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Abstract

Background Since the end of the industrial revolution, advances in public health and clinical medicine have contributed to
dramatic decreases in infant and childhood mortality, improvements in health-related quality of life (HRQoL), increases in
overall life expectancy (LE), and rectangularization of survival curves.

Objectives In this article, we focus on disability that has occurred with the overall lengthening of LE in many populations
and the implications this has for decreased HRQoL.

Methods We utilize the concept of rectangularization of population survival to depict the rising prevalence of disability
associated with increased LE, especially among racial and ethnic minorities and people of low socioeconomic status (SES)
and relate this to HRQoL.

Results Disability-free life expectancy (DFLE) and healthy life expectancy (HLE) are defined in terms of HRQoL. Specific
attention is focused on disability experienced by disparate populations around the globe. By focusing on disparities in DFLE,
and the need to expand LE to include HLE as a central component of HRQoL, this work provides an important counterpoint
to the attention that has been paid to LE disparities according to race, gender, ethnicity, education, and SES.

Discussion By calling attention to those factors that appear to be the most important drivers of the differences in quality and
length of DFLE between different groups (i.e., the components of the social gradient, exposure to chronic stress, systemic
inflammation, and the psychological and biological mechanisms associated with the gut-brain axis) and, by logical extension,
HRQoL, we hope to promote research in this arena with the ultimate goal of improving DFLE, HLE, and overall HRQoL,
especially in disparate populations around the globe.

Keywords Chronic stress - Chronic inflammation - Disability - Discrimination - Social determinants - Health-related quality
of life
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of physical pain and other disability that determine physical,
mental, emotional, and social functioning that are the essen-
tial components of health-related quality of life (HRQoL).
In this article, we focus on the rising prevalence of disability
that has occurred with the overall lengthening of LE. Racial
and ethnic minorities and people of low socioeconomic
status (SES) tend to have both shorter lifespans and more
disability across the lifespan, with important implications
for HRQoL. With our focus on HRQoL, this work provides
important balance to the attention that has been paid to dis-
parities in LE according to race, gender, ethnicity, education,
and socioeconomic status.

Public health advances have led to reduced
mortality and longer life expectancies

Public health protections undertaken in the latter half of the
nineteenth century into the early twentieth century led to
dramatic reductions in overall mortality, infant mortality
rates (IMR), and extension of life expectancy (LE) [1-5].
This has resulted in the “rectangularization” of population
survival curves in which infant and childhood mortality rates
fall and more individuals live to their genetic potential for
longevity [6]. The “rectangularization” of the curve liter-
ally refers to the shift of overall population survival curves
upwards and to the right. This transformation is thought
to be a result of either delay in mortality (increase in LE),
compression of mortality (concentration of deaths around
the mean or modal age of death), or a combination of the
two; though postponement of mortality is the primary rea-
son [7, 8]. Both the delay and compression of mortality are

attributable to (1) reduced IMR; (2) decreases in accidental
deaths, particularly during adolescence; and (3) decreases in
mortality later in life due to improved treatment of chronic
diseases of adulthood [7].

During public health’s century-long evolution, other
disciplines have been added to create a myriad of inter-
disciplinary perspectives ranging from nutrition and diet
[9-11], to psychosocial stress [9, 12, 13], environmental
health [12, 14], geospatial effects [15, 16], gerontology and
geriatrics [17], and psychoneuroimmunology [10]. Over
the past three decades, these inter-disciplinary perspectives
have aided researchers and practitioners in understanding
and addressing health inequities between groups of different
racial, ethnic, biological sex, socioeconomic, and geographi-
cal backgrounds [12, 18, 19] (Fig. 1).

Historically, the fight for fair policies aimed at provid-
ing equal access to the broad determinants of health and
improvements in healthcare have allowed developed coun-
tries to make great strides in decreasing IMRs and extending
overall LE [20]. This transition from high mortality and low
LE has been global in scope; e.g., since 1900, the worldwide
average LE has more than doubled [5]. Over this transition,
additional scrutiny has been brought to bear on the effect of
these factors beyond simply extending life, for example, to
consider effects on disability-free life expectancy (DFLE),
quality-adjusted life expectancy (QALE), and on their
important correlate, health-related quality of life (HRQoL).
While DFLE is calculated simply by subtracting the number
of years an individual is affected by disability or poor health
from total LE, QALE affords us the opportunity to measure
health decline as it relates to LE on a continuum based on
the relative amount of disability an individual experiences

Rectangularization of Survival Curves Accompanied by Morbidity:
the Degredation of HRQoL with Age

HRQol is projected to steadily
decline alongside DFLE and
HLE due to an increased
prevalence of morbidity and
disability with age
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Fig. 1 Rectangularization of survival curves accompanied by morbidity: the degradation of HRQoL with age
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[2, 21]. Even more comprehensive is HRQoL which encom-
passes physical, mental, emotional, and social functioning
and, therefore, has the potential to provide important insights
into how various drivers of health decline affect individu-
als’ abilities to successfully complete basic daily acts of
living [22]. As such, it has achieved a prominent place in
the Healthy People 2020 objectives, including as they relate
to immigrant health [23], and in the Healthy People 2030
objectives, with their heightened focus on social determi-
nants of health [24, 25]. Also, it has been used to describe
the effects of the global obesity pandemic, which has caused
disability at progressively younger ages all over the world
[26]. While concern about the global upsurge in childhood
obesity is of legitimate concern, the current Covid 19 pan-
demic underscores that older adults often have comorbidities
related to unhealthy aging and poor diet that place them at
elevated risk of increased disability and death [27].

While HRQoL is a helpful conceptual tool to describe
physical, mental, emotional, and social health status, meas-
ures such as the QALY (quality-adjusted life years) can
quantify one’s health status in a single score by assigning
a numeric value based on current health status and years
lived in that physical state [28]. DFLE, QALE, HRQoL, and
QALY are related concepts that can help describe and quan-
tify disability in relation to overall LE and quality of life as
it pertains to health decline over time. Each term provides a
different level of detail and focus and therefore is suited to a
particular conceptualization or way of measuring individual
and population health.

Over the wide geographic and temporal arc of the “golden
age of public health,” disparities by race, socioeconomic
status (SES), and geographical region have persisted and,
in many cases, even widened both in the US [15, 29-31]
and globally [4, 32]. Although populations are now living
longer, this does not necessarily mean that individuals are
enjoying good HRQoL and little disability throughout their
longer lifespans. Disability and degradation in HRQoL also
are on the rise, and are impacting racial and SES minorities
disproportionally. The decades-long trend toward increased
concentration of wealth and educational opportunity experi-
enced globally [27, 33—35] portends even greater disparities
in the future.

HRQol and social determinants of health
as they relate to disability

Healthcare spending is not the primary determinant of
better health. For example, despite spending the most
money on healthcare of all countries in the world (17-9%
of its GDP in 2016) [36], the US ranks only 37th in terms
of IMR, LE, and other important indicators of popula-
tion health [37]. Various analyses have highlighted the

relatively large healthcare costs associated with end-of-life
care and life-sustaining measures, partly as a result of the
growing proportion of the aging population [38] and the
disability and poor HRQoL seen late in life in many places
around the world [21, 39-41].

Though poorly documented, to some extent end-of-life
costs are exacerbated by the relative unfitness of the popu-
lation [9, 13]. More importantly, the literature reflects that
relatively little attention is being paid to lifelong disability
resulting from poor lifestyle choices in combination with
the aging of the population [42], with dire implications for
HRQoL [21, 43]. Often, individuals experience disability
without, or in advance of, an actual disease diagnosis [13,
44]. Clearly, relying only on overall LE and IMR is insuf-
ficient for quantifying the general health of a population, as
these statistics tell us virtually nothing about the health of a
population as it ages into adolescence, and then into early,
middle, and late adulthood. It is appropriate to consider
HRQoL, which is a more all-encompassing/holistic concept
that is related to other metrics such as DFLE, disabled life
expectancy (DLE), and healthy life expectancy (HLE) [10,
45].

Depicting disability using the traditional survival curve
allows us to consider HRQoL, or one of its correlates such
as DFLE or QALE, by visualizing the effect of disability
resulting from chronic conditions that cause disability and
subtract from DFLE in advance of actual mortality [8]. A
similar approach was taken over 30 years ago by the World
Health Organization’s Scientific Group on the Epidemiology
of Aging [46]; however, given the shifts in psychosocial,
dietary, and societal influences on health in the last 30 years
and an obesity epidemic that has afflicted the population at
much earlier ages [26], it seems reasonable to revisit this
issue now.

By the mid-twentieth century, the populations of virtually
all economically advanced countries had experienced an epi-
demiologic shift to chronic, degenerative non-infectious dis-
eases, with disability shifting toward middle adulthood [47].
More people are now living with and dying from conditions
such as coronary heart disease (CHD), cancer, and diabetes.
We also have begun to understand many of the underlying,
non-hereditary causes of these chronic diseases. Two of the
most important of these are inflammation [48] and stress [12,
14, 30], which affect HRQoL by compromising physical,
mental, emotional, and social functioning. While research
efforts have focused on these related factors, there has been
an explosion of interest in the social determinants of health.
Likewise, there has been a growing research focus on the
terms ‘health disparities’ and ‘health inequities,” both of
which became much more prevalent in the literature between
2000 and 2004 [15]. The variability in the scale of LE surges
over the last 50 years reflects widening gaps in health dis-
parities in different racial and ethnic groups, with colorectal
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cancer being a good example because of both its relative
virulence and its effects on quality of life [15, 31].

It can be misleading to examine LE without consider-
ing that a proportion of total years may be lived with poor
HRQoL [45], which now afflicts people at progressively
younger ages [10, 49]. Indeed, in U.S. women disability
now accounts for more than DFLE through middle life [10].
By investigating how to match the increases in LE for the
more disadvantaged groups, we hope to close the gap in
DFLE with corollary improvements in HRQoL. While there
is some biological vulnerability at the root of these inequali-
ties, the scientific focus has shifted to the social inequalities
which, theoretically at least, are largely avoidable or revers-
ible through social and environmental change and contribute
to preventable chronic illnesses [34, 50].

As noted, when populations transition from high fertil-
ity and high mortality to lower fertility and mortality, their
survival curves become more rectangular. As more individu-
als are living to the modal age of death in the population,
this produces a sharp drop in survival beginning at around
78 years of age [7, 8]. While this is a dependable feature of
the transition, scant attention is paid to quality (as opposed
to quantity) of life and the related matter of disability. If
DFLE is seen as one of the primary measures of popula-
tion health and an important correlate of HRQoL [2], we
must determine the most promising courses of action so as
to decrease disability throughout life and thereby produce a
rightward shift in the disability-free LE curve, with attendant
improvements in HRQoL.

Previous studies have verified that a rightward shift in the
DFLE results from decreases in newly incident disability
and increases in instances of individuals recovering from
disability (i.e., overall reduced prevalence) [51]. Currently,
most of the leading causes of morbidity and mortality are
chronic diseases [52-55]. This is true even during the Covid
19 pandemic whose effect is seen most acutely in people
with existing comorbidities and disability [27]. Given that
chronic, low-grade, systemic inflammation has been consist-
ently shown to be highly predictive of chronic disease [56]
and disability [42], it can be hypothesized that by treating
chronic inflammation we may initiate that rightward shift in
the DFLE curve and improvements in HRQoL.

Because of variations in preclinical symptomology and
reporting, disability does not necessarily track with mor-
bidity [9, 10]. That this can become very complicated and
nuanced is indicated by the fact that risk of developing
most chronic diseases is increased by stress and inflamma-
tion [13]. However, disability from stress and inflammation,
which represent an important component of HRQoL [39],
may precede an actual diagnosis of depression or type II
diabetes mellitus by decades [47]. Evidence has accumu-
lated linking inflammation and stress to socioeconomic/
social class such that there is an inverse gradient (i.e., as SES
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goes down, chronic systemic inflammation and psychosocial
stress go up) [15]. It is well known that more well-educated,
affluent individuals tend to live longer, disability-free lives
with better HRQoL [13, 15, 30].

Social determinants of health and disease
and disparities in disability and HRQoL

Social determinants of health and the disparities that exist
between demographically distinct groups are driven by fac-
tors related to race, ethnicity, economic status, education,
and geographic location (including neighborhood-level fac-
tors) [14, 15]. These factors are potential confounders and
effect modifiers in epidemiologic studies of disease causa-
tion [57]. Their effects may be additive or multiplicative
and either positive (synergistic) or negative (antagonistic).
Understanding how these factors interact to cause disability
and death and detract from HRQoL depends on the care-
ful design of studies that incorporate measurements that are
valid and sufficiently accurate and precise. The attempt, of
course, is to answer fundamental questions about what drives
HRQoL throughout life, who is at greatest risk for develop-
ing disability during life, critical periods for developing dis-
ability, and what steps can be taken in the future to increase
HRQoL and DFLE in parallel with the increase we have seen
in LE over the past century. Increasing HRQoL will be asso-
ciated with decreased healthcare spending, improved pro-
ductivity, and narrowing the gap in health inequities across
demographic groups [2, 13, 40, 58]. At the same time, we
need to remain cognizant that life expectancies are falling in
many places, including the United States, where there have
been 3 consecutive years of decreases driven mainly by dis-
parities in marginalized groups that experience record-high
deaths from drug overdose and suicide [59].

The concept of the social gradient, introduced by Michael
Marmot in the original Whitehall Study [11], asserts that
individuals occupying higher positions in a social hierarchy
are less likely to develop CHD [16, 60]. Since its inception,
the social gradient has been linked to CHD [11] and variety
of other chronic conditions such as cancer [61], cognitive
decline [15, 60], dementia [42, 62], obesity [11], and type
II diabetes mellitus [63]. What is it about lower hierarchal
position that puts an individual at an increased risk of such
conditions? Mediating biological variables such as blood
pressure, plasma total cholesterol, body mass index, plasma
glucose, and smoking account for less than one-third of the
social gradient [18]. Furthermore, there appear to be other
factors, aside from biological markers, which increase risk
[16]. Different racial, ethnic, socioeconomic, and geographic
groups face different contextual stressors, financial stress-
ors, occupational stressors, discrimination, and assimilation
stressors than their non-diverse counterparts, and these also
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accumulate with age [12, 30, 64]. There is evidence that
changes in the inflammatory capacity of diet can have an
effect on telomere length, an important indicator of aging
[65], and this effect is seen over a period as short as one year
in older, apparently healthy women [66].

SES plays an important role in determining levels of risk
factors known to influence aging such as diet [57], physical
activity [67], and residential location [68] (with all that it
implies in terms of environmental exposures and educational
opportunity). We know that chronic stress, inflammation,
poor diet, sedentary lifestyle, and the demographic factors
that fuel these conditions are primary predictors of chronic
disease [14, 60].

Education level, SES, occupation level, and geographical
location often determine the amount of control individu-
als have over their ability to pursue positive self-care prac-
tices and, in turn, mediate most of this variability [15]. We
speculate that by addressing these topics we may be able to
increase DFLE and HRQoL across populations.

Chronic stress: who is most susceptible?

Stress links to decrements in DFLE and HRQoL and
increases in chronic disease risk both directly (biologically)
and indirectly (via bio-behavioral risk factors such as poor
diet, physical inactivity, depression) [14]. Individuals who
are in lower-status positions also tend to suffer greater stress
due to low-control occupations and neighborhood disorder
and dysfunction [14]. It is important to recognize that the
type of stress that is being referred to as having negative
health outcomes is chronic in nature, or repeated, habitual
occurrences of stress in day-to-day life [69]. These stresses
accumulate as one ages, resulting in increased allostatic load
and both premature aging and greater disability and decreas-
ing HRQoL with age [70]. It is the chronicity of stress that is
so harmful to optimal mental health and biological function-
ing—and it clearly can accumulate over age, with extremely
deleterious consequences with respect to disability [71].
SES and associated financial resources play a role in
mediating stress in most individuals’ lifestyles; however,
those who occupy lower positions on the social gradient are
faced with particularly harsh effects of low SES. In most
societies, lower income dictates the quality of food individu-
als can buy for themselves and their families, where they can
live, the stress they are under to provide financial support for
themselves and their families, their feelings of self-esteem
and worth, their education, their access to medication and
general healthcare, and their overall autonomy in society
[14]. The numerous factors that are limited by income can
further cause long-term problems, as from a habitually poor
diet that can lead to inflammation, obesity, and compromised
mental health, all of which degrade HRQoL and have been

shown to be risk factors for chronic disease [16]. Children
who grow up in socioeconomically disadvantaged or abu-
sive households are exposed to chronic stress that can follow
them throughout life in many ways, including their microbi-
ome, disordered eating behaviors and obesity [19], and their
mental health [72]. The psychosocial and biological effects
of living in a socioeconomically disadvantaged household
can actually manifest quickly and very early in life [15].
Epigenetic imprinting also may help to ensure that these ill
effects may persist across generations [73]. Unfortunately,
this is an area that also is affected by racial disparities, as we
see adverse events such as abuse and maltreatment occur-
ring in much higher frequencies among Black and Hispanic
children in the U.S. when compared to their non-Hispanic
White peers [19].

The Whitehall II study, which looked closely at the
employment gradient within the social gradient, showed that
51% of the social gradient in CHD could be eliminated by
reducing the likelihood of metabolic syndrome and improve-
ments in self-controlled behavioral variables [16]. Further-
more, 50% of the risk for CHD based on the social gradient
is explained by dietary and other behavior choices that one
has the autonomy to make; however, when an individual
occupies a lower position on the SES gradient, their auton-
omy to make those conscious decisions often is constrained.
As Michael Marmot states, ‘it is not what a person has that
is important, it is what he or she can do with what he or
she has’ [11]. Ultimately, those who are lower on the social
gradient do not always have the opportunity to consume an
anti-inflammatory diet (or even know what that means), get
sufficient sleep on a regular schedule, participate in a job
which has personal meaning and purpose, or have control
over other aspects of their life. Low levels of control have
been proven to be strongly associated with poorer physical
and mental health outcomes [11, 15]. In addition, psychoso-
cial stressors that may be unique to those lower on the social
gradient and those belonging to specific racial and ethnic
groups are things such as perceived racism, discrimination,
and access to health protecting resources.

Chronic stress: biological and behavioral
pathways

Stress can have both direct and indirect relationship with
disease. In phase 5 of the Whitehall II study, both men and
women were more likely to suffer from metabolic syndrome
if they occupied the lower ends of the social or occupational
gradient [16]. The stress associated with these low-grade
occupations is often manifested as chronic stress and has
been categorized into either 0, 1, 2, or > 3 exposures for
the purpose of this study. Of those who reported presence
of chronic occupational stress (defined as > 3 exposures of
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feeling isolated or chronically stressed >75% of the time
while at work during a 14-year reporting period), men were
almost two times as likely to develop metabolic syndrome
and women were over five times as likely to develop meta-
bolic syndrome. In addition to developing metabolic syn-
drome, the study showed that prolonged exposures to work
stress can cause disruptions in the activities of the autonomic
nervous and neuroendocrine systems [74]. Additionally,
chronic psychosocial stress has been linked to disturbances
in immune function, often prolonging healing and increasing
risk of infection, and disturbing overall homeostasis [75, 76].
Altered adrenocortical and hypothalamic—pituitary—adrenal
axis function is accompanied by its own assortment of meta-
bolic dysfunctions [11]. Chronic stress is known to promote
oxidative stress, which activates the NF-x B pathway, and
can boost pro-inflammatory cytokine and adipokine produc-
tion, even in the absence of illness or injury-related inflam-
mation [75, 77-79].

Fundamentally, sustained amounts of stress have the
power to disturb the homeostatic baselines of the metabolic,
immune, cardiovascular, and endocrine systems by way of
altering biologically set points. This puts extra physiological
stress on the body, which can produce unfavorable long-term
effects, thereby increasing an individual’s risk for decreasing
HRQoL and developing chronic disease [15].

Aside from the direct effects that stress can have in
modulating metabolic pathways, even more common are its
effects on mental health and dietary patterns. Both quantita-
tive and qualitative data show that heightened stress levels
drive unhealthier food choices [75, 77, 78]. In one study per-
formed on Chinese college students, elevated levels of stress
and depression while in school led to students incorporating
few or no fruits and vegetables into their diet and displayed
increased unhealthy snacking. Similar studies performed on
students in Germany, Poland, and Bulgaria, have produced
similar results, with stronger effects seen in females com-
pared to males [80]. A poor, i.e., pro-inflammatory, diet will
not only affect many biological markers of health such as
BMI, cholesterol, and blood pressure but it also will alter
day-to-day mood, energy level, composition of the micro-
biota and microbiome, and the potential for developing
depression [14].

Inflammation causes biological as well
as mental upset: diet, the microbiome,
and the gut-brain axis

Diet affects important determinants of health, including
weight [81], BMI and adiposity [82], serum lipids [83, 84],
and cytokines [48, 85] that, in turn, determine levels of
systemic inflammation. While focusing on the role of spe-
cific nutrients on physical health outcomes, we often fail to
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recognize the effect that diet can have on mood and over-
all mental health. Consumption of a pro-inflammatory diet
leads to the release of cytokines such as interleukin-6 and
C-reactive protein which can contribute to increased CNS
inflammation [48]. Inflammatory markers also have been
shown to hinder the action of some neurotransmitters such
as dopamine and serotonin, both of which play a crucial
role in modulating mood [86]. Higher circulating levels of
cytokines have been shown to play a role in inducing some
forms of depression or depressive symptoms [48], which
have profound effects on mental, emotional, and social func-
tioning crucial in determining HRQoL [2, 21]. According to
the National Health and Nutrition Examination Survey, as
many as a third of patients who are clinically depressed have
elevated levels of inflammatory biomarkers [87]. Inflamma-
tion caused by increased levels of inflammatory biomark-
ers is expressed as a myriad of symptoms including, but
not limited to, negative mood, fatigue, and increased pain
sensitivity [48]. These problems may be more acute among
the elderly, especially those who are frail and who have low
levels of physical activity and, therefore, consume relatively
few calories. In this group, very low levels of total food
intake and low energy flux increase the likelihood micronu-
trient deficiencies [88]. Inevitably, these nutrient deficien-
cies are associated with increased diet-associated inflam-
mation [89] and, with that, increased “inflammaging” [90].

While a poor diet or another physical stressor can lead
to higher production of pro-inflammatory cytokines which
can, in turn, trigger these many depressive symptoms [48,
91], we see contextual and psychosocial stressors having a
similar effect [13]. Not only do factors such as low SES, shift
work, and racial discrimination have the power to directly
affect dietary choices and thereby influence systemic inflam-
mation, but the stresses associated with these factors have
themselves been shown to directly cause inflammation [14,
48]. Regardless of the form of stress, physical or mental,
significant damage can be inflicted on the composition of
the microbiota [92]. Imbalances within the microbiota also
have been linked to obesity and depression [48].

Conclusion

This paper emphasizes that using DFLE and HLE to expand
the understanding of HRQoL can transform the way in which
we evaluate population health and both length and quality
of life. Research conducted over the past several decades
makes clear that we must take into account the full range
of risk factors that affect DFLE and HRQoL. While diet
and stress have each been strongly linked to higher levels
of chronic systemic inflammation (which, in turn, put an
individual at elevated risk for developing various chronic
diseases), it is the complex blend of numerous factors that
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determines the overall health of an individual. Chronic,
systemic inflammation and its root causes in chronic stress,
poor diet, physical inactivity, low SES, racial discrimination,
and insufficient education all intersect to increase disease
risk and disability, thus detracting from HRQoL. Meaning-
ful intervention on these factors—not only on an individual
level but at the community and organizational level—using
evidence-based implementation science practices with an
emphasis on addressing social determinants of health and
health equity—would contribute toward lowering the inci-
dence of chronic disease and produce a rightward shift in
the disability curve. If a shift were to occur, HRQoL would
improve and we would expect to see a decrease in healthcare
spending by mitigating the care that individuals require dur-
ing their lifespan, and especially at the end of life. Doing so
also would aid in clinical decision making as HRQoL is a
concept to which practitioners can relate when attempting
to influence patient outcomes [93].
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