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Abstract

We evaluated the predictive potential for long-term (24-year) survival and longevity (85+ years) of
an index of cumulative deficits (DI) and six physiological indices (pulse pressure, diastolic blood
pressure, pulse rate, serum cholesterol, blood glucose, and hematocrit) measured in mid-to-late-life
(44-88 years) for participants of the 9" and 14" Framingham Heart Study exams. For all ages
combined, the DI, pulse pressure, and blood glucose are the strongest determinants of both long-term
survival and longevity, contributing cumulatively to their explanation. Diastolic blood pressure and
hematocrit are less significant determinants of both these outcomes. The pulse rate is more relevant
to survival, while serum cholesterol is more relevant to longevity. Only the DI is a significant
predictor of longevity and mortality for each 5-year age group ranging from 45 to 85 years. The DI
appears to be a more important determinant of long-term risks of death and longevity than the
physiological indices.

Keywords
Mortality; longevity; physiological risk factors; Framingham Heart Study

1. Introduction

A long life span in humans is the result of a complicated interplay among various deterministic
and stochastic processes developing in the human organism. These processes include
senescence, ontogeny, genetic, epigenetic, environmental, behavioral, social, economic, life
style and other factors affecting an individual functioning [1-5]. The problem, however, is that
neither the number nor a complete list of the most important factors contributing to survival
and longevity are known. Moreover, aging-related changes in variables, describing
physiological states or other life history traits, are often small, and their effects on health and
survival outcomes are often non-significant. The sets of factors contributing to long life,
evaluated in different studies, often differ substantially. This situation calls for the development
of new methods of data analyses, which would allow for (i) utilizing information on variables
with small effects, and (ii) capturing systemic integrative aspects of aging and longevity despite
difference in the sets of variables measured in different studies.

A number of prior studies of health and longevity largely focused on the effects of specific
biologically-motivated risk factors (e.g., physiological) that might affect health and mortality
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risks. These include separate studies of the role of serum cholesterol, blood pressure, blood
glucose, body mass index, etc. in different aspects of health and survival (e.g., [6-12]). The
impact of blood pressure on survival and longevity is one of the best documented [13] and was
largely studied in connection with heart disease and premature death [see, e.g., 14]. The human
organism is a complex system in which all processes are, generally, dependent. Accordingly,
an improved understanding of the determinants of longevity, which is among major
governmental priorities [15], can be achieved by integrating diverse health characteristics
[12,16].

The need for such integrative approaches in studying survival, health, and longevity is
increasingly recognized [12,16,17]. For instance, the additive effect of such major risk factors
for heart disease as blood pressure, serum cholesterol, glucose intolerance, smoking, body mass
index, physical activity, antihypertensive treatment, and left ventricular hypertrophy was
studied using the Framingham Heart Study (FHS) data [11]. Willcox et al. [12] studied the
effect of midlife biological, lifestyle, and socio-demographic risk factors on longevity using
the Honolulu Heart Studies. They reported on the association of grip strength, overweight,
hyperglycemia, hypertension, smoking, and excessive alcohol consumption in males with these
outcomes. Nevertheless, studies of the joint effects of diverse health characteristics on
longevity are rare. This is partly explained by the low predictive power of traditional health
risk factors for longevity outcomes.

A promising strategy for integrative approach is to construct composite measures to predict
the survival and longevity outcomes (e.g., the Framingham Risk Score [18], the Survival Risk
Score [12]). Because the effect of many aging-associated changes in the human organism can
be small, inconsistent or non-significant, further insights into understanding long life can be
gained by combining composite characteristics of aging and health with individual
physiological indices [16].

Recently, a new cumulative measure of health/well-being and aging status, called a frailty
index [19-21] or an index of cumulative deficits (DI) [22,23], has been proposed. The DI is
designed to gather different manifestations of health deterioration with aging (regardless of
their individual significance) into a single measure which might be more informative about
survival and longevity compared to individual manifestations. Prior studies show that, indeed,
the DI can be an efficient predictor of death, hospitalization, disease and disability [23-31]. It
can also be a useful alternative to chronological age for characterizing the overall burden of
senescence in individuals [23-31], thus representing a measure of aging-related processes in
humans [23,29-31]. An important advantage of the DI is that it can be constructed using the
set of deficits available in any specific study. This is because statistical properties of the DI
(e.9., age patterns) and its effect on other outcomes (e.g., mortality) are weakly sensitive to the
selection of specific set of deficits. This remarkable property of the DI is confirmed in several
studies using different sets of deficits [21,25,26,29].

Historically, studies of properties of the DI were largely limited to elderly individuals. Current
priorities of aging research are the identification of the most important factors contributing to
a long and healthy life throughout the entire life course. Consequently, a focus on a wide
spectrum of potential determinants of long and healthy life as well as on early-life conditions
is of importance [15]. Does the DI retain its predictive power for younger (e.g., middle-aged)
individuals? How effectively can the DI predict survival and longevity outcomes? Can the DI
compete with traditional (e.g., physiological) health risk factors? Answers to these questions
can greatly contribute to understanding aging-associated processes because the underlying tool,
the DI, has the potential to bring into the analysis additional health dimensions typically ignored
due to their small, inconsistent or non-significant effects on the survival and longevity
outcomes.
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In this study, we address these questions by focusing on the DI and a set of six physiological
indices that are among major health risk factors consistently assessed and documented in the
FHS [18,32], namely, pulse pressure, diastolic blood pressure, pulse rate, serum cholesterol,
blood glucose, and hematocrit. We examine how these characteristics, measured in mid-to-
late-life, contribute to long-term survival (i.e., survival of individuals who live for a long time
after the last measurement but not necessary into the oldest ages) and longevity of individuals
who participated in the FHS.

2. Methods
The FHS data

Beginning in 1948, 5,209 respondents (46% male) aged 28-62 years residing in Framingham,
Massachusetts were enrolled in the FHS. Selection criteria and study design have been
previously described [33]. The study participants have been followed for the occurrence of
certain diseases (e.g., heart disease, cancer, diabetes mellitus) and death for more than 50 years
and have been biennially evaluated with a physical examination, laboratory tests, detailed
medical history, and extensive cardiovascular history.

Index of cumulative deficits (DI)

Analyses

In traditional analyses, events or conditions with small or non-significant contributions to risks
of adverse health outcomes are usually ignored. When the number of such “small-effect”
conditions is large enough, however, their cumulative effect on chances of occurring adverse
health outcomes may become significant and, thus, an integrative or cumulative measure might
become a reliable predictor of health and vital status as well as the level of aging-associated
decline [21-24,28,29,31]. The aggregation of a number of various health traits (including small-
effect traits) into a single measure is capable of providing detectable effect on health/mortality
outcomes, is an underlying paradigm of the DI. The DI is conceptualized as the proportion of
failed (e.g., definitive deficits) or abnormal (e.g., doubtful deficits) health traits occurred by
age x—that is a summary measure of the average level of an organism's deterioration at age
X. Thus, an empirical estimate of this proportion in a given individual, i.e., the DI(x), can be
calculated by selecting a sub-set of M units out of a full set of N such units. Specifically,
summing the number of failed or abnormal units from selected set by age x, m(x), an empirical
estimate of the DI can be evaluated as DI(x)=m(x)/M. For instance, if an individual has been
administered 30 questions and responded positively (there is a deficit) to five and negatively
(no deficit) to 21 of them, then the DI for the given person will be 5/26. Thus, based on a large
and diverse array of deficits, the DI will be quasi-continuous quantity ranging theoretically
between 0 (no deficits or perfect health) and 1 (pure health) or, equivalently, between 0 and
100%.

The rationale behind the DI mandates assessing the presence of a wide range of heath-related
conditions, e.g., signs, symptoms, abnormal lab tests, functional limitations, disabilities,
diseases (called deficits). Consequently, the present analyses focused on two representative
exams of the FHS performed in 1964 (9" exam) and 1974 (14! exam) in which the same 39
deficits (Table 1) with comparable diagnostic procedures across time were selected. Seventeen
deficits were either dichotomous (yes, or no) or dichotomized for the sake of consistency
between exams. The remaining 22 deficits were rescaled to the unit interval to reflect the degree
of abnormality, e.g., the urinary sugar level was recoded as negative (0 or no deficit), doubtful
(0.5) and positive (1 or yes deficit). To ensure that coding of non-dichotomous variables did
not affect the estimates, we also performed analyses focusing only on the dichotomized
variables. The results were not significantly affected by the coding uncertainty.
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To characterize longevity, a cut-point of 85 years was adopted throughout this study in
agreement with prior FHS studies [11] and overall survival of individuals in this cohort (there
are about 25% survivors by age 85 years and only about 10% by age 90 years in this sample).
There were 3833 individuals aged between 44 and 78 years who participated in the 9" FHS
and 2871 individuals aged between 55 and 88 years who participated in the 14 FHS,

The Cox proportional hazard regression model was used to evaluate the effects of the six
physiological indices and the DI—all as measured in the baseline exams (Table 2, explanatory
variables)—on the hazard of death considering deaths that occurred within the maximum
follow-up period for the 14! exam, i.e., 24 years (the last known vital status assessment was
at the 25t exam performed in 1998). A test of the proportionality of the hazard shows that this
assumption is reasonable for the time horizons considered both for the DI and the physiological
variables. The effects of the baseline values of these explanatory variables on longevity then
were estimated using logistic regressions in which the dependent variable was long-livers vs.
others. Analyses were initially performed for each exam to ensure that the estimates were not
affected by the possible differences in birth cohorts. Since the results were comparable across
these exams the participants of these exams were combined into one sample to increase the
precision of the estimates. All regression models were either sex-specific or adjusted for sex,
age, body mass index, and smoking (Table 2).

To select the best-predictive model, all analyses were performed using the covariate-
substitution technique and likelihood ratio tests. All explanatory variables (Table 2) in the
regression models were used as continuous indices with 10% increments for the DI, 5% for
hematocrit, 10 mm Hg for pulse pressure and diastolic blood pressure, 10 beats/min for pulse
rate, and 10 mg/100 ml for cholesterol and blood glucose selected for the purpose of
presentation. The choice of increments for covariates does not affect significance of the results.
The analyses were performed for all ages combined and for 5-year age groups. To assess
whether the nature of the deficits used in the DI affects the estimates, the same analyses were
performed with some deficits excluded (see the “Results” section for details).

Table 3 (first two rows labeled “All ages”) shows that for all ages combined, the hazard of
death within the 24 years of follow-up was predicted with high significance by the DI and four
physiological indices (pulse pressure, diastolic blood pressure, pulse rate, and blood glucose).
The hazard ratios (HRs) evaluated in the “univariate” analysis (i.e., each of the physiological
indices or the DI included in the model individually; Table 3, first row) resemble those in the
“multivariate” analysis (all six physiological indices and the DI included simultaneously; Table
3, second row). The hazard ratios for males resemble those for females. Multivariate analysis
shows also additional weakly significant contribution of hematocrit (HR=0.95; 95%
Confidence Interval [CI]=0.90-0.99), which is attributable to males (HR=0.90; C1=0.84-0.97).
Exclusion of deaths that occurred within the first 10 years of follow-up after each exam (Table
3, third row) did not change the results for the pulse pressure, diastolic blood pressure, and
blood glucose. Significance of the hazard ratio attributable to the pulse rate, however,
essentially decreases consistently with no role of this factor for longevity (see below).

Despite different proportions of deaths and distinct lengths of time between observation and
death in different age groups, age stratification (Table 3) reveals that the hazard ratios remain
highly significant (either on p<0.001 or p<0.0001 levels) for the DI for each 5-year age group.
In contrast, significance of the hazard estimates for the physiological indices decreases in
majority of the age groups making some estimates insignificant (Table 3, blanks). The most
significant predictors of long-term risks of death among physiological indices are the pulse
pressure and blood glucose. The diastolic blood pressure- and pulse rate-attributable hazards
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are either insignificant or have small predictive power in all age groups. In all multivariate
analyses the cholesterol is not predictive of long-term survival.

Table 4 shows that for the 50-84 year age group (see 'footnote to Table 4) longevity is
associated with the DI, pulse pressure, diastolic blood pressure, cholesterol, and blood glucose
both in univariate and multivariate analyses, although the association with cholesterol is weak
in both these analyses being attributable to females. The diastolic blood pressure is highly
significant in univariate analysis but its significance decreases when other indices are included.
Again, its effect is attributable to females. Each increment in the DI, pulse pressure, diastolic
blood pressure, and blood glucose decreases the likelihood of surviving to ages 85+ years.
Cholesterol level seems to be directly associated with longevity (i.e., long lived individuals
have higher cholesterol levels) in these FHS exams.

In the age-stratified analyses, the DI remains a highly significant predictor of longevity
(p<0.0001) for each age group except 50-54 years (which might be attributable to small number
of long-livers). This high level of statistical significance holds despite different percentages of
long-livers across age groups and, most importantly, despite difference in the age when health
status was assessed. Physiological indices are less predictive of longevity than the DI since
they are retained in the models only for some age groups. The pulse rate does not consistently
predict longevity in the multivariate analyses.

To assess whether these results are sensitive to the specifics of the deficits selected for inclusion
in the DI, we performed Cox regression analyses of the predictive power of mortality of all the
39 deficits for participants of the 9t FHS exam, considering each deficit as an individual
covariate. These analyses showed that only 9 of 39 deficits (see Table 1) are significantly
associated individually with the probability of death occurring within the 24-year follow-up.
These 9 deficits were excluded from the original DI resulting in the 30-defict index (Dlzgges).
Table 4 shows that the odds ratios for the Dlzgger resemble those for the Dl3gget for all ages
combined and for each 5-year age group. Of note is that age groups of 50-59 years are composed
of only participants of the 9™ FHS (see 'footnote to Table 4). Randomly excluding selected
deficits produced similar results.

4. Discussion and Conclusions

In this study, we applied an approach of cumulative deficits to add new health dimensions to
the study of determinants of survival and longevity. These new dimensions are associated with
health traits which often exhibit small, inconsistent, or insignificant effect on these outcomes
and, therefore, are typically ignored in traditional analyses. Aggregation of such small-effect
traits into a single measure, the DI, can be more informative compared to the use of individual
traits. We considered how informative the DI could be in predicting long-term survival and
longevity and whether it could compete with traditional factors such as physiological
indicators. All these health indicators were measured in mid—to—late life in participants of the
oth (1964) and 14t (1974) representative exams of the FHS.

The primary determinants of long-term survival for all ages combined in this sample are the
DI, pulse pressure, diastolic blood pressure, and blood glucose (Table 3). The effects of these
indices on long-term risks of death are highly significant for each sex and for males and females
combined. Each index contributes to mortality both individually and in an additive
superposition with other indices. This fact indicates an additive (cumulative) role of the DI and
physiological indices in explaining mortality chances, i.e., the DI and physiological indices
characterize non-intersecting health dimensions contributing to mortality through different
pathways. Note that this finding is in agreement with additive effects of major physiological
risks evidenced in prior studies (e.g., [18,34]). The role of pulse rate is less significant than
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that of the other primary determinants. The role of diastolic blood pressure and pulse rate
diminishes when considering delayed mortality, i.e., death occurred at least after 10 years of
life (Table 3, third row). This, in fact, is in agreement with non- (pulse rate) and low- (diastolic
blood pressure) significant effects of these factors on longevity (see below).

The strongest mid-life (ages 45-49 years) predictors of long-term survival are the DI, pulse
pressure, and blood glucose (note that the association with the latter two factors is in agreement
with prior FHS studies [35]). Although for older ages the other two physiological indices
(diastolic blood pressure and pulse rate) can significantly contribute to explanation of the long-
term risks of death, only pulse pressure and blood glucose remain significant for majority of
age groups. Unlike physiological indices, the DI contributes to explanation of the risks of death
in all age groups and these contributions are highly significant for all of them (at the level of
p<0.001 or p<0.0001). This makes the DI a more important predictor of long-term survival
than the physiological indices. The weak sensitivity of the estimates for the DI to the proportion
of deceased individuals in each age group and the time between measured health status and
death are consistent with the proposed role of the DI as a characteristic of aging-associated
processes in an organism and as an alternative to chronological age [20,21,23,29-31]. In
contrast, the sensitivity of the physiological indices to these factors supports the role of these
indices as predictors of death due to specific age-associated health conditions.

Highly significant (p<0.0001) determinants of long life in multivariate analyses for all ages
combined are the DI, pulse pressure, and blood glucose (Table 4, second row). Blood glucose
is less significant predictor of longevity for males than for females. Serum cholesterol and
diastolic blood pressure play less significant role in explaining association with longevity than
other three indices. Their effect is attributed to females. The effect of the diastolic blood
pressure might be mediated by other physiological indices and the DI since its predictive power
essentially decreases in multivariate analyses. Thus, the role of the diastolic blood pressure
might be less critical in comprehensive analyses especially for later ages (see next paragraph)
compared to the case when other risk factors are not assessed. Since significance and odds
ratios of the DI, pulse pressure, serum cholesterol, and blood glucose are the same both in
univariate and multivariate analyses, they are strong additive contributors to explaining
chances to live long life. Similarly to the case of mortality, this means that the DI and
physiological indices reflect complementary pathways leading to longevity. Pulse rate appears
to be not relevant to longevity while hematocrit might provide highly significant contribution
for a certain age.

Significant mid-life (ages 50-54 years) contributors to longevity are the DI, diastolic blood
pressure, and blood glucose. These factors are also among the most significant physiological
predictors of longevity since they are retained in more 5-year age groups than serum cholesterol
and diastolic blood pressure. Again, only the DI is consistently significantly associated with
longevity for all age groups. This suggests that while physiological factors are important for
predicting long life, the DI is a superior predictor. The weak sensitivity of the DI to
chronological age makes this index a promising indicator of chances for individuals to live
long lives.

A major shortcoming of the approach of cumulative deficits is that it requires the collection of
information on a large and diverse array of deficits. This disadvantage of the DI is sometimes
criticized with respect to the difficulty of its operationalization. However, the widespread use
of information technologies in health services in recent years has resulted in the routine

collection of a wealth of health-related information. Information technologies are among the
major potential domains of improvement of medical care and savings in medical expenditures
due to considerable wastes in the respective services [36]. Because it appears that DI is weakly
sensitive to the nature of deficits (i.e., the proportion of deficits from a selected set appears to
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be of importance but not which deficits exactly are accumulated in individuals [26]), the use
of the DI provides a way of employing these information technologies and the data they
generate for improving mortality and longevity forecasts with practically no additional costs.
In addition, this remarkable property makes the DI practical because it can be constructed using
those health traits which are available in a particular study but not necessarily those reproducing
any particular set.

In sum, mid-to-late-life DI, pulse pressure, and blood glucose are the strongest determinants
of both long-term survival and longevity in the male and female participants of the 9" and
14™ FHS exams contributing to their explanation cumulatively. Diastolic blood pressure and
hematocrit might be determinants of both these outcomes. The pulse rate is more relevant to
long-term survival, while serum cholesterol is more relevant to longevity. The DI is a more
important determinant of long-term risks of death and longevity than the physiological indices.
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Table 1

A set of the 39 deficits used in the analyses

Page 10

N Deficit N Deficit

1 urinary sugar* 21 increased antero-posterior diameter
2 urinary albumin 22 abnormal breath sounds

3 chronic cough 23 rales

4 trouble with wheezing 24 abnormal heart sounds

5 dyspnea or exertion 25 distended neck veins

6 increase in dyspnea 26 abnormal breast

7 orthopnea 27 localized breast mass

8 paroxysmal nocturnal dyspnea 28 axillary breast nodes

9 ankle edema 29 liver enlarged

10 chest discomfort 30 left ankle edema

11 frequent coldness in one hand/foot 31 right ankle edema

12 discomfort in lower limbs while walking 32 peripheral pulses: dorsal pedis

13 arcus senilis 33 peripheral pulses: posterior tibial
14 xanthelasma 34 peripheral pulses: femoral

15 xanthomata 35 peripheral pulses: radial

16 thyroid exam: scar 36 venous insufficiency or varicose veins
17 thyroid exam: single nodule 37 premature beats on ECG

18 thyroid exam: multiple nodules 38 clinically diagnosed functional class
19 thyroid exam: diffuse enlargement 39 pulmonary disease

20 other manifestation of thyroid disease

*
Italicized and underlined deficits are significantly associated individually with the probability of death occurring within the 24-year follow-up for

participants of the 9th FHS exam (see discussion in the “Results” section).
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