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Age trajectories of physiological indices in relation to healthy life course
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A B S T R A C T

We analysed relationship between the risk of onset of ‘‘unhealthy life’’ (defined as the onset of cancer,

cardiovascular diseases, or diabetes) and longitudinal changes in body mass index, diastolic blood

pressure, hematocrit, pulse pressure, pulse rate, and serum cholesterol in the Framingham Heart Study

(Original Cohort) using the stochastic process model of human mortality and aging. The analyses

demonstrate how decline in resistance to stresses and adaptive capacity accompanying human aging can

be evaluated from longitudinal data. We showed how these components of the aging process, as well as

deviation of the trajectories of physiological indices from those minimising the risk at respective ages,

can lead to an increase in the risk of onset of unhealthy life with age. The results indicate the presence of

substantial gender difference in aging related decline in stress resistance and adaptive capacity, which

can contribute to differences in the shape of the sex-specific patterns of incidence rates of aging related

diseases.
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1. Introduction

Individual measurements of various physiological indices in
humans represent ‘‘snapshots’’ of individual’s physiological state
at particular ages. Longitudinal data on aging, health, and longevity
describe individual age trajectories of such indices in connection
with changes in health and survival status. Such data contain
important information not only about values of physiological state
at a given age, but also about dynamic characteristics of specific
indices, which, together with values, may be associated with
morbidity and mortality risks. In our earlier studies we showed
that dynamic characteristics of blood glucose, body mass index,
diastolic blood pressure, hematocrit, pulse pressure, pulse rate and
total cholesterol at middle and old ages are related to risks of death
and onset of cancer, cardiovascular diseases (CVD) and diabetes at
later ages (Yashin et al., 2006, 2010a). Note that many associations
between selected characteristics and respective risks could be
evaluated using standard statistical approaches. Such evaluations
are useful at the initial step of analyses when the presence of
specific effects has to be identified. However, for studying
mechanisms driving aging related changes such methods are
not appropriate, because they ignore existing knowledge about
regularities of such changes, and do not allow for linking new
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findings with available information and concepts of aging available
in the literature.

In this paper we use such knowledge about several major
concepts of aging to link observed outcomes (morbidity/mortality
risks, or longevity/healthy longevity) and longitudinal measure-
ments of physiological indices. This allows for constructing
dynamic models describing mechanisms of aging related changes
involved in generating longitudinal data in connection with
morbidity/mortality risks. Respective mechanisms, as well as
characteristics of the risks, can be evaluated from longitudinal data
by applying appropriate statistical modeling techniques (Yashin
et al., 2007a). This approach has been applied to analyzing data on
longitudinal measurements of blood glucose (BG) in the Framing-
ham heart study (FHS). It allowed for investigating dynamic
mechanisms that relate age trajectories of BG and chances of
reaching exceptional longevity. It also allowed for separating
effects of persistent external disturbances (effects of allostatic
adaptation) from ‘‘normal’’ aging-related changes developing in
human body due to the senescence process (Yashin et al., 2009,
2010b).

In this paper we apply this approach to investigate mechanisms
linking age trajectories of physiological indices and risks of onset of
aging-related diseases. For this purpose, we apply the model by
Yashin et al. (2007a) to analyse relationship between the risk of
onset of ‘‘unhealthy life’’ (defined as onset of cancer, CVD, or
diabetes) and longitudinal changes in six physiological indices
(body mass index, diastolic blood pressure, hematocrit, pulse
pressure, pulse rate, and serum cholesterol) whose dynamic
characteristics have been shown to be related to the risk of onset of
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‘‘unhealthy life’’ in participants of the original cohort of the
Framingham Heart Study (Yashin et al., 2010a). We show how
different components of the aging process, such as the decline in
resistance to stresses and adaptive capacity, can be evaluated from
age trajectories of these indices and data on onset of diseases, and
how they can contribute to an increase in the risk of onset of
‘‘unhealthy life’’ with age. We calculate respective characteristics
in females and males and evaluate their contribution to the
observed sex-specific patterns of incidence rate of onset of
‘‘unhealthy life.’’

2. Data and method

2.1. Framingham Heart study (FHS) data

The FHS Original Cohort consists of 5209 respondents (nearly all are Caucasians,

46% male) aged 28–62 years at baseline and residing in Framingham, Massachu-

setts, between 1948 and 1951, and who had not yet developed overt symptoms of

cardiovascular disease or suffered a heart attack or stroke (Dawber, 1980; Dawber

et al., 1951). The study continues to the present with biennial examinations (29

exams to date, data from exams 1–25 were used in this study) that include detailed

medical history, physical exams, and laboratory tests. The FHS Original Cohort has

been followed for about 60 years for the occurrence of cardiovascular diseases,

cancer, diabetes mellitus, and death. Examination of participants, including an

interview, physical examination, and laboratory tests, has been taken biennially.

Phenotypic traits collected in the FHS Original Cohort over 60 years and relevant to

our analyses include: life span, ages at onset of diseases (with the emphasis on

cardiovascular diseases, cancer, and diabetes mellitus), as well as indices

characterising physiological state. The occurrence of diseases (CVD and cancer)

and death has been followed through continuous surveillance of hospital

admissions, death registries, clinical exams, and other sources, so that all the

respective events are included in the study. We used data on first occurrence of CVD

(defined by the FHS investigators as having any of the following: coronary heart

disease, intermittent claudication, congestive heart failure, or stroke/transient

ischemic attack) and cancer from the follow-up data, and data on current diabetes

status (defined by the FHS investigators as a level of blood glucose exceeding

140 mg/dl and/or taking insulin or oral hypoglycemics) in exams to calculate the

age at onset of ‘‘unhealthy life’’ as the minimum of ages of occurrence of these

diseases. If an individual did not contract any of these diseases during the

observation period, then that individual was considered censored at the age of the

last follow-up or death. Individuals who had any of the diseases before (for cancer

and CVD) or at (for diabetes) the first FHS exam were excluded from the analyses of

‘‘unhealthy life.’’ Data on physiological indices that we used include: body mass

index (BMI, exams 1–25), diastolic blood pressure (DBP, exams 1–25), hematocrit

(HCT, exams 4–21), pulse pressure (PP, exams 1–25), pulse rate (PR, exams 1, 4–25),

and serum cholesterol (SCH, exams 1–11, 13–15, 20, 22–25).

2.2. The underlying paradigm linking age dynamics of physiological indices and

morbidity risks

The paradigm linking the age dynamics of physiological indices and morbidity

risks is based on several major concepts of aging known to date that are

incorporated in the framework of the model by Yashin et al. (2007a).

The concept of allostasis describes the adaptive response of an organism to the

persistent environmental and psychosocial situations, commonly referred to as

‘‘stresses’’ (Sterling and Eyer, 1988). Allostasis means that an organism maintains

‘‘stability’’ of some functions by changing the others. Unlike homeostasis, allostasis

refers to the organism’s ability to cope physiologically, behaviorally, and

emotionally with specific environmental challenges while maintaining the

regulatory control of the homeostatic systems that operate within narrow

parameters (McEwen and Wingfield, 2003). The body pays the ‘‘price’’ (allostatic

load) for being forced to adapt to persistent environmental and psychosocial

challenges. The allostatic load depends on how inefficient defense and compensa-

tory mechanisms are, and/or how many stressful challenges an individual

experienced. Over time, allostatic load can accumulate and the overexposure to

neural, endocrine, and immune stress mediators can have adverse effects on various

organ systems leading to the development of a disease (and, eventually, increasing

mortality risk). Thus, investigation of effects of allostatic adaptation provides us

with important indicators of physiological pre-disease pathways. Several practical

procedures for evaluating allostatic load were suggested (Seeman et al., 1997,

2001). These procedures, however, do not take into account the dynamic nature of

physiological processes affecting individual health and survival. Important

information for understanding dynamic mechanisms regulating age trajectories

of physiological state in individuals is that persistent exposure to external

disturbances during the life course modifies set points of biological homeostatic

regulation resulting in shifting individual’s physiological state from its ‘‘optimal’’

age trajectory where mortality risk is minimal. Thus the effects of allostatic

adaptation are reflected in the individual age trajectories of physiological indices,
and, therefore, they need to be included in the mathematical model describing age

dynamics of these indices.

The decline in adaptive (homeostatic) capacity of physiological and biological

systems with age (‘‘homeostenosis’’) has been shown to be an important

characteristic of aging (Hall et al., 2000; Rankin and Kushner, 2009; Troncale,

1996) and, hence, it needs to be accounted for in description of the model.

In analyses of effects of persistent environmental and psychosocial challenges

(which we name ‘‘stresses’’) on an organism’s functioning one should take into

account that available longitudinal studies (including the FHS) typically contain

scarce (if any) information on external disturbances affecting individuals during

their life course. The intensities (and magnitudes) of persistent external stresses

that affect an organism’s functioning are generally unknown. Therefore, the direct

estimation of such ‘‘stresses’’ from the data is not possible. Our approach was

developed to make possible estimation of the effects of allostatic adaptation from

longitudinal data. It includes effects of allostatic adaptation into the model

describing age trajectories of physiological state. As we show, these trajectories can

be evaluated from the data, along with the negative feedback coefficient. The

specific ‘‘stresses’’ causing this dynamics remain, nevertheless, unknown and

unobserved.

Taken together, these considerations can be formalised in the following

stochastic differential equation describing the age dynamics of a physiological

index with age (Yashin et al., 2007a):

dYt ¼ aðtÞ Yt � f 1ðtÞð Þdt þ bðtÞdWt ;Y0 (1)

Here Yt is the value of a physiological index at age t. The function f1(t) describes

the effect of allostatic adaptation, i.e., the trajectory that individual’s physiological

index is forced to follow by homeostatic forces in the presence of external

disturbances described by a Wiener process Wt (which is independent of the initial

normally distributed value Y0). The strength of homeostatic forces is characterised

by the negative feedback coefficient a(t): larger values of this function correspond

to faster return of the trajectory of the physiological index to the allostatically

prescribed values f1(t). Therefore, the decline in the absolute value of this function

with age represents the effect of homeostenosis. In our applications to data on onset

of ‘‘unhealthy life,’’ we used a linear approximation of such decline: a(t) = aY + bYt

(with aY < 0 and bY < 0). We used the quadratic function to model the ‘‘allostatic

trajectory’’ f1(t) (which we denote the ‘‘mean allostatic state’’):

f 1ðtÞ ¼ a f 1
þ b f 1

t þ c f 1
t2. The choice of the quadratic function for the ‘‘mean

allostatic state’’ comes from the empirical observations of the average trajectories of

the physiological indices in the FHS, which generally have a quadratic form (see

Fig. 1), although, of course, the mean trajectories does not necessary have to follow

those of f1(t) exactly.

The concept of allostatic adaptation implicitly assumes the notion of ‘‘deviation

from the norm,’’ that is, the ‘‘normal’’ state of an organism corresponding to

‘‘optimal’’ functioning in terms of minimising morbidity or mortality risk. The

studies of how persistent external unfavourable conditions get ‘‘under the skin’’ of

affected person increasing his/her susceptibility to diseases and death (McEwen,

2000; Sterling and Eyer, 1988) provide evidence that many such conditions affect

set-points of physiological homeostasis changing physiological balance from the

‘‘normal’’ to ‘‘abnormal’’ state. This means that the trajectory of a physiological

index that an organism is forced to follow under the persistent external

disturbances (f1(t)) may be different from the ‘‘optimal’’ trajectory (which we

denote f(t)) minimising mortality/morbidity risk that the homeostatic regulation

would force to follow in the absence of external disturbances. The difference

between f1(t) and such ‘‘optimal’’ trajectory (which can be interpreted as age-

specific ‘‘physiological norm’’) provides the measure of the allostatic load. In our

applications to the data on onset of ‘‘unhealthy life,’’ we used a linear approximation

of the ‘‘optimal’’ trajectory:f(t) = af + bft (see also ‘‘Sensitivity Analyses’’ in

Appendix A).

Introduction of the notion of ‘‘optimal’’ age trajectory of physiological index

allows for linking longitudinal measurements of physiological indices and

morbidity (or mortality) risk. As assumed in the definition of the ‘‘optimal’’ age

trajectory f(t), deviations of physiological index from respective ‘‘optimal’’ levels for

each age (represented by this function f(t)) increase individual’s chances to develop

a disease or die. Different studies observed U- or J- shape of the risks as functions of

various physiological indices (Allison et al., 1997; Boutitie et al., 2002; Kulminski

et al., 2008a; Kuzuya et al., 2008; Mazza et al., 2007; Okumiya et al., 1999;

Protogerou et al., 2007; Troiano et al., 1996; van Uffelen et al., 2010; Witteman et al.,

1994; Yashin et al., 2001). Following these observations, we suggested using a

quadratic function to model dependence of the risk on deviations of trajectories of

physiological index Yt from the optimal trajectory f(t) (Arbeev et al., 2009; Yashin

et al., 2007c, 2008, 2009, 2010b), although other functional forms can be used as

well (Yashin et al., 2007b). We use the following expression for the hazard rate (i.e.,

incidence rate for onset of ‘‘unhealthy life’’ in our applications) using the one-

dimensional version of the model by Yashin et al. (2007a):

m t;Ytð Þ ¼ m0ðtÞ þ Yt � f ðtÞð Þ2QðtÞ (2)

here m0(t) is the ‘‘residual’’ or ‘‘baseline’’ hazard that represents the risk which

would remain if the index Yt followed the ‘‘optimal trajectory’’ represented by the

function f(t). It models the effect of other factors (such as the senescence process)



Fig. 1. Average trajectories (�s.e.) of six physiological indices in females and males in the Framingham Heart Study (Original Cohort). Note: values of the indices measured after the

onset of any of the three diseases defining ‘‘unhealthy life’’ (i.e., cancer, CVD, diabetes) are excluded from the calculations.
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that impact the incidence rate. In applications to data on onset of ‘‘unhealthy life,’’

we specified the logistic (gamma-Gompertz) function for the baseline hazard:

m0ðtÞ ¼
m0

0ðtÞ
1þ s2

2

R t
0 m0

0ðuÞdu

where m0
0ðtÞ ¼ am0

ebm0
t . The specific choice for the baseline hazard is motivated by

the earlier observations that the incidence rates of many aging-related diseases

(including cancer, heart disease, stroke and diabetes, which are used in the

definition of onset of ‘‘unhealthy life’’ in our study) decelerate or even decline at

advanced ages (Arbeev et al., 2005; Rockwood et al., 2000; Ukraintseva et al., 2006,

2010; Ukraintseva and Yashin, 2001, 2003), and by empirical observations of the

incidence rates of onset of ‘‘unhealthy life’’ in the present study (Fig. 2).

The non-negative function Q(t) characterises sensitivity of the risk function

(incidence rate) to deviations of physiological variables from the ‘‘optimal’’ function

f(t). This function can be interpreted as the ‘‘vulnerability’’ index. It characterises the

‘‘robustness’’, or ‘‘vulnerability,’’ component of stress resistance. When the value of

this function increases (i.e., the U-shape of the risk narrows), an organism becomes

more vulnerable to deviations from the ‘‘normal’’ state caused by external

disturbances (because the same magnitude of deviation from the ‘‘optimal’’
trajectory results in a larger increase in the risk). An increase in this index with age

(that is, the decline in stress resistance) can be considered as a manifestation of the

senescence process (Strehler, 1962; Strehler and Mildvan, 1960; Ukraintseva and

Yashin, 2003). In this study, we model the ‘‘vulnerability’’ index as a linear function

of age: Q(t) = aQ + bQt (see also ‘‘Sensitivity Analyses’’ in Appendix A).

Fig. 3 schematically illustrates the main features of the model. A discrete-time

version of model (1)–(2) (with values of physiological indices evaluated at one-year

age intervals using respective observations in the adjacent FHS exams) was applied

to data on onset of ‘‘unhealthy life’’ in females and males in the FHS Original Cohort.

Parameters of adaptive capacity, mean allostatic state, the vulnerability index, the

baseline hazard and the ‘‘optimal’’ trajectory were specified as described above. The

diffusion coefficient b(t) was modelled constant. We also performed several

sensitivity analyses to test alternative specifications of the model (see ‘‘Sensitivity

Analyses’’ in Appendix A).

3. Results and discussion

Estimates of parameters of the baseline incidence rate, m0(t),
the ‘‘vulnerability’’ index, Q(t), the age-specific adaptive capacity
a(t), the ‘‘mean allostatic state’’ f1(t), and the age-specific ‘‘norm’’
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age 50, individuals at age 90 tend to have a larger increase in the risk (denoted by

the dotted line) as the result of larger deviations of the trajectory of the index (Yt,

thin solid line) from the ‘‘optimal’’ trajectory (f(t), dash-dotted line) caused by the

divergent trajectory of the ‘‘mean allostatic state’’ (f1(t), dashed line) that an

organism is forced to follow by the process of adaptive regulation, and a narrower

U-shape of the risk(m(t, Yt) �m0(t), thick solid line).
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f(t) for six physiological indices in the quadratic hazard model
applied to data on onset of ‘‘unhealthy life’’ in females and males in
the Framingham heart study (Original Cohort) are given in Table 1.

3.1. Patterns of baseline incidence rate

Fig. 4 shows that for all indices and for both sexes the pattern of
the baseline incidence rate decelerates with age (respective
estimates of parameter s2 are non-zero, p < 0.0001). This pattern
contributes to the observed shape of the incidence rate at old ages
(Fig. 2). Thus, our a priori expectations about the pattern of the risk
of onset of ‘‘unhealthy life’’ corresponding to unspecified factors
represented by m0(t) are confirmed. Earlier we suggested that the
decelerated patterns of incidence rates observed for many chronic
diseases at old ages may reflect the contribution of basal process of
aging in the body which is manifested in slowdown of metabolism,
Table 1
Estimates of parameters of the quadratic hazard model applied to data on onset of

physiological indices in females and males in the Framingham Heart Study (Original C

Sex Index Baseline hazard Vulnerability

Rate (m0(t)) Index (Q(t))

am0
� 104 bm0

s2 aQ�104 bQ�106

Females BMI 0.546 0.106 1.304y �0.903# 3.224

DBP 0.666 0.100 1.219y �0.201y 0.716

HCT 0.044 0.146 1.632y �2.715y 9.697

PP 0.447 0.110 1.442y 0.077 0.045

PR 0.515 0.107 1.268y �0.131# 0.466

SCH 0.372 0.113 1.299y �0.007 0.026

Males BMI 0.693 0.111 1.051y �1.159* 4.814

DBP 0.615 0.110 0.995y �0.317# 1.130

HCT 0.088 0.141 1.268y �1.639# 5.854

PP 0.839 0.108 1.075y �0.243 0.867

PR 0.686 0.110 1.044y �0.178y 0.635

SCH 0.344 0.122 1.097y �0.009# 0.032

Notes: BMI – body mass index, DBP – diastolic blood pressure, HCT – hematocrit, PP – puls

Section 2.

The symbols after the numbers in the following five columns of Table 1 denote p-values

model applied to data on corresponding physiological index for individuals of respective

restrictions on parameters: s2 = 0); column ‘‘aQ’’: null hypothesis – age-independent ‘‘

decline in the adaptive capacity a(t) (bY = 0); column 00a00f 1
: null hypothesis – age-independ

age-independent ‘‘physiological norm’’ f(t) (bf = 0). The symbols in these columns den

respective null hypotheses. The absence of symbols after the numbers in these columns m

except the five columns mentioned above, are not used to represent information on te
proliferative response and information processing with age
(Ukraintseva and Yashin, 2001, 2003).

3.2. Shape of ‘‘Vulnerability’’ index and stress resistance

The trajectories of the ‘‘vulnerability’’ index (Q(t)) increase with
age for all indices and both sexes as Fig. 5 illustrates (p-values for
the null hypothesis about the constant Q(t) are rejected at different
significance levels in all cases except for PP in females and males
and SCH in females, see Table 1). This means that the width of the
U-shape of the risk (as a function of respective physiological index)
is getting narrower with age. This, in turn, indicates that the range
of the values of respective physiological indices corresponding to a
‘‘tolerable’’ increase in the risk is also getting narrower with age
‘‘unhealthy life’’ (cancer, CVD, or diabetes) and longitudinal observations of six

ohort).

Adaptive Allostatic ‘‘Optimal’’

Capacity (a(t)) Trajectory (f1(t)) Trajectory (f(t))

aY bY�104 a f 1
b f 1

c f 1
af bf

�0.017y 1.575 9.59y 0.595 �0.005 29.83* �0.113

�0.066* 2.357 53.69y 1.101 �0.010 93.01§ �0.362

�0.089y 7.646 33.69y 0.371 �0.003 43.13 �0.011

�0.114y 9.353 5.83y 1.054 �0.001 39.72 0.028

�0.079§ 3.533 66.79y 0.490 �0.005 73.90 �0.078

�0.079y 7.509 46.83y 6.827 �0.056 229.28 �0.161

�0.018# 1.672 20.47y 0.254 �0.003 26.09 �0.057

�0.091y 6.528 63.95y 0.878 �0.009 74.87 �0.017

�0.051 1.444 42.52y 0.224 �0.003 48.80* �0.113

�0.097y 6.935 35.45y 0.058 0.006 22.64 0.393

�0.074* 3.528 66.30§ 0.393 �0.004 70.97 �0.162

�0.080y 7.192 209.11y 1.235 �0.017 178.36 �0.270

e pressure, PR – pulse rate, SCH – serum cholesterol; see definitions of parameters in

(evaluated by the likelihood ratio test) for different null hypotheses tested for the

sex: column ‘‘s2’’: null hypothesis–Gompertz baseline hazard rates m0(t) (respective

vulnerability’’ index Q(t) (bQ = 0); column ‘‘aY’’: null hypothesis – no aging-related

ent ‘‘mean allostatic state’’ f1(t) (b f 1
¼ 0 and c f 1

¼ 0); column ‘‘af’’: null hypothesis –

ote: y: p<0.0001; §: 0.0001�p<0.001; #: 0.001�p<0.01; *: 0.01�p<0.05, for

eans that respective p-values exceed 0.05. Note that all other columns in the table,

sting any null hypotheses and therefore they do not contain any symbols.



Fig. 4. Estimates of the baseline hazard rate (m0(t)) in the quadratic hazard model applied to data on onset of ‘‘unhealthy life’’ (i.e., cancer, CVD, or diabetes) and longitudinal

observations of body mass index, diastolic blood pressure, hematocrit, pulse pressure, pulse rate, and serum cholesterol, in females (solid lines) and males (dashed lines) in

the Framingham Heart Study (original cohort).
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and the ‘‘price’’ for the same magnitude of deviation from the
‘‘norm’’ (in terms of an absolute increase in the risk of onset of
‘‘unhealthy life’’ compared to the baseline level m0(t) at that age) is
higher at older ages. For all indices (except for hematocrit), the
trajectory of ‘‘vulnerability’’ index for males lies above that of
females meaning the higher ‘‘price’’ for deviations from the norm
for males compared to females (corresponding to a narrower U-
shape of the risk at each age in males). This suggests that males
have generally lower resistance to stresses than females: males are
more vulnerable to deviations from the ‘‘normal’’ state caused by
external disturbances (the same magnitude of deviation from the
‘‘optimal’’ trajectory results in a larger increase in the risk
compared to females). In addition, the trajectories of Q(t) increase
faster in males than in females for all indices except for hematocrit.
This means the faster decline in resistance to stresses in males
compared to females. Combined with higher values of the baseline
hazard, this contributes to the observed higher incidence rate for
males, as well as to its faster increase with age (Fig. 2).
3.3. Decline in adaptive capacity

The absolute value of the feedback coefficient a(t) tends to
decline with age in both females and males, see Fig. 6 (the decline is
significant at different levels in all cases except for HCT in males,
see Table 1). This means that the adaptive capacity declines with
age in both females and males for all analysed physiological indices
and more time is needed for the trajectory of an index (Yt) to
approach the ‘‘mean allostatic state’’ (f1(t)) at older ages compared
to younger ages. The rate of decline differs in females and males for
different indices, as well as the initial values at age 40. For example,
both the rate of decline and the (absolute value of) adaptive
capacity at age 40 are higher in males than in females for DBP,
while the opposite is observed for HCT and PP. In these cases, the
trajectories for females and males intersect at ages about 60–70.
For PP and SCH, the trajectories for females and males go almost in
parallel, but the relationship between the values of adaptive
capacity at age 40 is the opposite for these two indices. These



Fig. 5. Estimates of the ‘‘vulnerability’’ index (Q(t)) in the quadratic hazard model applied to data on onset of ‘‘unhealthy life’’ (i.e., cancer, CVD, or diabetes) and longitudinal

observations of body mass index, diastolic blood pressure, hematocrit, pulse pressure, pulse rate, and serum cholesterol, in females (solid lines) and males (dashed lines) in

the Framingham Heart Study (original cohort).
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observations indicate that the mechanisms underlying the decline
in the adaptive capacity in females and males may not work
universally for all physiological indices and deserve further study.

3.4. Allostatic adaptation and ‘‘Optimal’’ trajectories

For all analysed indices and both sexes, the resulting estimates
of the ‘‘mean allostatic state’’ f1(t) are age-dependent (p-values for
the null hypothesis about the constant f1(t) are: p = 0.0002 for PR in
males, p < 0.0001 for all other cases). The ‘‘optimal’’ trajectories f(t)
are also age-dependent, however, the null hypothesis about the
constant f(t) was rejected only for BMI (p = 0.035) and DBP
(p = 0.0003) in females and HCT (p = 0.035) in males. Age-
dependence of the ‘‘optimal’’ trajectory f(t) indicates that the
values of these indices that minimise the risk of onset of unhealthy
life for young and middle-age adults may differ from those of old
and oldest-old individuals. Therefore, the strategies aiming at
maintaining the level of a physiological index at oldest ages similar
to the level optimal for younger individuals may actually increase
the risk of development of cancer, CVD or diabetes (Yashin et al.,
2009). Furthermore, the notion of the ‘‘norm’’ used here
corresponds, by definition, to the minimal risk of onset of any of
the three diseases (cancer, CVD, diabetes) at respective ages.
Hence, it is a ‘‘compromise’’ measure which may deviate from the
disease-specific ‘‘norms’’ (the latter may have different patterns if a
physiological index has non-uniform impact on the different
disease risks). However, if the goal is to minimise the risk of onset
of any of the three diseases rather than to minimise the risk of one
disease at a possible cost of increased risks for other diseases, then
such approach may be preferable to analyses of disease-specific
data. Also, it may happen that the trajectory that minimises the risk
of onset of ‘‘unhealthy life’’ differs somewhat from that minimising



Fig. 6. Estimates of age-specific adaptive capacity (i.e., the negative feedback coefficient a(t)) in the quadratic hazard model applied to data on onset of ‘‘unhealthy life’’ (i.e.,

cancer, CVD, or diabetes) and longitudinal observations of body mass index, diastolic blood pressure, hematocrit, pulse pressure, pulse rate, and serum cholesterol, in females

(solid lines) and males (dashed lines) in the Framingham Heart Study (original cohort).
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the risk of death. For example, at old ages, when the risk of a
disease may decline, total mortality risk continues to increase, so
that the factors minimising the risks of the disease and death may
be different (Ukraintseva and Yashin, 2003). Thus, the concept of
physiological ‘‘norm’’ deserves additional studies, which need to be
performed to evaluate the ‘‘optimal’’ physiological trajectories
corresponding to minimal mortality risks at different ages and to
compare them with those trajectories evaluated here for the onset
of ‘‘unhealthy life.’’

3.5. Measures of allostatic load and differences in healthy life

expectancy

For all indices and both sexes, the null hypotheses on
coincidence of f1(t) and f(t) (in the model with quadratic f1(t)
and f(t)) were rejected (0.01 � p < 0.05 for HCT and SCH in females,
p = 0.008 for BMI in males, p < 0.0001 in other cases). This means
that the processes of compensatory adaptation and remodelling
regulating the age dynamics of respective physiological states
force the age trajectories of the indices to follow the curves which
do not tend to minimise the risk of onset of ‘‘unhealthy life.’’
Persistent deviations from the ‘‘norm’’ characterise the effects of
allostatic adaptation and the magnitudes of such deviations for
each physiological index can be associated with components of
allostatic load leading to increased chances of development of the
diseases (if the estimates of the quadratic term in the hazard, Q(t),
are not zero, which is the case in our applications). If one takes two
individuals, the first one being a ‘‘typical person’’ whose age
trajectory of some physiological index drifts along the ‘‘mean
allostatic state’’ f1(t) and the second one who manages to keep his/
her age trajectory at the ‘‘optimal’’ level corresponding to f(t), then
the first individual will have increased chances of getting the
diseases compared to the second one (if all other factors, i.e., those
summarised in m0(t), are the same). As the result, the ‘‘healthy life
expectancy’’ in two individuals will be different and such a
difference can be evaluated from the model. In case of our
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applications, the difference in healthy life expectancy reaches 6.7
years for PP in females and 3.0 years for PP in males, although for
other indices the increase is more moderate (about 1–2 years)
indicating that the impact of other (unobserved) factors (sum-
marised collectively by m0(t) may be more pronounced in defining
healthy lifespan compared to the analysed indices.

3.6. Limitations of the study and alternative approaches

The limitations of the approach considered in this paper deal
with the fact that it evaluates average effects of allostatic
adaptation and average ‘‘optimal’’ functions. It would be useful
to investigate individual dynamic effects of allostatic adaptation
and individual optimal age trajectories of physiological indices.
Such extension, however, would involve more data and require
development of more sophisticated dynamic models describing
numerous aging related changes in their mutual connection and
their effects on mortality/morbidity risk. One more limitation is
that the approach uses a one-dimensional description of physio-
logical state. However, different physiological indices may be
mutually dependent and evaluating the ‘‘norms’’ and other
parameters independently may introduce a bias in estimates.
Thus, multidimensional analysis of different indices is important.
At the same time, a substantial deviation of some indices from their
one-dimensional ‘‘norms’’ may serve as an important indicator of a
possible pathological development that may lead to overt
symptoms of chronic diseases.

The method used in this paper for modelling aging related
changes is not the only option to analyse health deterioration with
age or relationship between longitudinal measurements and
mortality/morbidity data. Different methods for joint modelling
of longitudinal and time-to-event data have been developed in
biostatistics (see, e.g., reviews in Tsiatis and Davidian, 2004; Yu
et al., 2004). The reliability literature presents approaches for
analyses of failure time-degradation data with covariates which
provide a powerful tool for investigation of effects of internal
(degradation, wear) and external (covariates, stresses) explanatory
variables on failure time distributions (see recent papers by
Bagdonavicius and Nikulin, 2009; Lehmann, 2009). Other
approaches can be applied in different circumstances depending
on availability of additional information apart from data on
incidence of diseases. For example, the (random) vitality or a first-
passage type models (Arbeev et al., 2005; Finkelstein, 2007, 2009;
Li and Anderson, 2009; Strehler and Mildvan, 1960) can be
employed to investigate the shapes of the incidence rate curves.
The availability of individual data on minor health deficits and
symptoms collected in surveys allows for construction of a
cumulative measure of health deterioration called a frailty index
or an index of cumulative deficits (Goggins et al., 2005; Kulminski
et al., 2007, 2008b, 2008c; Mitnitski et al., 2001; Rockwood and
Mitnitski, 2007; Yashin et al., 2007b,c) which proved to be an
efficient empirical approach to investigate aging related processes
of health deterioration. The availability of individual measure-
ments of biological parameters reflecting functioning of the
hypothalamic–pituitary–adrenal axis, sympathetic nervous sys-
tem, cardiovascular system, and metabolic processes allows for
calculation of cumulative physiological wear and tear measure of
allostatic load and its effect on health outcomes (Seeman et al.,
1997, 2001). However, information on individual measurements of
relevant biomarkers (such as those characterising stress resistance,
adaptive capacity, allostatic load, etc.) is often not available and
some indirect methods are needed to investigate the impact of
respective aging-related processes on mortality/morbidity risks.
The approach by Yashin et al. (2007a) provides a powerful tool for
comprehensive analyses of longitudinal data on aging, health, and
longevity that allows for incorporating such aging-related
mechanisms into the model and evaluating them from data on
physiological indices and mortality/morbidity. This approach can
quantify important connection between aging and development of
chronic conditions, which have never been evaluated from the
analyses of longitudinal data before.

4. Conclusions

The results of this study show that the model of human
mortality and aging (Yashin et al., 2007a) can be successfully used
for investigating physiological mechanisms regulating duration of
healthy life. The analyses demonstrate how decline in resistance to
stresses and adaptive capacity, accompanying human aging, can be
evaluated from longitudinal data and show how these key
components of the aging process contribute to an increase in
the risk of onset of unhealthy life. The results indicate the presence
of substantial gender difference in aging related decline in stress
resistance and adaptive capacity, as well as in accumulation of
allostatic load, which contributes to the difference in the shape of
the sex-specific patterns of incidence rates of aging related
diseases. These differences may have genetic origin or may be
caused by different roles males and females play in society. The
determinants of such differences deserve further study.
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Appendix A

A.1. Sensitivity analyses

A.1.1. Shape of the ‘‘allostatic trajectory’’ (f1(t))

The ‘‘basic’’ model applied to data on onset of ‘‘unhealthy life’’ used

a quadratic function to specify the ‘‘allostatic trajectory’’ f1(t). We also

estimated the model with linear f1(t) and tested the null hypothesis in

favour of the linear model. The null hypothesis was rejected for all

indices and both sexes (p < 0.0001 in all cases except pulse rate for

males (p = 0.002)) excluding pulse pressure for females (p = 0.1). The

model with linear f1(t) applied to for data on pulse pressure for

females produced the estimates similar to the model with quadratic

f1(t) shown in Table 1.

A.1.2. Non-symmetric ‘‘vulnerability’’ index (Q(t))

The ‘‘basic’’ model described in the text of the manuscript assumes

the symmetric increase in the risk due to the same magnitude of

deviations of a physiological index to the left (i.e., smaller than

‘‘optimal’’ values) or to the right (i.e., larger than ‘‘optimal’’ values) from

the ‘‘optimal’’ trajectory f(t). We also estimated the model assuming a

non-symmetric form of Q(t) (i.e., different ‘‘penalties,’’ in terms of an

additional risk, for deviations of the index to the left and to the right

from the ‘‘optimal’’ trajectory f(t)). Respective terms are modelled by

two linear functions, QL(t) and QR(t). We tested the respective

hypotheses on whether the ‘‘penalties’’ for deviations of the index to
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the left and to the right from the ‘‘norm’’ f(t) are different. In all cases

except for diastolic blood pressure in males (p = 0.037) the respective

null hypotheses in favour of the simpler model (i.e., symmetric

‘‘penalties’’ for deviations to the left and to the right from the ‘‘norm,’’ as

used in the ‘‘basic’’ model) were not rejected at the 0.05 significance

level. The model with non-symmetric vulnerability index applied to

data on diastolic blood pressure in males estimated a steeper increase

of QL(t) than QR(t) and a lower ‘‘optimal’’ trajectory (af = 69.5,

bf = �0.051) than the original model, with estimates of all other

parameters close to that in the ‘‘symmetric’’ model shown in Table 1.

A.1.3. Shape of the ‘‘optimal’’ trajectory (f(t))

The ‘‘basic’’ model used a linear approximation of the ‘‘optimal’’

trajectory f(t). We also estimated the model with quadratic f(t) and

tested the null hypothesis in favour of the linear model. The null

hypothesis was not rejected at the 0.05 significance level for all indices

and both sexes except pulse pressure for males (p = 0.008) and pulse

rate for females (p = 0.007). The model with quadratic f(t) applied to

data on pulse pressure for males and pulse rate for females produced the

shapes of all components (except f(t)) similar to those in the model with

linear f(t) shown in Table 1. We also tested the null hypothesis that

‘‘optimal’’ values do not change with age in the model with quadratic

f(t). The null hypothesis was rejected at the 0.05 significance level for

pulse rate in females (p = 0.022) and pulse pressure in males (p = 0.008).

A.1.4. Optimal ranges of values of physiological indices

The ‘‘basic’’ model assumes a single ‘‘optimal’’ value of a

physiological index that corresponds to the minimal risk of onset

of ‘‘unhealthy life’’ at respective age. Alternatively, we can assume

that there is a range of such values minimising the risk at each age. To

check such scenario, we estimated the model with ‘‘optimal range,’’ or

m t;Ytð Þ ¼ m0ðtÞ þ Yt � f LðtÞð Þ2I Yt < f LðtÞð ÞQLðtÞ

þ Yt � f RðtÞð Þ2I Yt > f LðtÞð ÞQRðtÞ

where I(.) is an indicator function (which equals one if the
condition in the parentheses holds and zero otherwise), fL(t) and
fR(t) are two functions defining the left and right boundaries of the
‘‘optimal range,’’ which were modelled as linear functions.

We tested the respective null hypotheses in favour of the simpler

model (i.e., with a single ‘‘optimal’’ value) and the null hypotheses were

not rejected at the 0.05 level in all cases. Nevertheless, the optimal

ranges fL(t) and fR(t), rather than the optimal trajectories f(t), were

estimated for the majority of indices. In all cases where such ranges

were estimated, the ranges narrowed with age indicating that the range

of ‘‘acceptable’’ values of indices with minimal risk of onset of

‘‘unhealthy life’’ shrinks as an individual gets older. That is, the range of

values of a physiological index with the same absolute increase in the

risk (compared to the baseline level at respective age) narrows with age

which can be considered as a manifestation of decline in stress

resistance with age. This leads to increased chances of development of

the diseases at older ages, compared to younger ages, associated with

the same magnitude of deviation from the ‘‘optimal’’ level.
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