Journal of Gerontology: BIOLOGICAL SCIENCES
1990, Vol. 45, No. 6, B187-214

Can an Index of Aging Be Constructed for
Evaluating Treatments To Retard Aging Rates?
A 2,462-Person Study

Biomarkers of aging are needed to evaluate proposed treatments to retard aging rates. At present, the only validated
biomarker of aging is maximum life span, which remains impractical for human use. Identification of other
biomarkers awaits development of a method of biomarker validation. This paper outlines an approach for this purpose
intended for selecting biomarkers usable in humans. Prospective biomarkers are validated and weighted according to
their correlation with interventions that, in healthy individuals, influence life span, namely mortality risk factors. A
general mathematical method is presented for combining biomarker scores into an index of aging rate. This method
addresses problems encountered with the traditional (multiple regression) method of calculating biological age and
develops an index termed standardized biological age, SBA. In applying the method to 2,462 office workers, SBA,
based on 12 physiological tests under investigation as biomarkers of aging, was found to depend on most of 17
surveyed dietary, exercise, life style, and geographical risk factors for mortality or health, suggesting that many risk
factors predict rates of common functional declines with age. The 12 candidate biomarkers of aging in this study
differed widely in validity according to the criterion employed. The approach holds promise for assembling an
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experimentally useful battery of biomarkers of aging.

INTRODUCTION

BY various measures, individuals of the same species age
at different rates. This observation underlies the grow-
ing interest in biomarkers of aging and their possible use to
explore why aging rate differences exist and what influences
them. Valid biomarkers of aging are needed to investigate
mechanisms of aging and to evaluate treatments for retarding
the aging process (Baker and Sprott, 1988; Bowden et al.,
1989; Comfort, 1969; Harrisen etal., 1982, 1984; Schneider
etal., 1982). ‘ :

Only one biomarker of aging has been validated so far,
namely maximum life span, which remains impractical for
human use (Masoro, 1989). Nevertheless, it appears possi-
ble that many functional, biochemical, or morphological
parameters will be found to be effective biomarkers of aging.
Hollingsworth et al. (1965), Comfort (1969), and others
have suggested that aging rate assessments can be based on
measurements of a sufficiently large and diverse test battery
of such parameters.

Validating Biomarkers of Aging

The fundamental problem in developing an arsenal of
biomarkers of aging has been the lack of a method of
biomarker validation. Validation criteria have varied from
author to author (e.g., Baker and Sprott, 1988; Harrison,
1982; Harrison et al., 1984; Ingram, 1983, 1984, 1988;
Ingram and Reynolds, 1986). Selection of criteria of
biomarker validity remains a controversial area. Lack of any
independent method of measuring the rate of aging to use as
a standard of comparison leaves only a number of indirect
approaches, none of which is quite satisfactory.

Proposed biomarker validation criteria include correlation
of biomarker scores with (a) mortality rate, (b) interventions
that influence mortality rate, and (c) the quality of later life.
Few attempts have been made to apply biomarker validation
criteria (other than correlation with chronological age,
which is an insufficient criterion). In mice, correlation with
life span was used to assess the validity of candidate
biomarkers of aging by Harrison and Archer (1983) and by
Ingram and Reynolds (1986). Correlation with caloric re-
striction was used for this purpose by Harrison et al. (1984)
and Ingram (1984). In human studies, Furukawa et al.
(1975) investigated correlation with hypertension, and Web-
ster and Logie (1976) checked correlation with health status
as independent variables against which to evaluate a biologi-
cal age index. Correlation with mortality rate, which has
been frequently proposed as a biomarker validation crite-
rion, presents problems in longer-lived species because of its
time requirement.

This study tested the criterion that to qualify as valid, a
biomarker of aging should be responsive to interventions
that influence the natural life span (Bowden et al., 1989;
Harrison et al., 1984; Ingram, 1984; Schneider et al., 1982).
Examples of such interventions are caloric restriction in
rodents, body temperature modulation in poikilotherms,
and, in humans, a variety of dietary and life-style practices
that are recognized as mortality risk factors. This criterion
was tested by applying it, in a study of 2,462 office workers,
to 12 physiological tests under investigation as potential
biomarkers of aging. Associations were studied between
each of the 12 tests individually and CVV, a composite
index of risk based on 8 of 17 surveyed mortality and health
risk factors. The 12 physiological tests are listed in Table 1,
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Table 1. Physiological Tests Administered by H-SCAN
(j is test number)

] Test Unit
1 Vibrotactile sensitivity, finger tip X1.5dB
2 Memory, sequence of lamps # of jumps
3 Forced vital capacity 10 ml

4 Forced expiratory volume, 1-sec 10 ml

5 Alternate button tapping time, 30 X 0.1 sec
6 Highest audible pitch 100 Hz
7 Visual accommodation 0.1 diopter
8 Auditory reaction time msec

9 Visual reaction time without decision msec

10 Movement time without decision msec

11 Visual reaction time with decision msec

12 Movement time with decision msec

Table 2. Mortality Risk Factors Included in Composite
Validation Variable, CVV

Risk factor Weight

1 Cigarettes smoked per day 4
2 High-fat foods, servings per day 2
3 Emphasis on red meat in diet 3
4 Exercise intensity level 2
5 Combined exercise score based on

hours/week + years + intensity 2
6 State life expectancy at birth 1
7 State life expectancy at age 45 1
8 Years of school completed 4

the 8 risk factors, in Table 2. All 17 surveyed risk factors are
listed in the captions of Figures 13 to 31. In addition,
associations were studied between the 17 risk factors indi-
vidually and SBA, a composite index of aging based on the
12 tests.

The first study of the sensitivity of putative biomarkers of
aging to life span interventions, albeit not for the purpose of
validating the biomarkers, was reported by Hollingsworth et
al. (1965), who studied survivors of Hiroshima some 15
years after radiation exposure. Other investigators have used
various physiological tests to study aging effects of life span
interventions in mice, such as hypophysectomy (Harrison et
al., 1982) and caloric restriction (Harrison et al., 1984).
Harrison and Archer (1987) demonstrated the value of this
approach by observing that dietary restriction produced
different aging effects in different strains of mice.

Rationale for Using Correlation With Risk Factors for
Validating Biomarkers

In humans, many proposed risk factors are unreliably
correlated with mortality. Even for risk factors that are
significantly related to mortality rate, correlations tend to be
low, due in part to the large number of risk factors at work
and in part to the high variability of age at death, death
tending to be triggered by a chance event. A composite index
of several risk factors can be expected to have a somewhat
higher, but still not particularly high, correlation with mor-
tality. That being the situation, is correlation with risk

factors a useful criterion for purposes of validating
biomarkers of aging?

It is difficult to make a case for the use of risk factor data
solely as a substitute for mortality data. There is, however,
an additional rationale for using correlation with risk factors,
and with mortality interventions in general, as a validating
criterion. This is that many interventions that, in healthy
individuals, biologically alter the natural life span may do so
by their primary action on the rate of aging, thereby altering
disease probability. Interventions that operate this way will
be more closely related to the rate of aging than to the rate
of death.

To illustrate this point, suppose that the task is to evaluate
respiratory quotient, RQ, as a potential biomarker of aging
in rats. RQ, or specifically its 48-hour pattern, is highly
correlated with a mortality intervention, caloric restriction,
CR (Duffy et al., 1989). Changes in RQ signal changes in
main metabolic pathway (carbohydrate vs fatty acid metabo-
lism). The 48-hour range of RQ can be used reliably to
separate restricted from ad lib fed animals (Duffy, 1990)
except for a small proportion of borderline animals such as
those that are self-restricting in the ad 1ib group (as indicated
by low fat-to-lean-body-mass ratio) or overfeeders in the CR
group. Much evidence indicates that CR retards the rate of
decline of age-associated physiological parameters and de-
lays the onset of degenerative diseases (reviewed by Wein-
druch and Walford, 1988). If CR’s effects on mortality rate
are secondary to its effects on aging rate, CR would be a
more appropriate variable against which to validate a
biomarker of aging than is mortality rate. Correlation with
CR offers an additional advantage. According to the data
from the above example, the correlation between RQ and CR
is higher than the correlation between RQ and mortality,
partly because of the high variability of the latter. In this
example, correlation with a mortality intervention is proba-
bly the more appropriate, and evidently the more sensitive,
validation criterion.

The point is not quite so clear cut when applied to human
studies, with risk factors in the role of interventions. No risk
factor in humans — with some possible exceptions such as
the composite of risk factors at work in being a practicing
Seventh Day Adventist — has nearly the dramatic relation-
ship with life expectancy that caloric restriction has in
rodents. However, that does not invalidate the proposition
that correlation with an intervention that biologically alters
the natural life span can be a more appropriate and sensitive
validation criterion for a biomarker of aging than is correla-
tion with mortality, and that the former does more than serve
as an estimate of the latter.

Correlation With Mortality Rate as a Validation Criterion
Mortality rate differences between groups are generally
considered to be closely related to aging rate differences, at
least in the laboratory, where the variable influences of
predatorial activity, accidents, natural disasters, and (with
exceptions) infectious diseases are not likely to be important
factors. Accordingly, mortality rate, when available and
accurate, remains a viable validating variable for biomarkers
of aging. In the above example, if RQ were found to be
associated with mortality rate among the ad lib fed animals

















































































