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Abstract
Background—An index of age-associated health/well-being disorders (deficits), called the “frailty
index” (FI), appears to be a promising characteristic to capture dynamic variability in aging
manifestations among age-peers. In this study we provide further support toward this view focusing
on the analysis of the FI age patterns in the participants of the National Long Term Care Survey
(NLTCS).

Methods—The NLTCS assessed health and functioning of the U.S. elderly in 1982, 1984, 1989,
1994, and 1999. Detailed information for our sample was assessed from about 26,700 interviews.
The individual FI is defined as a proportion of health deficits for a given person.

Results—The FI in the NLTCS exhibits accelerated age patterns. The acceleration is larger for
elderly who, at younger ages, had a lower FI (low FI group) than for those who showed a higher FI
at younger ages (high FI group). Age-patterns for low and high FI groups tend to converge at advanced
ages. The rate of deficit accumulation is sex-sensitive.

Conclusions—The accelerated FI age patterns suggest that FI can be considered as a systemic
measure of aging process. Convergence of the (sex-specific) FI age patterns for low and high FI
groups by extreme ages might reflect the limit of the FI-specific (or systemic) age as well as the limit
of adaptation capacity in aging individuals.
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1. Introduction
Despite increasing attention to the concept of frailty as a characteristic of the aging process,
there is still not a universally-recognized definition that is valid across various settings
(Rockwood et al., 2005;Bortz, 2002). There is, however, growing consensus for viewing frailty
as a physiological state of non-specific vulnerability to stressors, which typically arises and
progresses at advanced ages (Fried et al., 2004). This concept suggests that a frail person may
experience health decline due to an age-related lack of stress-resistance or stress-recovery
rather than a particular predisposition to specific stresses. Degradation of the organism’s
defense function occurs due to decreasing physiological reserves and, possibly, deregulation
of multiple physiologic systems (Fried et al., 2004), which results in difficulty maintaining
homeostasis in response to even “normal” stresses that might not create such problems at
younger ages. On the cellular level, frailty can be associated with a process of gradual
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accumulation of damage in cellular tissues (Kirkwood, 2002). Consequently, frailty is not
necessarily associated with a specific disease or disability but is rather a systemic disorder that
may be manifested through health/well-being disorders.

The physiological concept of frailty suggests a simple method for its assessment through
tracking health/well-being deficits (i.e., signs, symptoms, impairments, etc.) accumulated by
individuals during their life course (Rockwood et al., 2000;2004;Mitnitski et al., 2004). These
arguments are based on a systemic approach to health; i.e., on the hypothesis that declining
neuroendocrine and immune functions of an organism can result in a wide spectrum of adverse
health outcomes (Vanitallie, 2003). This view is also supported by the idea that frailty and
aging are accompanied by stochastic processes that result in variable deficit accumulation at
the subcellular, tissue and organ system levels (Kirkwood et al., 2005). The frailty state thus
can be described by a composite measure of the health/well-being deficits. Rockwood and
Mitnitski and colleagues propose to characterize the frailty state by a frailty index (FI)
calculated as the proportion of deficits in an individual. According to this systemic approach,
frailty appears to be characterized not by the substance of the individual deficits used to define
the FI but by their aggregate (or systemic) ability to describe the decline in physiological
performance (Vanitallie, 2003) in an organism – and, thus to characterize its overall function.

The validity and robustness of the frailty concept on the basis of self-reported deficits has been
justified by the ability of the FI to predict death and health risk in Canadian (see Mitnitski et
al., 2004 and references therein) and Chinese (Goggins et al., 2005) studies. Nevertheless, such
a systemic concept requires further testing in other settings. In this paper, we apply the
Rockwood-Mitnitski approach to extend prior analyses to U.S. elderly using data from the
National Long Term Care Survey (NLTCS). We test hypotheses about the (accelerated)
increase of the FI with age in males and females using cross-sectional data collected in the
NLTCS. Different population structures represented in different NLTCS waves allow us to
compare the FI age patterns across waves and for “disabled” (high proportion of disabled
individuals) and “non-disabled” (normal or an unbiased mixture of disabled and non-disabled
subjects) samples of the population. Recent studies (Fried et al., 2004) suggest that, while
intersecting, disability and frailty are rather distinct concepts. Distinguishing disabled from
non-disabled individuals provides a test for similarities/dissimilarities between the concepts
of disability and frailty. We compared findings for distinct groups in the NLTCS and
subsequently compared those with published results from Canadian and Chinese studies as
well. Our analysis show possible connections between the FI, stress-resistance, and stress-
strength providing support for the view that the FI can be considered as a systemic measure of
aging process. We show that the FI age patterns for disabled and non-disabled groups tend to
converge at advanced ages, which indicates the presence of a limit of the FI-specific (or
systemic) age. We also show that this limit coincides with the mean limit of behavioral and
physiological adaptation capacity of aging organisms.

2. Methods
The NLTCS assesses the health and functioning of U.S. elderly (65+) individuals over 18 years
(1982, 1984, 1989, 1994, and 1999). It uses a sample of individuals drawn from Medicare
enrollees and contains longitudinal and cross-sectional nationally-representative components.
A two-stage-selection interviewing process is used. A screening interview assessing chronic
(90+ days) disability was given to all members of the sample. A detailed interview was given
to i) those who reported at least one chronic (Instrumental) Activities of Daily Living (I)ADL
impairment, ii) institutionalized individuals, and iii) those who received a detailed interview
in a prior survey. For each new survey, a cohort sample of about 5,000 persons was added to
the surviving sample to replace the deaths occurring since the prior survey and to ensure that
the new sample was representative of the entire U.S. elderly population (65+). Such a procedure
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ensures a valid longitudinal and cross-sectional design for the survey (for details see Manton
and Gu (2001)). In our study, detailed information on the health of the community-survey
participants is assessed from about 26,700 interviews in all five NLTCS waves.

In the 1994 NLTCS, an additional sub-sample of 1,762 “non-disabled” persons (the “healthy”
supplement [HS]) was selected. These persons were designated to receive a detailed interview
even if screened initially as non-institutional and unimpaired. The HS was selected from the
entire sample, excluding only the 95+ supplement and persons who screened in automatically
because they had detailed interviews in 1989. The 1999 HS includes 1,262 survivors from the
1994 HS, persons newly selected from the replacement (aged-in) component of the 1999
sample (219), and persons newly selected from the longitudinal component of the 1999 sample
who were screened out in 1989 and not selected for the 1994 wave (64) – producing a total of
1,545 persons.

To operationalize the FI concept for the NLTCS data, we use the same, or similar, health deficits
as assessed in the Canadian Study of Health and Aging (CSHA) (Mitnitski et al., 2001;2004).
The essential issue in constructing the FI is not the specific substance of deficits, but their
systemic nature; i.e., their ability to capture the widest possible spectrum of health/quality-of-
life disorders. Specifically, we selected the following 32 questions presented in all waves:
difficulty with eating, dressing, walk around, getting in/out bed, getting bath, toileting, using
telephone, going out, shopping, cooking, light house work, taking medicine, managing money,
arthritis, Parkinson’s disease, glaucoma, diabetes, stomach problem, history of heart attack,
hypertension, history of stroke, flu, broken hip, broken bones, self-rated health, trouble with
bladder or bowels, dementia, as well as problems with vision, hearing, ear, teeth, and feet.
Following Mitnitski-Rockwood’s approach, we define the FI as an unweighted count of such
deficits divided by the total number of all deficits considered for an individual (Mitnitski et
al., 2002a); thus, the FI can, in theory, vary from 0 to 1.

To ensure the reliability of our inferences, we adopted a three-stage strategy. First, for most of
our analyses we consider two variants of the FI: one constructed using the full set of 32 deficits
and the other a reduced set of the 26 most comprehensively assessed deficits (fewer than 1%
missing values). Second, we verify the consistency of our findings across NLTCS waves.
Finally, we compare our findings with those from Canadian and Chinese populations.

3. Results
We first evaluate the FI age-patterns for each NLTCS wave. Despite the relatively large
samples, estimates for single years of age are not sufficiently precise at advanced ages (90+),
where there are less than 100 cases per year. To improve statistical precision, and to smooth
estimates, we used two-year age groupings in our analyses. Figure 1 shows the two-year age-
patterns of the full (32 deficits) FI for five waves. The 26-deficit FI shows a similar age-pattern
and thus is not depicted.

Visual inspection of the age-patterns in Figure 1 reveals a nonlinear (accelerated) increase of
the FI with age. Sex-differences in the two-year FI age-patterns were not statistically
significant. Averaging the FI over five-years of age (Table 1) shows that statistically significant
differences between FIs for males and females are seen only for the 90–94 age group of the
1982 NLTCS and for three age groups (70–74, 80–84, 90–94) of the 1994 NLTCS. For the
entire sample (65+), mean FIs for males and females are statistically different for each NLTCS
wave – lower for males than for females.

To find the best description of the age-patterns in Figure 1, we estimated several functions:
linear, log-linear (or exponential), power, and quadratic. In all five NLTCS waves, and for FIs
with both 32 and 26 deficits, the best fit is obtained by the quadratic function, FI = U + B1 ×
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Age + B2 × Age2, as determined by comparisons of coefficients of determination (R2). A t-test
shows statistical significance for all coefficients except for B1 and U for the 1994 wave.
Because the quadratic function has three parameters, the standard errors of its coefficients are
larger than for the log-linear (ln(FI) = U + B1 × Age) function (Table 2). For comparison, Table
2 also shows the R2 statistics for the linear functions in parenthesis. Two-year averaging
significantly improved these estimates, increasing the percentage of total variation explained
by the nonlinear relations between age and FI by up to 50%. The use of five-year age categories
did not noticeably improve fits. Thus, a quadratic function accurately describes the FI age-
patterns in NLTCS data (Figure 1). The best fit was obtained for 1989 (R2 = 98%).

Despite the qualitative (shape) similarity of the age-patterns, there are quantitative differences
among the waves. The largest mean age-specific FIs are for the 1982 NLTCS (Figure 1). Their
difference from those of the other NLTCS waves is likely due to over-sampling of disabled
individuals in the 1982 community questionnaire (91.2% in 1982 vs. 83.5% in 1984).
Deviations of the 1982 NLTCS FI estimates from the exponential pattern of the age-specific
FI in the CSHA is also the largest – which is also reflected in the regression coefficients (Table
2).

In 1994, the NLTCS design was changed by adding the “healthy” supplement (HS). Since
individuals in the HS were designated before the survey to receive a detailed interview, the
proportion of non-disabled individuals in these groups is significantly lower than in the
remaining (“disabled”) group (DG) of individuals (selected for a community interview by the
screener) and is closer to the proportion in the general U.S. elderly population. Specifically,
according to the age-adjusted estimates in Manton and Gu (2001), the prevalence of non-
disabled elderly individuals in the U.S. national population in 1999 was 80.3% and in 1994
was 77.5%. The prevalence of non-disabled respondents to the community questionnaire in
the HS of the NLTCS without age standardization is 65.5% in 1999 and 80.5% in 1994. The
addition of the HS reduces the mean FI for the 1994 and 1999 waves, especially at younger
ages, and, as can be seen in Figure 1, brings the age-specific prevalence estimates for the FI
into relatively close agreement with estimates from the CSHA.

The presence of the HS in the 1994 and 1999 waves provides an opportunity to evaluate an
hypothesis on similarities/dissimilarities between the concepts of disability and frailty by
estimating the difference between groups with over-sampling of disabled individuals (the
Disabled Group, DG) and group with a normal (unbiased) mixture of disabled and non-disabled
individuals (HS). Figure 2 shows that the age-pattern for the DG shifts up, becoming closer to
the 1982–1989 patterns. By comparison, age-patterns for the HS shift down, exhibiting smaller
mean FIs than those assessed from the CSHA for all age groups. Again, better fits are obtained
for the quadratic function with the exception of the 1999 HS, for which the log-linear
(exponential) fit is better (Table 3).

Figure 2 suggests that individuals from the HS group (small FI at young ages) accumulate
deficits faster than those from the DG group (large FI at young ages). To increase statistical
power, we pooled data for the 1994 and 1999 waves and averaged the FI over five-years of
age. Figure 3 exhibits the 1994 and 1999 FI age-patterns for the entire pooled sample (left
panel) and for both sexes (right panel), along with their nonlinear fits (Table 4). Figure 3 clearly
shows that individuals from the HS accumulate deficits faster than those from the DG. The
rate of deficit accumulation varies by sex. Males in the HS have smaller FIs at younger ages
than females. However, HS males accumulate deficits faster than females, resulting in
convergence of their FI age-patterns and a crossover at advanced ages (~85).
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4. Discussion and Conclusions
Our results reveal large differences between FI age-patterns for the 1982, 1984, and 1989
NLTCS waves as compared to the 1994 and 1999 waves, which appear to be due to the presence
of a “healthy” sample in the two later waves. The age-patterns for the last two waves resemble
those from the CSHA. Our analyses show that in all cases (i.e., for each NLTCS wave and for
32- and 26-deficit FIs) the mean FI increases with age and that this increase is nonlinear: i.e.,
older people accumulate more deficits per year than younger individuals. Thus, we confirm
the accelerated increase of the FI with age revealed in several national studies (Mitnitski et al.,
2005;Mitnitski and Rockwood, 2006).

In most cases, the age-pattern is best described as a quadratic function. This means that the
rate of increase also increases with age (in a linear fashion), stressing the nonlinear nature of
deficit accumulation. The best fits, when quadratic fits are insignificant, were exponential.
Comparison of our results across NLTCS waves as well as with those from Canadian (Mitnitski
et al., 2004) and Chinese (Goggins et al., 2005) studies allows us to conclude that the particular
form of the FI age-patterns might be different across settings – largely depending on the survey
design. However, what seems to be essential and holds across settings is the accelerated
increase of the FI with age (although it can decelerate at advanced ages; see Goggins et al.,
2005).

An aging marker monotonically changing with chronological age can be considered as a
candidate for a measure of biological (or functional) age. Although aging indicators are usually
expected to have a linear relation with chronological age (Karasik et al., 2005), it can be argued
that the relation should be, generally, nonlinear. One basis for this expectation is the high
plasticity and age-dependence of mortality rate variation in experiments with anti-aging
interventions aimed to increase longevity (Vaupel et al., 2003). Valid markers of aging must
capture these properties; i.e., they must have a nonlinear relation with chronological age.
Another argument is that the overall rate of somatic aging might be a superposition of different
biological processes, each with distinct age dynamics, which then might result in nonlinear
change of biological age indices with chronological age (Nakamura et al., 1998;Ukraintseva
and Yashin, 2001;Arbeev et al., 2005).

An essential difference between FI and conventional biomarkers of aging is that the FI
characterizes integrative (i.e., systemic) changes in aging individuals. These changes can be
attributed to physiological aging per se and its interaction with environment, as follows from
the nonlinear (accelerated) FI age-patterns. The evidence for that can be obtained from the
general conception of frailty as a physiological state of non-specific vulnerability to stressors
(Fried et al., 2004). Indeed, individuals will likely accumulate deficits when stresses exceed
the limits of an organism’s stress-resistance. It is reasonable to assume that deficits accumulate
proportionally to the difference between the stress-strength and stress-resistance, which can
be called as the stress-load. Then, if the stress-load is constant with age, the FI would change
linearly due to its cumulative nature. But an accelerated increase of the FI with age indicates
that the stress-load increases with age. This can occur when: i) stress-strength increases while
stress-resistance is constant, ii) stress-resistance decreases while stress-strength is constant,
and iii) both these levels decline with distinct rates. The loss of stress-resistance is a
fundamental feature of biological aging (Jazwinski et al., 1998). Recent population studies of
aging in laboratory animals confirm a connection between the decline in stress-resistance and
aging for many types of stress factors (Semenchenko et al. 2004). This suggests that the first
scenario (i) is unrealistic. Unlike laboratory experiments with animals, humans live embedded
in environments. Therefore, in addition to aging changes similar to those in experimental
animals, they also experience the effects of various environmental factors. In fact, individuals
do not respond to stresses in the same way across their life span, but rather experience age-
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associated behavioral adaptation (Boerner, 2004). This adaptation will result in a decline of
the stress-strength level with aging. Therefore, the second scenario (ii) is also unrealistic.
Consequently, we have to assume that both levels (i.e., stress-strength and stress-resistance)
decline with aging. Then, the nonlinear change of the FI with age seems to be an inherent
feature of valid systemic cumulative indicators of aging.

Furthermore, the decline of stress-resistance with aging is also a multi-component process with
major contributions of somatic aging and the environment. The environmental contribution
results in changes in allostasis (i.e., capacity for physiological adaptation). Inefficiency in
allostasis leads to cumulative effects over the long run (allostatic load) which results in over-
declining stress resistance for non-experimental subjects (which can be termed an allostatically
loaded stress-resistance decline). Therefore, the FI likely reflects the complex interplay of
distinct aging-associated processes in a whole organism and, thus, can be considered as a
systemic measure of aging. Further evidences toward this view follows from similarity between
the FI and mortality-rate age patterns (Mitnitski et al., 2004;Kulminski et al., 2006), as well as
from the association of the mortality rates and relative risks of death with FI (Kulminski et al.,
2006;Goggins et al., 2006). Consequently, the FI might be a useful systemic indicator of aging,
specifically for large-scale population-based studies for which biomarkers of aging are rarely
available. It can be also a useful characteristic for describing population heterogeneity in
various models of aging and mortality, which can be implemented using, for instance,
microsimulation procedures designed to assess the impact of individual states (Akushevich et
al., 2005).

Our data allow us to show that the nonlinear relationship between FI and chronological age
also holds for the general population of community-dwelling elderly, although the FI age-
patterns for them tend to shift to lower FI values. Indeed, individuals for the DG were selected
following standard NLTCS procedures (i.e., screening in disabled individuals), while for the
HS they were selected irrespective of disability. Since the screener NLTCS participants were
primarily selected from among U.S. Medicare-eligible persons to provide a nationally-
representative sample according to demographic factors, the likelihood of systematic bias
resulting in selection of individuals for HS with specific health problems is low. This fact has
been also verified by comparing the FI age-patterns for the HS and for the U.S. community-
dwelling elderly. The latter sample was obtained from the respective NLTCS wave (1994 or
1999) using weights developed by the U.S. Bureau of the Census and the Center for
Demographic Studies (Duke University) to produce national estimates. Both (weighted and
HS) estimates show excellent agreement, especially at younger ages – suggesting that despite
a lower mean age-specific FI in the general population of community-dwelling elderly, the
nonlinear shape of the FI age-patterns remains.

The NLTCS data also provide evidence on complex (nonlinear) relationships between the FI,
sex, and chronological age. To understand this complexity, we make four observations. First,
the mean FI for males is smaller than for females for each NLTCS wave. This agrees with other
findings (Mitnitski et al., 2004;Goggins et al., 2005). However, this difference is not large.
Second, there generally are not statistically significant sex differences between age-specific
FIs. Third, there is no overall trend in the data for the FI for males to be less than for females.
Fourth, analysis of the sex-specific FIs for different age groups shows two opposite tendencies
in the sex-sensitivity of FI behaviors with age (Table 1). Specifically, at younger ages in the
early waves, FIs are nearly identical but have a tendency to diverge with age. For the two latest
waves, there is a tendency towards convergence of these indices at extreme ages. Since the two
later waves have a smaller proportion of disabled individuals due to the presence of the HS, it
is reasonable to assume that the latter fact is responsible for such a change. Indeed, when
considering the DG and HS separately (Figure 3), the qualitative change of the FI with age
becomes more pronounced. Males and females in the DG have essentially similar FIs at
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younger ages — but the opposite is seen for the HS. This is a clear nonlinear effect – the relation
between FIs for males and females is both FI- and age-dependent. A consequence is that in
different settings (e.g., institutional vs. hospital vs. community) the relation between FI for
males and females can be qualitatively different.

An intriguing finding of our study is that FIs for HS and DG converge at the oldest-old ages;
i.e., the rate of deficit accumulation for individuals in the HS is larger than in the DG. Such
behavior becomes even more pronounced in male and female sub-groups. The rate of deficit
accumulation for females is larger than for males for the DG. For the HS, we see the opposite
situation. As a consequence, the difference in the rates results in a divergence of FI age-patterns
for males and females in the DG and in their convergence in the oldest-old ages for the HS.
Convergence of the FI age-patterns for males and females was also observed in Mitnitski et
al. (2002b), supporting the general nature of this phenomenon. This behavior was discussed in
terms of the “compensation law of mortality” (Gavrilov and Gavrilova, 2006) suggesting the
presence of the “frailty compensation relationship” (Mitnitski et al., 2002b). Figure 3 (right
panel) also suggests that sensitivity to the quantity of the accumulated deficits is higher for
males than for females. This follows from the fact that males and females accumulate deficits
with age at different rates and differently in the DG and the HS. Changes in rates between the
DG and HS are larger for males than for females.

Our findings suggest that concepts of frailty and disability can be either entangled or untangled
depending on age; i.e., they can be age-sensitive. At early ages, our data supports the hypothesis
that disability and frailty are untangled concepts (Fried et al., 2004). However, at advanced
ages, it seems that the difference between them tends to vanish. More interestingly, such
behavior is sex-insensitive – suggesting that disability and frailty reflect more fundamental
aging processes than those related to sex differences. Our findings can be also interpreted as a
cross-sectional manifestation of a compression of morbidity in that “healthy” individuals
accumulate deficits faster than “unhealthy” – supporting the argument that morbidity can be
postponed to advanced ages.

Convergence of the FI age-patterns for the DG and HS provides further support for considering
the FI as a systemic measure of the aging process. Indeed, it is likely that individuals in the
DG accumulated deficits earlier in life (before age 65) because they experienced larger stresses
at certain age period (e.g., due to stresses associated with retirement) and/or their levels of
stress resistance were lower than those of more healthy individuals (i.e., because of genetic or
other factors affecting this trait). In such circumstances, DG individuals acquiring deficits will
experience a larger decrease in stress-resistance than individuals from the HS. However, this
is not the only process affecting aging since individuals will also experience complex processes
of adaptation of their function to declining health/well-being status, as discussed above.

In fact, we can distinguish at least two adaptation processes. The first process is one of
behavioral adaptation, which is associated with the fact that less healthy individuals experience
larger assimilative and accommodative adaptation (by changing their behavior) to their
declined health/well-being status (Boerner, 2004;Menzel et al., 2002). Such behavioral
responses will result in over-declining the stress-strength level for individuals from the DG
with respect to that for individuals from the HS (Figure 4).

Recent studies show that individuals with health disorders can also experience adaptation of
their physiological functions at physiological, tissue, cellular and molecular levels. For
instance, the human brain can experience functionally relevant adaptive changes even after
serious neurological damages (e.g., stroke) (Ward, 2005). The heart and artery walls can
remodel their geometry, structure and composition adaptively responding to altered stress-
loading conditions (e.g., hypertension) (Satcher et al., 1997;Patten et al., 1998). Elder coronary
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patients can improve peak aerobic capacity due to adaptation of their peripheral skeletal muscle
(Ades et al., 1996). Thus, the second process is due to physiological adaptation, which results
in relative increasing (with respect to the HS individuals) stress-resistance levels.
Superposition of the physiological processes (i.e., decrease of stress-resistance due to
accumulated deficits and physiological adaptation to this declined health/well-being status)
result in allostatically loaded stress-resistance. Since we characterize health/well-being
disorders by the FI, and since allostatic load reflects gradual damage to an organism by
allostasis, it is reasonable to propose that allostatic load is proportional to the FI. Then the FI
will provide a measure of the difference between unloaded (i.e., when FI=0) and allostatically
loaded stress-resistance. This is schematically shown in Figure 4, assuming, for simplicity, that
the unloaded stress-resistance is the same for HS and DG.

An individual’s capacity for adaptation does not remain constant during the life course. The
role of the accommodative behavioral adaptation, for instance, can increase with age (Boerner,
2004). Individuals acquiring deficits at younger ages have larger chances for physiological
adaptation than at older ages due to larger allostatic capacity at younger ages (Testa et al.,
2005). These processes can result in age-dependence of the rates of stress-resistance and/or
stress-strength decline. Age-sensitivity of the physiological adaptation suggests that
individuals from the HS will experience a more rapid decline since they acquire deficits later
in life and, thus, have lower reserves for an adaptive physiological response. The FI can capture
this process since the FI increment (ΔFI, e.g., FI at 70 years minus FI at 69 years) is proportional
to the difference between declining stress-strength and stress-resistance levels (i.e., stress-
load), i.e., ΔFI is a measure of the stress-load at a given age. Our analysis shows that the stress-
load for HS individuals is nonlinear function of age. However, it remains uncertain what the
nature of this nonlinearity and the contributions of the physiological and behavioral adaptation
processes are. Further analysis is needed to clarify the roles of the physiological and behavioral
processes as well as to distinguish between nonlinearity in the mean stress-strength level
decline (e.g., due to aging-associated changes in the behavioral adaptation) and in
allostatically-loaded stress-resistance decline (e.g., due to aging-associated changes in the
physiological adaptation). Assuming that the stress-strength level declines linearly with age,
individuals from the DG will experience a linear increase of the stress-load and, respectively,
a linear decline of the allostatically-loaded stress-resistance, ALSR, (ALSR = −3.6·10−4 +
0.052Age, R2 = 1.0) since they accumulate deficits according to quadratic function (Table
4,Figures 3 and 4). Individuals from the HS accumulate deficits (FI) exponentially (Table 4
and Figure 3). Consequently, their stress-resistance will decline according to quadratic law,
i.e., ALSR = −2.2·10−3 + 9.76·10−4 Age −8.27·10−6 Age2 (R2 = 0.999) (Figure 4). Note that an
alternative justification of the nonlinear nature of the process of deficit accumulation is
suggested by the reliability theory as discussed by Gavrilov and Gavrilova (2006).

The allostatic load at the highest ages, when all individuals die, can be considered as a measure
of a mean limit of adaptive capacity (both behavioral and physiological) of organisms.
Consequently, the FI will provide an observable outcome for this limit. Surprisingly, in our
study these limits are the same for individuals with essentially distinct health/well-being
histories and are given by the crossover of the respective FI age patterns (Figure 3), at which
only a few individuals remain alive. An important message from this finding is that less healthy
individuals at younger ages have an opportunity to live as long as more healthy individuals
provided that sufficient care is devoted to training of their physiological and/or behavioral
adaptation capacities.

Since the FI can characterize the aging process, it is possible to introduce respective systemic
measure of aging (i.e., FI-specific or systemic age), which can be quantified similarly to as
biological age, i.e., as the mean age of individuals with the same FI. It can be estimated from
an inverse regression of the age on FI (Mitnitski et al., 2002a). Then the crossover point of the
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FI age patterns for the DG and the HS will indicate the limit of the FI-specific age which
coincides with the limit of the organism’s adaptive capacity. Specifically, the extrapolated FI-
pattern fits for the HS and DG samples have a crossover at FI = 0.437 and the estimated inverse
regression of age on FI for HS as A = 122.5 + 22.2 ln FI. Substituting FI = 0.437 into this
expression, we obtain an estimate of a mean systemic age limit of 104.1 years. Our data show
that males and females follow different aging trajectories. Interpolation of the female-specific
fits for the HS and DG to extreme ages provides a reasonable estimate for the female FI-specific
age limit of approximately 106.1 years (FI = 0.455). For males, we obtain a limit of 87.1 years
(FI = 0.277). This estimate, however, was imprecise due to the small sample of males at those
ages. The difference in these limits for males and females may be the reason why there are
opposite tendencies in the sex-specific FI age-patterns in the DG and HS. Indeed, since males
have a lower limit, those who are in the HS accumulate deficits with age faster than females.
For the same reason, males in the DG accumulate deficits with age slower than females.

Convergence of the FI age-patterns at the oldest ages does not mean that longevity cannot be
extended beyond those ages. It rather exhibits a systemic feature of the aging process and
indicates the need for development of adequate systemic methods of coping with this
phenomenon. Methods focusing on slowing down the rates of deficit accumulation, decline in
stress-resistance, adaptive capacity, and/or stress-strength will result in extension of both life
span and active life span. Consequently, the FI-specific age limit might be changed with
improvements in economic standard of living, social conditions, education, dietary and life
style practices, and medical progress (Riley, 2001). Clearly, the cross-sectional design of this
study produces only initial insights into the FI as an indicator of aging. Further insights require
longitudinal analyses of the rates of deficit accumulation. This work is now in progress and
will be published elsewhere.
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Figure 1.
The two-year frailty index age-patterns for each National Long Term Care Survey (NLTCS)
along with model estimates of the frailty index age distribution for the Canadian Study of
Health and Aging (CSHA; thick line FI=exp(0.029Age−4.05), (8)). The standard errors
(±SE) of means are shown by bars for the 1982 and 1999 NLTCS.
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Figure 2.
The two-year frailty index (FI) age-patterns for the “healthy” sample (HS) and the group with
over-sampling of the disabled individuals (DG) for the 1994 and 1999 NLTCS. The 95%
confidence intervals (CI) of means are shown by bars for 1994 HS and 1994 DG.
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Figure 3.
The five-year frailty index age-patterns for the unstratified (left panel) and sex-specific (right
panel) HS and DG samples for pooled 1994&1999 data. Dashed-dotted line denotes
extrapolation of the respective fitted curves. Bars show 95% CI. Dashed (continuous) line on
the right panel denotes fits for males (females).
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Figure 4.
Schematic representation of aging-associated processes and connections between the FI and
declining stress-resistance. The continuous (dashed) line depicts the more healthy, HS, (less
healthy, DG) individuals at younger ages. Dashed-dotted line denotes the impact of the
allostatic load (proportional to the FI) on stress-resistance. Increments in the FI (ΔFI) are
proportional to the stress-load. See text for discussion.
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Table 2
Coefficients for the log-linear (Ln) and quadratic (Q) functions along with coefficients of determination (R2) for
each NLTCS wave.

NLTCS Fit B1 (SE) × 102 B2 (SE) × 104 U (SE) R2, %

1982 Ln 1.37 (.071) −2.346 (.058) 96.1 (93.6)
Q −1.10 (.313) 0.93 (.193) 0.563 (.125) 97.7

1984 Ln 1.63 (.139) −2.615 (.113) 90.2 (87.7)
Q −1.90 (.597) 1.46 (.368) 0.846 (.239) 94.2

1989 Ln 1.66 (.157) −2.655 (.128) 88.2 (86.0)
Q −2.81 (.360) 2.03 (.222) 1.202 (.144) 98.0

1994 Ln 2.72 (.116) −3.689 (.095) 97.3 (96.3)
Q −0.58 (.517)# 0.75 (.318) 0.210 (.207)# 97.4

1999 Ln 2.67 (.150) −3.667 (.122) 95.5 (93.8)
Q −1.63 (.514) 1.39 (.317) 0.627 (.206) 97.4

R2 in parentheses is given for linear functions for the sake of comparison. Estimated coefficients are significant at or below the 0.05 level. A superscript
“#” denotes insignificant estimates.
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Table 3
Coefficients for the quadratic and log-linear (denoted by “#”) functions fitting the data in Figure 2 for the HS
and DG in 1994 and 1999 NLTCS waves.

R2, %
NLTCS Group B1 (SE) × 102 B2 (SE) ×

104
U (SE) Q Ln Lin

1994 HS −3.66 (.95) 2.73 (.61) 1.30 (.37) 95.1 92.3 86.2
DG −1.54 (.55) 1.27 (.34) 0.65 (.22) 95.8 92.9 91.6

1999 HS# 4.83 (.46) −5.79 (.36) 89.0 90.2 87.3
DG −1.54 (.45) 1.23 (.28) 0.69 (.18) 96.2 92.5 91.0

R2 is also given for linear (Lin) function. For all estimates p<.05.
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Table 4
Coefficients of the best statistically significant (p<.05) fits corresponding to the curves in Figure 3.

Group Sex Fit B1 (SE) × 102 B2 (SE) × 104 U (SE) R2, %

HS M&F Ln 4.42 (.27) −5.45 (.22) 98.1
M Q −5.05 (.96) 3.84 (.62) 1.73 (.37) 99.3
F Ln 4.02 (.31) −5.08 (.25) 97.1

DG M&F Q −1.51 (.23) 1.24 (.15) 0.66 (.09) 99.7
M Ln 1.57 (.34) −2.68 (.27) 81.0
F Q −1.07 (.37) 0.98 (.23) 0.48 (.14) 99.4
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