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Abstract 

Despite increasing research efforts, there is a lack of consensus on defining aging or health. 
To understand the underlying processes, and to foster the development of targeted interven-
tions towards increasing one’s health, there is an urgent need: (1) to find a broadly accepta-
ble and useful definition of health, based on a list of features (which may or may not be mo-
lecular); (2) to operationalize features of health so that it can be measured; (3) to identify 
predictive biomarkers and (molecular) pathways of health, and (4) to suggest interventions, 
such as nutrition and exercise, targeted at putative causal pathways and processes. Based 
on a survey of the literature, we propose to define health as a state of an individual charac-
terized by the core features of (a) physiological function, (b) cognitive function and (c) physi-
cal function, amended, specifically in case of humans, by (d) lack of disease, and by (e) re-
productive function. Often used concepts such as lack of frailty, allostatic load, or self-
reported health (in case of human), and indices such as the Healthy Aging Index can be 
viewed as projections or surrogates of our definition. We further define aging as the set of all 
processes in an individual that reduce its “wellbeing”, that is, its health or survival or both. We 
define biomarkers of health by their attribute of predicting future health better than chronolog-
ical age. We define healthspan pathways as molecular features of health that relate to each 
other, specifically by belonging to the same molecular pathway. Our conceptual framework 
may integrate diverse operationalizations of health and guide precision prevention efforts that 
are a key to reducing the need for medical and nursing care. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 August 2018                   doi:10.20944/preprints201808.0025.v1

©  2018 by the author(s). Distributed under a Creative Commons CC BY license.

Peer-reviewed version available at Aging and Disease 2018; doi:10.14336/AD.2018.1030

http://dx.doi.org/10.20944/preprints201808.0025.v1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.14336/AD.2018.1030


 2 

1. Introduction  

For some years, the concepts of health and healthspan have been advocated as the primary 
goal of medical diagnosis and intervention (Kaeberlein, Rabinovitch et al. 2015), 
(Niedernhofer, Kirkland et al. 2017), (Luyten, Antal et al. 2016), (Fuellen, Schofield et al. 
2016)). Given their importance for national and international allocation of resources in re-
search and care, it is important to define these terms as precisely as possible. In this paper, 
we suggest a set of operational definitions, including definitions of health and related terms 
such as wellbeing, biological age, and aging, and we place these into a consistent systematic 
framework. Our aim in presenting these definitions is to support empirical studies, in particu-
lar in health and aging research, and to facilitate the comparability of results. For this reason, 
we aim for a coherent set of definitions that are practical in the sense that they can be used 
in actual research contexts. This requires that the definitions can be operationalized, that 
they are based on a sufficient consensus in the research communities and are sufficiently 
robust to be applied to different experimental and clinical settings covering molecular as well 
as higher-level phenotypic phenomena common for a variety of biological species – in partic-
ular human and model organisms such as C. elegans and mouse.  

Specifically, we dissect health into a hierarchical system of its various aspects, allowing to 
analyze its features in detail, and to identify the biomarkers, molecular pathways and corre-
sponding supportive interventions for the various aspects of health. While beyond the scope 
of the present paper, the inter-related aspects of health that we describe can in principle be 
scored and weighted, and thus provide a way for the overall measurement and comparison 
of the health of different individuals. Defining health based on disease and dysfunction, we 
follow a consensus approach by means of a literature survey. For disease, we employ the 
World Health Organization (WHO) International Statistical Classification of Diseases and 
Related Health Problems, and for dysfunction, we start with the WHO International classifica-
tion of functioning, disability and health. The latter will then be utilized as background for the 
review of pertinent papers from health and healthspan research, to systematize our findings. 
From this consensus, we then derive appropriate definitions of healthspan, healthspan-
enhancing processes and biomarkers of health, as well as wellbeing, aging, and biological 
age. In order to allow the step from prediction to enhancement, we finally distinguish be-
tween correlative features on the one hand, and causal features which are potential targets 
of interventions in order to increase healthspan on the other hand. Our definitions are de-
signed to apply to most animal species, although the literature we surveyed, and thus the 
operationalization of health we suggest, is specifically targeted to human and the model or-
ganisms C. elegans and mouse. Overall, we arrive at a framework of definitions, covering 
states, time periods, associated processes and predictors of future states, as given in Table 
1. We suggest that this generic framework of simple and threshold-free definitions of com-
mon terms places these into context while still preserving, to a maximum degree, their intui-
tive meaning.  
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 State Time period Underlying biological 
processes 

Predictor of future 
state 

Single  
concepts 

health healthspan 
healthspan-
enhancing processes 

health biomarkers 

survival lifespan 
lifespan-enhancing 
processes 

survival biomarkers 

Integrative  
concepts… 

wellbeing “wellspan”  
wellspan-enhancing 
processes 

biological age 
… and their  
opposites 

illbeing “illspan” aging processes 

Baseline  
reference 

baseline organ-
ismal state 

chronological 
time 

average biological 
processes 

chronological age 

Table 1. Framework of definitions. Frequently used terminology that we can fit into our framework is 
marked in boldface.  

In this paper, we will first present a framework for the different kinds of terminological catego-
ries (states, time periods, processes, predictors). We then define the key term health and 
closely related terms such as healthspan. We define the term survival, contrast its meaning 
with health, and propose to integrate both terms under the integrative concept of wellbeing. 
Often used indicators of health such as quality of life, activities of daily living, lack of frailty, or 
self-reported health (in case of human), and indices such as the Healthy Aging Index can 
then be viewed as projections or surrogates of wellbeing. We further define aging as the set 
of all processes in an individual that reduce its wellbeing, that is, its health or survival or both. 
Regarding predictors, we define the term biomarker (for features of health, survival, or well-
being) as generically as possible, as a predictor for these features that is better than chrono-
logical age. We discuss various classes of biomarkers (of aging), considering, for example, 
causality of various kinds. We define healthspan pathways as molecular features of health 
that relate to each other, specifically by belonging to the same molecular pathway. Precise 
definitions of other standard concepts such as biological age follow naturally.  

2. How to Define Health with Respect to a Reference  

Therapeutic interventions affecting aging and health may have different goals. Often, the 
emphasis of preventive as well as curative interventions was on the extension of lifespan. 
But for most people the mere extension of life is not desirable: if it were possible to live for 
several hundred years in a vigilant coma, hardly anyone would prefer such a long enduring 
vegetative state to a normal human life with a much shorter lifespan. For this and other rea-
sons, emphasis has shifted to increasing healthspan, i.e., the time period that an individual 
spends in a state of health. Lifespan is relatively easy to be operationalized. While, from a 
theoretical perspective, life is both intensionally and extensionally vague at its borders 
(Bedau 2008), this does not matter much in the context of medical research. For practical 
purposes, “being alive”, that is, survival, can be modelled as a binary state: any individual, as 
a whole, is either alive or it is not. (We consider only the survival of an individual as a whole, 
not the life status of body parts like organs, tissues, or single cells.) The time period of an 
individual spent alive is its lifespan. Death is the irreversible end of biological life.  
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In contrast, it is much more difficult to operationalize health and healthspan. For one, the 
definition of health itself is contested: Is it an intrinsic property of an individual, or is it the 
extrinsic statistical property of instantiating certain features better than the average of a rele-
vant reference group? Is it a subjective value-judgement, or is it ascribed to individuals in a 
socio-constructive way (Murphy 2015), (Sadegh-Zadeh 2012)? We will argue that an opera-
tional definition of health needs to incorporate elements from all these approaches. Second, 
as one may expect, the features of health turn out to be quite different in humans and model 
organisms like C. elegans or mouse. Third, it is not clear whether there is an irreversible end 
of healthspan other than death. Often, the healthspan of an individual is assumed to begin 
with conception or birth and end at some later time. But individuals can have diseases or 
dysfunctions during their life and then recover; they may even be born with a disease or a 
dysfunction and then have their health (re-)gained. We thus do not define healthspan as a 
single coherent time-interval, but allow it to stretch over unconnected intervals, and simply 
define healthspan as the time an individual spends in a state of health, where “health” is, in 
turn, operationalized as described below. This allows us to stay uncommitted to the question 
whether it is possible in principle to (re-)gain the state of health.  

Probably the most famous definition of health is the one programmatically formulated by the 
WHO in 1948. The WHO defines health as the “state of complete physical, mental and social 
well-being, and not merely the absence of disease or infirmity” (WHO 2018) 
http://www.who.int/about/mission/en/. This definition has been formulated to be applied to 
humans, but it uses very generic terms that apply to most species (of course, “mental and 
social well-being” can hardly be defined for species like jellyfish or sponges). This definition 
is also simple and threshold-free, but it is not very practical. First, what exactly does “well-
being” refer to? Second, any deviation from complete “well-being” would be a deviation from 
health. Whoever loses their job, or misses their spouse, or whose kids are not doing well at 
school, is not in a complete state of “well-being”. Third, it is not clear whether a state of com-
plete “well-being” is attainable at all. In practice, the question arises which of many possible 
deviations from complete “well-being” is the lesser evil. This question does not have a gen-
eral answer, because preferences will vary from person to person. A photographer might 
prefer to retain sight over hearing, while a composer might opt the other way round. Different 
people will assign different weights to certain aspects of “well-being”.  

Nevertheless, the preceding discussion of the WHO definition motivates an approach in 
which the severity of any deviation from health is weighted on an individual basis, taking into 
account that goals may change inter-individually with time and circumstances. This also 
holds for the time period in which health is desired. Possibly, some individuals (such as ath-
letes) may want to trade better physical function in the short term for worse health in the long 
term. Thus, there may be trade-offs between the intensity and the extension of health, given 
that both cannot necessarily be optimized at the same time. The same applies to different 
features of health. As our operationalization of health makes use of more features than one, 
the features have to be weighted in order to be integrated into a single score. Such weighting 
is necessarily subjective, and different weights may reflect different preferences of different 
people. In case of non-human animals, weighting has to be done by the researcher; here, the 
subjective view of the researcher replaces the preferences of the individual. 

Our definition of health will thus contain a subjective element with respect to certain 
weighting factors, but the very features that are weighted comprise objectively measurable 
aspects. Thus, we will not advertise a subjective definition of health (Murphy 2015). Subjec-
tive theories of health define health in subjective terms: Individuals are healthy, according to 
these theories, if they feel healthy or report to be healthy. Feeling healthy is usually consid-
ered a necessary aspect of health, and self-reports are often used to operationalize health. 
But subjective aspects cannot be the whole story: Individuals can feel healthy although they 
have diseases or dysfunctions still unknown to them, or ignored by them. In addition, coping 
strategies and compensation as well as a change in goals and values may influence the sub-
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jective assessment of one’s health. Moreover, subjective theories are not feasible for other 
species like worm or mouse: even if worms or mice had a subjective self-conception of being 
healthy, they would not be able to self-report their health status at an interview.   

In contrast with a subjective approach to defining health, we will define health as a state of 
an individual based on specific objective features, namely the absence of disease and dys-
function. As most of these features can be realized in a gradual manner, the question arises 
where exactly to put the threshold: We need to introduce thresholds in order to distinguish 
between healthy and unhealthy individuals. In order not to have to introduce arbitrary thresh-
olds, we will refer to the average realization of the features in a certain reference population. 
Thus, our approach is threshold-free in the sense that we do not set any thresholds a-priori; 
we only provide a recipe for setting these in a generic way. 

Furthermore, in view of the controversial discussion found in the literature, we refrain from 
starting top-down with a new definition of health, for which we then have to find means to 
operationalize it. Instead, we opt for a bottom-up strategy and first look at how health is de 
facto operationalized in the research literature, and then systematize the findings. A near-
consensus in the health literature is that health is a state of an individual that lacks dysfunc-
tion, and is free from diseases (while it is a matter of debate what exactly counts as a dys-
function or a disease). However, the following issues arise: Which functions are these, de-
pendent on species? The health of humans will in part consist of their capability to exercise 
higher cognitive functions, while these will be irrelevant for worms. To which extend does a 
function need to be exercised, or to which degree does a disease have to lack its manifesta-
tion, in order to count an individual as healthy? Finally, which weight should be given to each 
of these criteria? As noted, this will be decided differently by different human individuals.  

In order to address these issues, we start with two well-established codified classification 
systems provided by the WHO. Using the ICD-10, the International Statistical Classification 
of Diseases and Related Health Problems, www.who.int/classifications/icd/en/, disease is 
operationalized by criteria to establish that an individual is affected by disease. Using the 
ICF, the International classification of functioning, disability and health, 
www.who.int/classifications/icf/en/, dysfunction is operationalized by criteria to be used to 
establish that an individual is affected by dysfunction. While taking the ICD-10 as a given, we 
filter the definitions of the ICF by their follow-up in the literature on health and healthspan, 
arriving at a pragmatic community consensus. Starting from the ICF classification, we re-
viewed pertinent papers from health and healthspan research with respect to how they oper-
ationalize health, systematizing our findings according to the ICF classification. In some cas-
es, our review gave us reason to modify the default presented by the ICF classification.  

Once the different features have been selected and measured, we can compare the values 
measured for these with the reference values that are the average in a reference population. 
For example, we can compare the grip strength of a 60-year old individual with the average 
grip strength of 60-year olds in the reference population. Depending on whether the value 
measured is below or above average, we can assign a score to this feature, and we can 
consider this individual to be in bad or good health with respect to this feature. A very simple 
score would take the numbers -1 (below average) and 0 (above average). 

Using some subjective weighting, we can then integrate the scores for all features into one 
overall health score. This approach mirrors the use of qualifiers in the ICF. The simplest 
health score would employ equal weighting; if it were based on binary scores, it would 
amount to just counting the number of diseases or dysfunctions of an individual, based on a 
list of measured ones. Indeed, dysfunctions are often listed, scored and summed up in the 
literature, yielding frailty and healthy aging scores (as detailed below). In case of disease, the 
ICD considers disease severity in some cases, but the idea of scoring diseases by severity 
can be implemented in principle for most if not all diseases. In fact, such severity scores can 
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be based on a calculation of dysfunction due to disease (more precisely, of disability-related 
sequelae of disease and injury). On this basis, as part of the worldwide GBD (Global Burden 
of Disease) studies, YLDs (years lived with disability) and HALEs (healthy life expectancies, 
equal to the sum of prevalence multiplied by the general public’s assessment of the severity 
of health loss) were calculated, establishing country–age–sex–year reference population 
data for sequelae, where same country may or may not imply similar genetics (DALYs and 
Collaborators 2015). 

Given a health score, it is thus straightforward to compare the score of two individuals, or to 
compare the score of an individual at different times. We can then talk about health in com-
parative terms, i.e., we can talk about “better” or “worse” health. However, as noted, to define 
“good” or “bad” health in absolute terms, we need a reference value as a threshold dividing 
good health from bad health. Full scores of 100% on all features would be required by the 
WHO definition of good health. As this is too strong a requirement, we would like to say that 
an individual is in good health, if the health score of the individual is above a specific thresh-
old. However, already in the simple case of grip strength a threshold is not straightforward to 
define in such a way that a grip strength below threshold must necessarily be considered 
unhealthy. As we strive for definitions that do not require the setting of (arbitrary) thresholds, 
we refer to a baseline as the reference value also for the health score itself, and take note of 
any deviations. As noted, our standard baseline for defining the health of an individual is the 
age-matched population average, as it develops along the time axis. Thus, for a reference 
population, we will consider that its average health develops as a function of chronological 
time, driven by “average” biological processes (see also Table 1). We take the reference 
population to be fixed once and be invariant thereafter (except for its dependency on the age 
group); also we expect that it matches sufficiently well in terms of the years (or, more gener-
ally, time period(s)) during which the samplings and measurements are done. (A reference 
population from the 19th century would not be considered to be a good match for individuals 
of the 20th century.) 

An alternative choice is an age-invariant reference population that does not change as the 
individual gets older, for example, a “young adult” reference population. This choice would 
allow us to follow an individual on the same scale over time. If the features of this individual 
stay constant, this may be interpreted positively as “stability”. If an age-matched reference 
population were used, the change of features then observed for such a “stable” individual 
would instead be interpreted positively or negatively (depending on how the measurements 
in the age-matched reference population changed along the time axis, and on how these 
measurements are interpreted as features of health.) For example, if the grip strength of an 
individual does not change, this observation would indicate “stability”. If grip strength deterio-
rates in the age-matched reference, however, the relative change in grip strength would indi-
cate an improvement in relative terms1 (Hertel, Frenzel et al. 2018).   

                                                

1 A related aspect that is beyond the scope of this paper is the need to consider all biomarker meas-
urements on an individual basis, not just with respect to the average in a reference population. One 
idea here is to employ factors such as genetics/ethnicity or sex to define specific reference popula-
tions that are a better match for certain individuals, but their size and therefore the robustness of the 
average feature measurements based on these subpopulations necessarily becomes smaller, and 
missing values become more of a problem. For example, to compare two individuals of different ethni-
cal origin, two different reference populations may be employed, and the resulting relative measure-
ments be compared. Another idea is the consideration of specific composite features consisting of the 
feature F1 that was measured to estimate health, and, based on some scientific evidence, another 
feature F2 that is used to elaborate on the difference between the measurement of F1 and the popula-
tion average given for F1. For example, a genetic feature reflecting low cardiac risk (F2) may suggest 
that a blood pressure measurement (F1) higher than average does not contribute to a below-average 
health score for some specific individual, in a fashion inspired by (Hertel, Frenzel et al. 2018).  
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A consequence of our default reference population approach is that every individual with a 
score below average is by definition ill, which may be odd for young people doing slightly 
worse than average. In turn, every individual with a score above average is by definition 
healthy, which may be odd for old people doing slightly better than average. Since any mar-
gin would be based arbitrarily on effect size or on statistical significance (which depends in 
part on sample size), and given that we aim for threshold-free definitions, we accept these 
consequences as the lesser evil.  

Our threshold-free definition of health is matched, in a natural way, by our definition of a bi-
omarker of health as a predictor for health (see section 4). Quite simply, a predictor for health 
has to predict the future state of health of an individual better than chronological age. This 
threshold-free definition allows flexibility in the same way as the standard definition of a bi-
omarker of aging with respect to predictions that are better than chronological age (Baker 
and Sprott 1988). A level of (statistical) significance may be required for the improvement in 
predictive accuracy, by a more restrictive yet compatible definition. As described, the thresh-
olds for the measurements are by default based on a reference population (see also (Barton, 
Burgun et al. 2012), (Barton, Jansen et al. 2018)). Our relative definition of health is compati-
ble with the definition of predictors relative to the baseline of chronological age. Moreover, 
we specifically do not distinguish linear and progressive aspects of aging; these may be con-
sidered in more restrictive definitions (see section 6). 

Traditionally, aging researchers were concerned with increasing lifespan; we call the underly-
ing biological processes lifespan-enhancing processes. Instrumental for this goal is the 
search for features that are correlated with the lifespan of an individual, and can thus be 
used as predictors of survival, that is, as biomarkers of future (residual) lifespan. Such pre-
dictors are usually found based on statistical reasoning: What is the statistical life expectancy 
of an individual with the biomarkers in question? Similarly, the goal of health researchers is 
to uncover biological processes that enhance health and, thereby, the healthspan of individ-
uals. We call the (molecular) processes resulting in health healthspan-enhancing processes. 
Just as there are predictors of survival (residual lifespan), there are predictors of future 
health (residual healthspan). Further, there are ideal predictors that are to be distinguished 
from the estimates that may be calculated for these. Along these lines, we suggest that the 
ideal predictor of both residual lifespan and healthspan may simply be called “biological age” 
(see Section 4); a similar approach was taken by (Pöthig and Simm 2011), and the resulting 
predictor was referred to as “biofunctional age”. 

 

3. Defining, Operationalizing and Measuring Health 

Operationalizing health by dissecting it into a hierarchy of its various aspects is a difficult 
task. However, as described, in the literature on human health the two main aspects of 
health are dysfunction and disease; both have been codified by standard classifications, the 
most visible ones being the ICD and the ICF published by the WHO. We wish to do justice to 
both aspects – disease and dysfunction – by considering both as contributors to health, using 
an integrated approach.  
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Feature species- 
specific 

patho-
logical  

integra-
tive 

References 

physiological function      
 stress resistance   x (Rodriguez, Snoek et al. 2013), (Leonov, Arlia-Ciommo et 

al. 2015), (Dues, Andrews et al. 2016), cf. (Fischer, 
Hoffman et al. 2016), (Keith, Amrit et al. 2014) 

thermo-tolerance (=heat shock 
tolerance) 

   (Eckers, Jakob et al. 2016), (Bansal, Zhu et al. 2015) 

hypoxic stress tolerance    (Mabon, Scott et al. 2009), (Powell-Coffman 2010) 
osmotic stress tolerance    (Lamitina and Strange 2005) 
oxidative stress tolerance    (Ding, Zheng et al. 2017), (Bansal, Zhu et al. 2015), 

(Dues, Andrews et al. 2016) 
metabolic status / homeostasis  x  cf.(Niedernhofer, Kirkland et al. 2017), cf. (Bettedi and 

Foukas 2017), (Braeckman, Houthoofd et al. 2002) 
redox status / homeostasis  x  (Go and Jones 2013), (Back, De Vos et al. 2012) 
immune status  / homeostasis  x  cf. (Fischer, Hoffman et al. 2016), (Youngman, Rogers et 

al. 2011) 
physical & cognitive function 
(=strength and cognition) 

 

 motivated/stimulated locomotion   (C. elegans)  x (Churgin, Jung et al. 2017) 

(motor) balance, dexterity human/ 
mouse 

  (Abrahamová and Hlavacka 2008), (Wang, Magasi et al. 
2011), (Signore, Chaoui et al. 1991), (Luong, Carlisle et 
al. 2011), (Deacon 2013) 

muscle/neuronal/intestinal  
integrity 

 x  (McGee, Weber et al. 2011), (Fragala, Kenny et al. 
2015), (Cao, Wu et al.) 

 physical function (=strength) 
  [unmotivated/unstimulated] 

locomotion 
   (Iwasa, Yu et al. 2010), (Leonov, Arlia-Ciommo et al. 

2015), (Sutphin, Backer et al. 2017), cf. (Fischer, 
Hoffman et al. 2016) 

grip strength human/  
mouse 

  (Deacon 2013), cf. (Fischer, Hoffman et al. 2016) 

pharyngeal pumping C. elegans   (Eckers, Jakob et al. 2016), (Leonov, Arlia-Ciommo et al. 
2015), (Nguyen, Caito et al. 2016), (Jafari 2015) 

gait speed, chair rising human/  
(mouse) 

  (Peel, Kuys et al. 2013), (Broom, Ellison et al. 2017), cf. 
(Fischer, Hoffman et al. 2016) 

muscle integrity  x  (Fragala, Kenny et al. 2015), (Cao, Wu et al.) 
 cognitive function (=cognition) 
  sensory perception    cf. (Fischer, Hoffman et al. 2016), (Bazopoulou, 

Chaudhury et al. 2017), (Brown, Evans et al. 2006) 
(short-term) memory,  
processing speed 

(human/  
mouse) 

  (Sarter 1987), (Gallagher, Stocker et al. 2011), (Spiegel, 
Sewal et al. 2014), (Kauffman, Ashraf et al. 2010) 

sleep, cardiac rhythm    (Hood and Amir 2017), cf. (Fischer, Hoffman et al. 2016) 
executive/verbal function human/  

mouse 
  (Bizon, Foster et al. 2012), (Salthouse 2010) 

neuronal integrity  x  (Chen, Barclay et al. 2015) 
reproductive function 
 number of offspring    (Hughes, Evason et al. 2007), (Honda, Tanaka et al. 

2010), (Zhang, Mi et al. 2018) 
offspring health/survival    (Evason, Huang et al. 2005) 

lack of frailty, Healthy Aging Index 
(and similar), allostatic load; lack of 
physiological dysregulation, self-
reported health, quality of life 

(human)  x (Fried, Tangen et al. 2001), (Rockwood and Mitnitski 
2007),  (Sanders, Minster et al. 2014), (Tyrovolas, Haro 
et al. 2014), (Jaspers, Schoufour et al. 2017), (Seeman, 
McEwen et al. 2001), (Li, Wang et al. 2015), (Cohen, 
Milot et al. 2013), (Niedernhofer, Kirkland et al. 2017)   

(prodromal) organ/physiological 
function (heart/cardiovascular, 
neurological, etc.) 
(prodromal) paralysis, protein ag-
gregation/plaques 

human / 
animal model 

x 
 

x 
 

(Panuganti and Dulebohn 2017), (Giovannoni 2017), cf. 
(Fischer, Hoffman et al. 2016) 

lack of disease and medications (human)  x e.g., (Erikson, Bodian et al. 2016) 
Table 2. Features contributing to a definition of health. Synonyms are marked by “=”, given in paren-
theses. Species-specificity noted in parentheses is debatable. Pathological features are features that 
are predictive of future health problems, but they are not usually regarded as features of health per se.  
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Based on the ICF and the ICD as a guide, we surveyed the literature and assembled the 
various ways to operationalize health in both humans and model organisms. The results of 
this review, presented in Table 2, is an operational consensus definition of health, which en-
compasses the aspects of both disease and dysfunction, and includes integrative concepts 
such as quality of life as well as pathological and prodromal features. Each feature in the 
table can be operationalized in order to be a useful object of inquiry (see the references in 
Table 2). Each such operationalization gives rise to a score, possibly a binary one (yes/no). 
Each feature can be weighted, in order to be integrated with the other features, where the 
weights may reflect the subjective preferences of the individual or the researcher. The fea-
tures of Table 2, distilled from our digest of the literature, represent a current, yet limited and 
biased understanding of health, so they are also subject to change in the light of new scien-
tific findings, and they shall be refined by feedback from the scientific community. Our opera-
tional consensus definition of health allows to describe the state of health of an individual, 
characterized by the features listed in Table 2 and by their measurements for that individual. 

When defining health by disease and dysfunction, our pragmatic approach to defining dis-
ease is based on the adoption of the ICD, using all codes. This may be deemed problematic, 
because many items in the ICD do not represent diseases. For example, chapter XV (codes 
O00-O99) concerns “pregnancy, birth and puerperium”, chapter XIX (S00-T98) deals with 
“injury, poisoning and certain other consequences of external causes”, and chapter XX (V01-
Y84) lists “external causes of morbidity and mortality”. For this reason, the ICD is, despite its 
name, not so much a classification of diseases, but a classification of diagnoses. Neverthe-
less, such permissiveness is not problematic for us, since we weight the various features of 
health. While some ICD codes are indeed irrelevant in the light of most non-operational defi-
nitions of health, we do not need to exclude these codes beforehand, as this is already ac-
counted for by the fact that these codes are likely to have zero weight in any specific imple-
mentation of our approach.  

Our pragmatic approach to defining dysfunction consists of adopting the ICF, but only as the 
first step. Since we are concerned with dysfunction, we only consider the part of the ICF that 
refers to “body functions”, not the other parts on “body structures”, “activities and participa-
tion” or “environmental factors”. In fact, the chapter on “activities and participation” is redun-
dant for our purposes, because its entries are mirrored in the chapter on “body functions” 
except for some specific human-related aspects (see also (Cesari, Araujo de Carvalho et al. 
2018)). With the ICF list of body functions in mind, we surveyed the literature, and collected 
the hierarchical framework of features of Table 2 that can be mapped to the ICF codes in a 
consistent fashion. 

Specifically, in Table 2, the notion of physiological function as found in the literature includes 
many ICF body functions, such as functions of the cardiovascular, hematological, immuno-
logical and respiratory systems (ICF, Body functions, chapter 4), functions of the digestive, 
metabolic and endocrine systems (ICF, Body functions, chapter 5), genitourinary function 
(ICF, Body functions, part of chapter 6), and functions of the skin and related structures (ICF, 
Body functions, chapter 8). The notions of physical and cognitive function as found in the 
literature include neuromusculoskeletal and movement-related functions (ICF, Body func-
tions, chapter 7) and, more specific to cognitive function, mental functions, sensory functions 
and pain (ICF, Body functions, chapters 1+2) as well as voice and speech functions (ICF, 
Body functions, chapter 3). Finally, the notion of reproduction from the literature includes, 
naturally, reproductive functions (ICF, Body functions, part of chapter 6). Notably, the ICF 
does not list any important body functions that we miss in our framework, indicating that our 
list of features is likely to be complete for our purposes.  

In summary, in our literature survey of health and healthspan, we found that health is opera-
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tionalized in terms of stress resistance and homeostasis (which we summarize as physiolog-
ical function), strength (physical function), cognition (cognitive function), and reproduction, as 
well as in disease-related and integrative terms, see Table 2. Reassuringly, this set of higher-
level terms matches closely the NIH toolbox approach that distinguishes four major domains 
of function: cognition, motor, sensation, and emotion (Kritchevsky, Forman et al. 2018). It 
also resembles closely the five domains constituting intrinsic capacity: locomotion, sensation, 
cognition, psychological issues and vitality, where vitality unfolds into hormonal and cardio-
respiratory function and energy metabolism; (Cesari, Araujo de Carvalho et al. 2018). Similar 
to our approach, the latter approach is also making use of the ICF, with a focus on body 
functions, and it can be extended by extrinsic factors, defining the more general term of 
“functional ability”.  

Recently, the combination of strength and cognition (physical and cognitive function) high-
lighted in Table 2 gained popularity. In C. elegans healthspan research, health is now often 
operationalized in the form of “stimulated locomotion”, which can be clearly distinguished 
from locomotion just due to the search for food (Sutphin, Backer et al. 2017). In human, 
“cognitive frailty” was proposed to cover both aspects (Panza, Solfrizzi et al. 2015). The cor-
responding term strength and cognition is a parent term of the terms strength and cognition, 
giving rise to a hierarchy reflected by the table. The other hierarchical property of Table 2 are 
the various specializations of physiological, physical, cognitive and reproductive function. We 
also included histological and molecular features that are called “pathological” and that are 
predictive of future health problems, although they are not usually regarded as features of 
(worse) health per se. For example, no individual suffers directly from microscopic lesions in 
muscle tissue, or from elevated values of cholesterol or prostate-specific antigen, or from 
some specific variant of the APOE or BRCA gene; instead, “healthy” measurements of these 
features are biomarkers of health (cf. Section 4). Along the same lines, we consider patho-
logical features that are early indicators of the onset of specific diseases (“prodromal” fea-
tures, e.g., protein plaques indicative of Alzheimer’s disease). 

Table 2 includes dysfunctions, as well as various integrative approaches towards listing and 
indexing them, such as (lack of) frailty, “healthy aging” indices and the like. Such indices of-
ten include features on various levels of abstraction, but a rigorous justification for a specific 
selection of features is usually lacking. For example, frailty is defined as a state of reduced 
physiological fitness that includes multimorbidity, functional limitation, and geriatric syn-
dromes, representing a compendium of interacting factors contributing to poorer health out-
comes (Kritchevsky, Forman et al. 2018). There are two widespread definitions of frailty by 
(Fried, Tangen et al. 2001) and (Rockwood and Mitnitski 2007), but there is still a lack of 
consensus (Brown and Covinsky 2018). Further indices were introduced with an emphasis 
on “healthy” or “successful” aging, for example, the Healthy Aging Index by (Sanders, 
Minster et al. 2014), the Successful Aging Index by (Tyrovolas, Haro et al. 2014), or the 
Healthy Aging Score by (Jaspers, Schoufour et al. 2017). These indices include, apart from 
some features from the sociodemographic domain partly based on self-assessment, disease-
related scores such as disease counts, some laboratory markers such as blood pressure, 
and some examination scores such as the Mini-Mental State Examination test result. As an-
other example of an integrative concept, allostatic load is based on laboratory markers 
(Seeman, McEwen et al. 2001). A lot more indexes were developed, recently reviewed by 
(Michel and Sadana 2017), most recently encompassing multiple blood-based biomarkers 
(Mamoshina, Kochetov et al. 2018), clinical and blood-based biomarkers (Murabito, Zhao et 
al. 2017), (O'Connell, Marron et al. 2018), functional measures and questionnaires (de la 
Fuente, Caballero et al. 2018), multimorbidity (Wei, Kabeto et al. 2018), or combinations of 
these (Rodriguez-Laso, McLaughlin et al. 2018). 

Although the ICD and the ICF are intended to be complementary (Escorpizo, Kostanjsek et 
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al. 2013), some overlaps between features of disease and dysfunction may be identified by 
careful inspection.2 Thus, there is threat of double counting dysfunctions by having codes for 
them not only in the ICF, but also in ICD. This can be avoided by identifying the respective 
terms and mapping them to each other. The same holds true for overlaps among single fea-
tures and integrative ones, and for overlaps among the latter.  

In the last row of Table 2, we consider disease and medication. As described, we define dis-
eases pragmatically as anything that is codified by the ICD. Intake of medications is, of 
course, neither necessary nor sufficient for having a disease. It can, however, be used as a 
proxy for information about health. Diseases are specific to human, but it is possible to map 
the feature-based descriptions available for many diseases to animal species if these can 
also be identified and scored in these species (McMurry, Köhler et al. 2016). Similarly, the 
feature-based descriptions available for human dysfunctions can often be mapped to similar 
or even identical descriptions of animal dysfunctions.  

 

While health and survival may be contrasted, these two concepts may also be integrated by 
taking a weighted average, as motivated by (Faragher 2015). We suggest that the weighted 
average of an individual’s healthspan and lifespan is the best objective measurement of suc-
cess of any healthcare intervention. Naturally, the weighting factor for health on the one hand 
and survival on the other hand will be subjective (as described in Section 1). Our short term 
for the weighted average of health and survival is wellbeing, which refers to health only if the 
weight for survival were zero, and vice versa. For wellbeing as the state, we propose to 
name the associated time period the “wellspan”, and the underlying processes “wellspan-
enhancing processes” (see Table 1). The processes that are reverse to “wellspan-enhancing 
processes”, that is, the biological processes that reduce wellbeing, have a standard term, 
which is aging. In other words, we propose that aging (which is a process) is simply the ag-
gregate of all processes that reduce future wellbeing. The definition of aging is as contested 
as the definition of health (see, for example, (Timmons 2017), (Stambler 2017), (de Grey 
2013), www.senescence.info/aging_definition.html). We think that our definition, as the ag-
gregate of the processes that reduce health and survival, matches the intuitive meaning of 
the concept. We also claim that the concept of wellbeing matches closely the intuitive mean-
ing of the WHO definition, and it covers any changes positive or negative for health and sur-
vival that are happening to an individual, including, e.g., the acquisition of “wisdom”.  

The state that is the opposite of wellbeing, and that is caused by aging, may be called “illbe-
ing”; the corresponding time period is the “illspan” (see Table 1). The sum of the wellspan 
and the illspan of an individual is its lifespan, and any predictor of illbeing as well as of well-
being must predict the same entity. As we will see in the next section, the best integrative 
estimate predicting the future health and survival of an individual is biological age. In the lit-
erature, biological age also refers to any estimate of biological age, and not just to the ideal-
ized concept of its best, or perfect, estimate.  

4. Predicting Health 

The prediction of health, survival or wellbeing is often based on chronological age alone. 

                                                

2For example, the German modification of the ICD comprises several codes for dysfunctions (Funktion-
seinschränkungen), in its chapter XII, codes U50-U52. These codes are not contained in the interna-
tional WHO version of the ICD, and they are intended to be applied for the initial period of stationary 
treatment only. 
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Such a prediction is often a good one, but it is not the best one possible, as it cannot account 
for the individual differences among individuals of the same age. Information about the actual 
state of the individual can make the prediction more precise. In our generic, simple and 
threshold-free framework, a biomarker is a feature of the state of an individual that allows 
predictions of another feature of the same individual. This simple definition avoids the use of 
terms such as “indicative”, which amounts to the usual kind of cyclic definition as exemplified 
by the NIH definition of a biomarker (“a characteristic that is objectively measured and evalu-
ated as an indicator of normal biological processes, pathogenic processes, or pharmacologic 
responses to a therapeutic intervention” (Group 2001), or the definition by Merriam-Webster 
(“a distinctive biological or biologically derived indicator (such as a metabolite) of a process, 
event, or condition (such as aging, disease, or oil formation)”). Furthermore, adapting the 
approach of (Baker and Sprott 1988), a biomarker of health is any feature of an individual 
that predicts a temporally later feature of health better than chronological age, and a bi-
omarker of aging is any feature of an individual that predicts a temporally later feature of ill-
being better than chronological age. These definitions are not cyclic. Since wellbeing and 
illbeing are the opposites on one and the same dimension, a biomarker of aging predicts the 
corresponding features of wellbeing equally well.  

Further, considering that biological age is supposed to predict the future wellbeing of an indi-
vidual (referring to the weighted average of health and survival) in the best possible way, it is 
a biomarker of aging, and it is the best composite biomarker imaginable if it could be esti-
mated without error. Biological age is a concept found frequently in the literature (see, for 
example, (Levine 2013), (Jylhava, Pedersen et al. 2017)), though it is often not explicitly and 
precisely defined. The closest approach to ours that we could find is provided by (Pöthig and 
Simm 2011), where the authors define a “biofunctional age”, in a similar fashion. Our defini-
tion thus fills a void, while preserving the intuitive meaning of the term. In our framework, 
aging increases the biological age of an individual, and biological age predicts wellspan 
(healthspan and lifespan) best. In practice, the biological age of an individual is represented 
by a specific numerical value that is estimated based on some features of the individual. It is 
often estimated in years – with the idea that in a baseline population of individuals, individu-
als with a similar biological age have a similar expected (residual) wellspan. To estimate it in 
the best possible way, all features of the individual that are contributing independently would 
need to be considered. Naturally, chronological age is an important contributor to this estima-
tion, even though, by definition, it cannot be a biomarker of aging; a composite biomarker of 
aging such as biological age can therefore include a significant component that is not a bi-
omarker of aging. And indeed, predicting a feature better than baseline best starts with that 
baseline, improving upon it. 

In general, biomarkers are identified based on cross-sectional or (preferably) longitudinal 
cohort data, where features of individuals are measured over time. Whenever there is a time 
gap between measurements, the biomarker attribute (of predicting the future better than 
chronological age) may be tested. For any individual (which does not have to be a member 
of the cohort), the biomarkers we are interested in predict its wellbeing (health and survival) 
better than chronological age. Biomarker measurements that are predictive for some feature 
in a population do not have to be necessary, nor sufficient for that same feature to exist for a 
particular individual. For example, taking for granted that high blood pressure is a good bi-
omarker for shorter lifespan and for cardiovascular disease, it is possible that a particular 
individual has high blood pressure but still enjoys a long lifespan without cardiovascular dis-
ease (because of other factors with protective influence), and another particular individual 
may feature short lifespan and cardiovascular disease without having high blood pressure 
(because of other factors with negative influence). However, a high or low biological age re-
fers to the result of the measurement of the widest possible variety of molecules and func-
tions, so that its prediction of wellbeing is both necessary and sufficient. 

Features, and biomarkers in particular, can further be classified on the bases of the following 
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questions: 

 Is it an intrinsic feature? Features may be intrinsic or extrinsic to the individual for 
which their value is measured. Intrinsic features include genetic and epigenetic ones; for 
humans, these also include behavior and lifestyle decisions. Extrinsic features include 
environmental (and social) ones, as well as prenatal ones. Both types of features are 
profoundly interconnected (Cesari, Araujo de Carvalho et al. 2018). Given these 
interconnections, we designed our set of definitions to be valid for intrinsic and extrinsic 
features, even though their relevance is much higher for intrinsic features, see also the 
discussion.  

 Is the feature time-invariant or role-switching? Features can be classified according 
to the periods in the life of the individual in which they are predictive. Thus, they may be 
biomarkers across the time axis of the entire life of an individual, or they may be 
predictive only during selected time periods. In fact, biomarkers may be time-dependent, 
up to the point that they may be “role-switching”, that is, predictions of health or survival 
based on a high biomarker measurement may first be negative, but then turn positive, or 
vice versa, as an individual gets older (Moeller, Hirose et al. 2014). Generally, our 
definitions are supposed to be valid at young age, though their relevance is higher at 
middle and old age.  

 Is the feature reflexive? Biomarkers are usually reflexive, so that the current 
measurement of a biomarker predicts its own measurement in the future.  

 Is the feature diagnostic or theranostic? Features can be classified according to their 
role as prognostic or predictive tools. Diagnostic (also known as prognostic) biomarkers 
can help to set up a diagnosis, that is, they are simply predictors of future health or 
survival. Theranostic (also known as predictive) biomarkers can be used as a guide to 
find an appropriate therapy or intervention as well. 

 Does the feature have a causal influence? A causal relationship is necessary between 
a biomarker and the features of health, survival or wellbeing that it predicts, if our aim is 
the identification (but not necessarily the monitoring) of interventions. However, prediction 
“better than chronological age” does not necessarily imply causality, not even partial 
causality (that is, being one cause of many), with respect to the processes of aging. A 
biomarker may thus be purely correlative, but by Reichenbach’s common-cause-principle 
(Arntzenius 2010), it then should be the downstream consequence of another feature that 
is (partially) causal; otherwise it could not be a biomarker. A standard example for a pure 
correlation with age is the possession of grey hair, which is not supposed to cause aging 
processes in itself, even though strictly speaking, it may do so by causing a depressed 
state or other psychological feedback effects that may be causal to aging. Guided by 
utility, we are most interested in features that are at least partially causal for aging, that 
is, features that are part of the causal basis of aging; popular examples are the so-called 
hallmarks of aging (Lopez-Otin, Blasco et al. 2013), or what became known as 
inflammaging (Franceschi and Campisi 2014). There are a few examples of features 
related to age that are not predictive for any feature of wellbeing. These features are not 
biomarkers of aging, being not even partially causal, and not downstream of something 
causal for any feature of wellbeing. The racemization of amino acids in teeth may be 
cited as one of them (Gavrilov and Gavrilova 2005). Such racemization is due to the 
progression of chronological time, and its causal consequences are none, it is a 
biomarker of chronological age. The accumulation of DNA mutations, however, must be 
considered to be a biomarker of aging, even if the underlying processes were purely 
chronological, because they have deleterious consequences. In general, we can expect 
strong correlations between wellbeing, health and survival, but any causal links will be 
complex, see also (Moeller, Pink et al. 2017).  

 Is the feature easy to measure in practice?  A feature should be easily measurable 
repeatedly, and the measurement should not influence health or survival by itself, and it 
should yield comparable results in human and other animal species (Baker and Sprott 
1988). 
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5. Enhancing Health 

As noted, any predictive feature of an individual can serve as a biomarker, which may be 
molecular (genetic variation, genomic methylation, gene/protein/metabolite abundance, etc.) 
or high-level phenotypic (blood count data, blood pressure, grip strength, anthropometry, 
etc.). Similarly, the healthspan-enhancing and lifespan-enhancing processes as defined 
above, just as their reverse, that is, aging, are associated with most aspects of its biology, so 
that it is impossible to strive for a comprehensive description. Nevertheless, we can define 
the causal molecular basis of aging as all features of aging that are both causal and molecu-
lar. In fact, both aspects of wellbeing, health and survival, have a molecular basis, and the 
processes leading to these states have such a molecular basis as well, and so does wellbe-
ing. In case of processes, their molecular basis can consist of composite differential features 
that are measured as changes in the measurements of features (Fuellen, Jansen et al. 
2013). Like all features, also differential ones may be biomarkers as defined above. Only 
biomarkers that are part of the causal molecular basis of aging can be molecular targets of 
intervention. Healthspan-enhancing or lifespan-enhancing processes entail maintenance, 
repair, rejuvenation, as well as the reversal of specific types of hypertrophy or damage, of 
unreliability and deterioration (Gavrilov and Gavrilova 2001), (Blagosklonny 2008), 
(Gladyshev 2016) that, as a consequence, move the state of the individual closer to com-
plete health, as defined here, and as defined by the WHO, or that change the state of the 
individual so that death is occurring later. Naturally, there is a lot of overlap between health-
span-enhancing and lifespan-enhancing processes.  

Healthspan and lifespan are often contrasted, and the causal processes resulting in health 
and survival overlap only partially ((Fischer, Hoffman et al. 2016), (Fischer, Gelfond et al. 
2015), (Luyten, Antal et al. 2016), and references therein). For example, an individual may 
suffer from a serious neurodegenerative disease, but survive for a long time. Such a state of 
disease often consists of a long time spent in (subjectively) worse health. Thus, worse health 
does not necessarily imply shorter survival, and, in terms of time spent by the individual, 
“healthspan” and “lifespan” may differ. Naturally, at any time an individual is healthy, it must 
be alive. Hence, the healthspan of an individual is necessarily included in its lifespan. How-
ever, this inclusion relation is not preserved on the level of causal influences. While survival 
is influenced by affecting health, positive or negative influences on health may not influence 
survival with the same strength, or may not influence survival in the same direction, and vice 
versa.  Thus, “causal feature for health and survival” is not synonymous with “causal feature 
for health”: Processes and interventions that positively influence lifespan may be detrimental 
to healthspan, and vice versa. For example, processes of antagonistic pleiotropy (Williams 
1957) improve health in early years, and reduce survival (and health) in later years. Regard-
ing interventions, aortic aneurysm has a much stronger influence on survival than on health, 
as it is often asymptomatic. On the other hand, dementia usually has a much stronger influ-
ence on health than on survival. In turn, treatment of aortic aneurysm by surgery may im-
prove survival at the expense of health, and treatment of dementia may be indicated even if it 
causes a significant reduction of survival, but an improvement of health.  

Finally, given relationships between features, such as molecular interactions, we can assem-
ble sets of related features into (molecular) pathways. Although the boundaries between 
such pathways are ultimately arbitrary, the identification of pathways, and of the interaction 
(crosstalk) between these, has become a common concept. In our case, some pathways can 
be labeled as wellspan-enhancing, healthspan-enhancing (Luyten, Antal et al. 2016), or 
lifespan-enhancing pathways, depending on whether the features making up the pathway are 
related to wellbeing, health or survival. In general, aiming to be threshold-free, a „health-
relatedness-score“ can be assigned to every pathway. Nevertheless, in practice, we may still 
label some pathways as being, e.g., healthspan-enhancing, and others as not being health-
span-enhancing. This labeling may be done based on a threshold on the predictiveness of 
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the features making up the pathway. In turn, we may start with features of health, and con-
struct pathways starting with these. The relationships between the (molecular) features may 
consist of sets of molecular interactions (for example, protein interaction or gene regulation, 
documented, e.g., in KEGG pathways, (Kanehisa and Goto 2000) or other correlative or 
causal dependencies). As molecular pathways may interact themselves, their interactions 
can be described by pathway maps, yielding healthspan pathway maps. The net result of 
their interaction determines the progression, slowdown or reversal of wellbeing. Thus, 
(Moeller, Saul et al. 2018) started with sets of molecular features (that is, genes that are like-
ly involved in health in a causal fashion), and healthspan pathway maps were constructed for 
human (and C. elegans), based on molecular interaction data. A small set of interacting 
genes was added to the starting sets, so that at least the majority of genes can be assumed 
to be causal for health, and the pathways as well as the map between these were then 
based on a clustering algorithm applied to the molecular interaction network already known 
for the genes based on other public data. 

Relationships between features, and specifically between biomarkers, may consist of rela-
tionships among higher-level phenotypic features as well as molecular ones at the same 
time, based on measuring their correlation (Zierer, Pallister et al. 2016). Often, molecular 
biomarkers are used to predict higher-level phenotypic features. However, a higher-level 
phenotypic biomarker may also predict a molecular feature better than chronological age. 
Then again, for practical reasons, we define health by features of relevance to the individual, 
and these are usually phenotypic, and we strive to find biomarkers as predictors that are 
easy to measure and yet provide prediction potential for the future state of the individual, and 
these are often molecular.   

 

6. Discussion 

In this paper, we describe how health and healthspan can be operationalized for health and 
aging research. Based on a literature review, we provide a framework for generic, simple and 
threshold-free definitions of health and health-related terminology. Our definition of health 
comprises various elements that are often dispersed over distinct approaches to defining 
health, namely, (1) objective features like the lack of dysfunction and disease, (2) subjective 
weightings, and (3) the reference to the statistical average in a population. This way, we are 
able to integrate various operationalizations from the literature into a joint framework. We are 
optimistic that future operationalizations can be aligned to our framework, thus extending its 
scope and semantic expressivity. In particular, we expect to incorporate further feedback 
from the various research communities. We hope that such community feedback can also 
help to minimize our investigator bias.  

We intend our framework as a means of integration for previous, present and future opera-
tionalizations of health. While we are striving for a framework of definitions that are as gener-
ic, simple and threshold-free as possible, we allow to design more restrictive frameworks by 
placing constraints on some of the definitions. In some cases, the more restrictive instantia-
tions of our framework are more intuitive, but also less simple. In particular, we consider in-
trinsic as well as extrinsic features of health, while a restriction to intrinsic features that are 
contained within the individual may be more intuitive. Also, in our generic, simple and thresh-
old-free framework, a biomarker is just an (intrinsic or extrinsic) feature of an individual that 
predicts another (intrinsic or extrinsic) feature of the same individual at a later timepoint. 

Our list of health features (Table 2) is long and complex, and it seems to be too unwieldy to 
be handled. We do, however, not want to imply that future studies of health or healthspan 
need to take into account all features in the list at the same time. To the contrary: As the fea-
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tures will be combined with a subjective weighting, those features that are not made use of in 
a given study can simply be combined with a zero weight in order to neutralize them. 

Admittedly, it is a difficult business to reduce the complex state of an individual to one single 
number, and it goes without saying that this comes at a price. First and foremost, a lot of 
information is lost on the way. For example, we do not capture the state of single organs or 
organ systems. An individual may have a biologically young skin, but a biologically old heart. 
But this is not problematic, as the point of the procedure is to distill the biological age of an 
individual, i.e., the best possible predictor for health and survival – and in this respect, the 
biologically old heart will probably weight more than the biologically young skin. While we try 
to avoid arbitrary thresholds, we do need to work with subjective weightings and reference 
populations, both of which allow for many variations. We see this as a benefit of our ap-
proach, as variation in both weighting and reference population may give rise to different 
kinds of analyses. The default choice of the reference population for health feature meas-
urements is an age-matched population, i.e., we compare the data of an individual with a 
reference group whose members have similar chronological age as the individual under 
study. But it might also be very useful to compare results with a reference population that is 
matching closer the genetics of the individual under study. Still another option is to compare 
the results from individuals of any age with a reference population of a fixed standard age, 
e.g., a population of young adults (see Section 2). In any case, the choice of the reference 
population is an issue that shall be explored further. 

Our definition of aging is very broad. According to our definition, any biological process that 
reduces health or survival will count as an aging process. We think that diverse processes 
such as the disease course of progeroid syndromes, preterm birth, the development from 
puberty to adulthood, traffic accidents, moving to a war zone, or losing one’s social interac-
tions are all aging processes. This implies that we operate on a very broad definition of “bio-
logical” here, but we are convinced that all of these processes have at least a biological 
component. Specifically, there is no doubt that the disease course of progeroid syndromes 
such at Hutchinson-Gilford progeria consist of aging processes, reducing health and survival. 
Preterm birth and its consequences is actually quite alike progeroid syndromes, in that they 
include aging-related processes in basically the same way. In both cases, health and survival 
tend to be reduced, and the underlying molecular biology even features common molecular 
processes, e.g., in case of mandibuloacral dysplasia (Agarwal, Fryns et al. 2003), (Ahmad, 
Zackai et al. 2010) and Marfan lipodystrophy syndrome (Takenouchi, Hida et al. 2013).  

Taking the broad view, development from puberty (at which time human mortality is at its 
lowest in many countries) to adulthood also features some aspects of aging, that is, reduc-
tions of health or survival, e.g., due to risk-taking behavior that has at least in part a molecu-
lar or genetic determinant. In late adulthood, the relevance of risk-taking usually diminishes, 
but at the same time the effectivity of the response, in terms of cognitive abilities, goes down. 
By the same argument, almost all kinds of accidents, war- or crime-related death have bio-
logical components, even if non-biological external causes (like a brake malfunction) are 
more salient. Along the same lines, we can include social processes within our definition of 
aging processes – although social processes are extrinsic to the individual, and their effects 
on the individual are mediated by internal psychological processes in a fashion that may be 
specific for the individual, they are biological in the broad sense that they involve, in one way 
or other, genes, brains, and hormones. In the generic framework proposed here, the ab-
sence of social isolation, poverty, etc., are thus features of health, in line with the notion of 
functional ability (Cesari, Araujo de Carvalho et al. 2018) and the WHO “World Report on 
Ageing and Health” (WHO 2015). 

In fact, subjective aspects arise specifically for any definition of concepts relating to human. 
For example, aspects of social life are particularly prevalent features of human health, and 
we consider these as well as some of their cognitive prerequisites in Table 2, specifically as 
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part of some of the integrative features. In particular, social contexts can turn the presence of 
a disease, which primarily has a negative effect, secondarily into an advantage, that is, into a 
secondary disease gain. For example, a certain disease may exempt from military service 
and thus indirectly prolong the life of the diseased, or it may lead to more attention by rela-
tives and friends. Human beings are able as well as forced to integrate various (even patho-
logical) circumstances into a dynamic system of judgements, decisions, values and goals. 
Considering an individual with a chronic condition, e.g., chronic heart failure, a disease which 
will progress over time, the goal of a long lifetime may be a function of a composite of – 
sometime contrary – wishes, beliefs, values, and goals that must be rationally and emotional-
ly integrated into the current and future life course. Thus, quality of life is usually influenced 
by personality, life experience, cultural factors, personal (including financial) resources, so-
cial support networks and other unique life circumstances (Ziegelstein 2017). 

In our present analysis, we ignored most of the work on the demography of aging. For exam-
ple, some demographers distinguish “true” progressive aging from linear processes related to 
wear and tear, or to disease. Some demographers thus investigate mortality patterns using 
Gompertz’ law, calculating, usually from small population samples, an initial mortality rate 
(IMR, also known as baseline vulnerability A) and a mortality rate doubling time (MRDT, also 
known as acceleration of mortality G, (Hughes and Hekimi 2016)). Then, the idea is that 
“true” aging is reflected by the MRDT, and there is an “aging-independent mortality” as re-
flected by the IMR. Implicitly, such a distinction sets a threshold, at the transition from IMR 
and MRDT. Moreover, in an approach focusing on health and healthspan, it is the IMR that 
counts and that we wish to extend, and we may even aim for a high MRDT, to compress the 
period of morbidity. Consequently, in our framework, there is no such thing as an “aging-
independent mortality” (Hughes and Hekimi 2016), consistent with the notion that a bi-
omarker of aging is just a predictor of health and survival that is better than chronological 
age.  

 

7. Conclusion and future work  

We here present a framework which defines often used terms in life science research in an 
integrative manner. We differentiate thereby between states, time periods, underlying biolog-
ical processes and predictors of the future. We propose to create a framework which enables 
researchers to use the terms (and concepts behind these terms) over different species, for 
human beings as well as for model organisms used in research on aging and diseases. Tak-
ing into account the huge steps basic research has taken in the last years, we also aimed to 
create the framework as an open and dynamic one which will progress with the growing 
knowledge on health, aging and disease mechanism and processes. Therefore, the pro-
posed framework should be seen as a starting point because without a precise definition of 
what we are studying, the results will be less easy to interpret, also from a translational point 
of view. With this in mind we hope that the proposed framework will help basic researchers 
and clinicians to gain a deeper understanding of the field and it enables trans- and interdisci-
plinary research. It will be work of the future to enrich our table of health features by taking 
into account more operationalizations of health and healthspan from past, present and future 
studies.  

In order to handle the complexity of health features, it would be desirable to develop a formal 
ontology of these features, in order to enhance interoperability and automated integration of 
experimental data derived with different subsets of these features. In such a future ontology 
of health, the features need to be aligned to appropriate top-level classes. It seems to be 
promising to analyze many physiological functions as processes, considering that the re-
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spective dysfunctions consist in the lack of the dispositions to realize these processes (Jan-
sen 2018). 
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