have become
apparent by now, given the discussion of actual use
in two contexts. These are first and predominantly the
research context and second, and still growing, the
clinical context.

In the research context, BAG is in fact used as a
tool for initial identification of possible causes of age-
related change in the brain. As described above, the
initial brain age prediction is used as a starting point
for developing diverse forms of more specific mark-
ers for a plethora of different types of state, including
established brain-based disorders on the one hand and
other changes incurred during chronological aging on
the other. Thus, while it initially sounds as if brain
age prediction were one technique with a few vari-
ants, there already is a strong development towards
differentiation of diverse techniques taking their start-
ing point from current brain age prediction. Thus, in
neuroscientific research, brain age prediction is an
initial device for developing more precise measures
of specific age-related phenotypes.

In the clinical context the role of BAG — and
other organ-age markers — is the prediction of mor-
tality. Depending on the result of such an initial
prediction it is typically followed up by more pre-
cise investigations of the reasons of an evaluated
risk of mortality and the identification of means to
prevent the original prediction from coming true.
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“Biomarkers of aging are suggested to predict
future health and survival better than chronological
age” [18].

Brain age prediction stands at the beginning
of an investigation in the research context as an
investigation of types of states or processes, in the
medical case of tokens thereof. However, in both
contexts brain age prediction does not initially
make a difference between disease and mecha-
nisms of aging. Because the investigative process
does not make any difference between mechanisms
it is sensitive to, it treats all of them as potential
targets of investigation and intervention or devel-
opment of new interventions. This is the common
approach we take towards diseases. Simply by
employing the same investigative process, mecha-
nisms of aging are treated as potentially pathologi-
cal states.

That markers such as BAG do not make a difference
between mechanisms of aging and diseases does not
prejudge the wider social decision of which specific
processes to invest research and medical resources
in. Neither does it decide the metaphysical question
whether there is a difference between pathological
processes and processes of aging. It does, however,
presuppose a certain answer within scientific and
clinical practice, namely a negative answer. At the
same this is a purely pragmatic presupposition, which
does not point to any properties of aging or of disease
which we could identify before these investigations.

However, such pragmatic presuppositions can
easily transform into conclusive social answers
under two conditions, which would — even if other-
wise optimal — lack societal justification. First, they
must remain exclusively implicit in the respective
practices, i.e. they must escape further interdisci-
plinary and social discussion. Second, they must
become the basis of extra-disciplinary contexts of
action, such as private science funding or health
care. The latter, the implicit adoption of the dis-
ciplinary assumption that mechanisms of aging
should be treated in the same way as pathologies, is
already common in current private research fund-
ing. For this reason, it is even more important to
intervene in the first condition and to ensure that
interdisciplinary and societal discourse about a
possible difference between mechanisms of aging
and pathologies takes place.

A possible objection and outlook

The thesis up till now has been that the use of
BAG and similar markers might tacitly transform
aging into a pathology and this change in under-
standing might result in social decisions to inter-
vene without there being sufficient social justifi-
cation for these decisions. One might object that
there is nothing tacit about the whole process.
Rather it simply is the way in which scientific
investigation and measurement of aging proceeds:
Biomedical science firstly identifies a process
commonly take to be a valid target of interven-
tion — remember the long history of fictional and
quack interventions — like the philosopher’s stone
or anti-wrinkle lotions — into the aging process.
Subsequently it investigates its causes, and devel-
ops possible interventions as it does with all other
pathological processes. These results are there-
fore not lacking in social justification at all, rather
they are the outcome of the common process of
scientific investigation applied to a consensually
accepted target and, given a positive risk/benefit
ratio, a good thing.

While I'd tentatively agree with the last claim,
namely that interventions in the aging process with
a positive risk/benefit ratio would be a good thing,
I doubt the premises and the rest of the conclusion.
First, aging has not been an uncontroversial valid
target of intervention. There is a long fictional tra-
dition discussing interventions into aging, but on
a closer look, most of these stories are critical.
Fictional Interventions into age usually do not turn
out well, in most cases the beneficiaries forget to
ask for eternal youth alongside the way, lose their
enjoyment of life, suffer from the consecutive loss
of their nearest and dearest or suffer some similar
effects.

What is more: If interventions into aging were
such an uncontroversial desire, shouldn’t people
say so when asked? But in fact public opinion is at
best equally divided on the desirability of longev-
ity interventions. A large international survey pub-
lished in 2020 found a total of 50% of the partici-
pants opposed to developing technologies allowing
people to live to 120 [37]. Previous surveys have
shown similar results. Given these empirical
results it is hard to argue that the aging process
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is an uncontroversial valid target for developing
interventions.

Second, previous — and some contemporary — theories
of ageing do not take age to be pathological (see below).
This alone shows that the process described above is only
one possible (and admittedly possibly the best) way to “to
measure and understand the ageing process”.

That age is a pathological process is not just a
controversial claim in the wider public as indicated
by the survey results just mentioned. It is controver-
sial even within the biomedical community. There
still are research programs in the life sciences taking
age to have an evolutionary role — [38] or to other-
wise deny that it is a disease [39]. And beyond the
life sciences, several authors quite explicitly insist
on the role of biological aging in a human life and
speak out loudly against any attempt to develop,
much less use, interventions into the biological
aging process (a critical overview is provided in
[40]. Aging came in first when the British Medical
Journal asked their readers to name non-diseases,
i.e. “a human process or problem that some have
defined as a medical condition but where people
may have better outcomes if the problem or process
was not defined in that way” [41].

To summarize: aging is neither consensually per-
ceived to be a valid target for the development of inter-
ventions, nor is it uncontroversial to categorize it as
pathological. Even if the process of investigation and
pathologization as described above will turn out to be
successful and generate interventions with great risk/
benefit ratio, that alone neither makes it socially trans-
parent nor justified.

Turned positively, it can be said that the differentiation
between biological and chronological aging and the use
of biomarkers of aging such as BAG confronts us with
the question of which states and processes to target in
research and development of medical technologies as an
open social question. The answer should be given based
on careful deliberation of the interests and needs involved,
the cultural and medical means of coping with either, and
the effects of trying to alleviate one or the other.
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