1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Mech Ageing Dev. 2009 September ; 130(9): 611-618. doi:10.1016/j.mad.2009.07.004.

MAINTAINING PHYSIOLOGICAL STATE FOR EXCEPTIONAL
SURVIVAL: WHAT IS THE NORMAL LEVEL OF BLOOD GLUCOSE
AND DOES IT CHANGE WITH AGE?

Anatoli I. Yashin”, Svetlana V. Ukraintseva, Konstantin G Arbeev, Igor Akushevich, Liubov
S. Arbeeva, and Alexander M. Kulminski

Center for Population Health and Aging, Duke University, USA 002 Trent Hall, Box 90408, Durham,
NC, 27708-0408, USA

Abstract

The levels of blood glucose (BG) in humans tend to increase with age deviating from the norm
specified for the young adults. Such elevation is often considered as a factor contributing to an
increase in risks of disease and death. The proper use of intervention strategies coping with or
preventing consequences of BG elevation requires understanding the roles of external forces and
intrinsic senescence in this process. To address these issues, we performed analyses of longitudinal
data on BG collected in the Framingham Heart Study using methods of descriptive statistics and
statistical modeling. The approach allows us to separate effects of persistent external disturbances
from “normal” aging related changes due to the senescence process. We found that the BG level
corresponding to the lowest mortality risk tends to increase with age. The changes in the shape of
the mortality risk with age indicate the aging related decline in resistance to stresses affecting the
BG level. The results show that analyzing longitudinal data using advanced methods may
substantially increase our knowledge on factors and mechanisms responsible for aging related
changes in humans.
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1. Introduction

Glucose utilization is the core metabolic process in most living organisms. To monitor and
control this process in humans, several indices have been introduced. One of them, the fasting
blood glucose (FBG), is routinely measured in clinical facilities as well as in various studies
of aging, health, and longevity. It represents glucose concentration in a blood (or serum) sample
taken after the overnight fast. Its high levels (hyperglycemia) indicate improper glucose
homeostasis and are associated with a number of pathological conditions. An impaired
(elevated) FBG is one of the key indicators of metabolic disorder leading to type 2 diabetes
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mellitus (T2DM) and accelerated onsets of other chronic conditions, including cardiovascular
and renal disorders.

Decreased glucose tolerance in aging individuals is noted in numerous epidemiological studies
(Sinclair and Finucane, 2001). In adults aged 50 years and older the levels of FBG rise by 0.06
mmol/l per decade (Scheen, 2005). This increase is a result of increase in insulin resistance
(mainly due to life-style loads) and decline in insulin secretion (to be believed as inevitable
consequences of aging) (Chang and Halter, 2003). To what extent can an increase in FBG be
considered as “normal”, i.e., resulted from inevitable senescence-related changes? And what
is the contribution of preventable external conditions (e.g., inadequate nutrition, inappropriate
life style, stresses of life, or other persisting harmful exposures) to increase in insulin
resistance? How do these two aging-associated components interact to affect age-specific
mortality risk? How should one maintain the level of FBG during the life course to maximize
chances of exceptional survival? Addressing these questions requires analyzing the age-
trajectories of both the normal and pathological (allostatic) components of the FBG levels in
connection with the all-cause mortality risk function.

Although the aging-related changes in the FBG levels have been intensively discussed in
scientific literature for more than 40 years (Andres, 1971; 1981, Elahi et al., 2002; Muller et
al., 1996), no systematic attempts have been performed either to separately evaluate effects of
allostatic response and “normal” changes on the observed age trajectories of the FBG, or to
evaluate the dynamic contribution of each component to the all-cause mortality. Furthermore,
it is often argued that decision on normality or abnormality of the FBG levels should be based
on distribution of the values of this index in a given population. More adequate characterization
can be made from longitudinal studies when subjects with different levels of FBG are followed
for development of cardiovascular diseases and death (Andres, 1981).

In this paper, we develop an approach, which allows for addressing some of the raised questions
and evaluating allostatic and “normal” components of changes in FBG from longitudinal data
collected in the Framingham Heart Study (FHS). We start with descriptive analyses of
longitudinal data on BG to develop insights and ideas concerning the dynamic properties of
this variable. Then, more specific properties dealing with effects of allostatic adaptation, the
age dependence of BG norms, as well as the decline in stress resistance are investigated using
methods of statistical modeling described in Yashin et al. (2007).

2. Data and Method
The Framingham Heart Study Data

The Framingham Heart Study (FHS) was set up more than 60 years ago to evaluate the
relationships between potential risk factors determined in individuals, who had not yet
developed CHD or suffered a heart attack or stroke, and the subsequent development of the
disease or death. In the 1948, the study recruited 5209 non-institutionalized white subjects
(2336 males and 2873 females, with 993 surviving participants as of February 28, 1999)
between the ages of 28 and 62 in the town of Framingham, Massachusetts. A total of 5128 of
5209 these participants were described as free of “overt CHD.” Since then, the participants of
the original cohort have been reexamined biennially for a physical examination, laboratory
tests, a detailed medical history, and an extensive testing for cardiovascular risk factors.

The level of BG is identified and widely accepted CHD risk factor. This variable is measured
in the Framingham study together with age, sex and other physiological indices (Govindaraju
et al., 2008; Terry et al., 2005). In this paper, we considered the data on blood glucose using
19 exams (i.e., 1-4, 6, 8-10, 13-23) of the FHS study. The ideal approach to studying glucose
metabolism would involve a glucose tolerance testing and measuring fasting glucose at each
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examination, but at the time the study was planned, this did not appear practicable (Dawber,
1980). Glucose tolerance testing was not systematically performed in the study and in the most
of exams blood glucose measurements were casual (i.e., randomly fasting or non-fasting)
(Kannel et al., 1979; Port et al., 2006). To get values of random blood glucose closer to fasting
blood glucose levels, the measurements were taken at the end of many hours of examination.
The analyses performed in Port et al. (2006) suggest the possibility of using random glucose
levels as a surrogate measure for fasting blood glucose in this study. Taking this into account,
we equated measurements of random glucose with those of fasting glucose in the analyses and
used the term “blood glucose” (BG) for all these measurements to avoid the confusion. The
amount of glucose was determined in the subject’s whole blood, in milligrams per 100
milliliters.

Representation of effects of allostatic adaptation in individual age trajectory of BG

The concept of allostasis was originally introduced by Sterling and Eyer (1988) to describe
how the cardiovascular system adjusts to resting and active states of the body. Then, this notion
became popular to describe the adaptive response of an organism to the environmental and
psychosocial situations, commonly referred to as “stresses.” 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 the response is, and/or how many
stressful challenges an individual experiences. 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 increasing mortality risk.
Thus, studying effects of allostatic adaptation provides us with important indicators of
physiological pre-disease pathways.

The effects of allostatic adaptation contribute to the individual age trajectories of BG (and other
physiological indices) and have to be reflected in the mathematical model describing age
dynamics of this index. Following Yashin et al. (2007), we describe dynamic changes in the
BG using the diffusion type stochastic differential equations:

dY,=a,(Y, - fHdt+b,dW,, Y,. (1)

Here Y is the value of BG level at age t in an arbitrarily chosen individual, /' describes the
effect of allostatic adaptation, which individual’s BG is forced to follow by homeostatic forces.

In the absence of external disturbances f'=f;, where f; is the optimal age trajectory of the BG,
minimizing mortality risk. The strength of homeostatic forces is characterized by the negative
feedback coefficient, a;. The coefficient by characterizes the contribution of external
disturbances described by a Wiener process, W;. The random variable Y describes the
variability of the initial value of physiological index, which is assumed to be independent of

W; for each t > 0. The introduction of f,l and a; into the model facilitates the biological
interpretation of the results of statistical analyses of longitudinal data using such a model. The
discrete-time versions of this model used in data analyses are described in the Appendix.

Normal BG values and conditional hazard

The value of persistent deviation of the BG, Y, from the norm depends on deviation f! — f, of
allostatic component /! from the “normal” age trajectory of the BG, f;, where the “norms” are
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defined as the values of BG minimizing all-cause-mortality risk for a given age, and are
estimated using methods of statistical modeling applied to the FHS data. The approach exploits
the fact that mortality risk considered as a function of BG is J- or U shaped. We use the
modification of the quadratic hazard model, which explicitly incorporates the notion of the

normal physiological state into the quadratic hazard p(z, ¥,)=u+u,(Y, — f;)* (Yashin et al.,

2007). The function f; is defined above. The term ;19 shows the total mortality rate for
individuals whose BG followed the optimal trajectory f. It is convenient for evaluating the
gain in life expectancy which could be reached if the aging dependent changes in BG will be
under control (i.e., will be kept around the norm). An important advantage of this approach is
that changes in the shape of this function with age can be evaluated from the data. The
coefficient u; shows how the steepness of the quadratic hazard curve changes with age: when
L is an increasing function, the U-function of mortality risk is getting narrower with age.

Since the increments of mortality risk resulting from the deviations of the same magnitude to
the right and to the left from the norm may differ, it is convenient to consider a non-symmetric
form of the quadratic hazard:

e, Y)=ud+pl (¥ — P IV <)+ (Y, = [P ICY, 2 f). @)

Here I(.) denotes the indicator function, which is 1 when the condition in the parentheses is
true and O otherwise.

The coefficient z!' shows how the steepness of the quadratic hazard curve located to the left
from the optimal (normal) point changes with an increasing age. An increase in this function
with age indicates the decline in the resistance to stresses associated with deviations of the

physiological index to the left from its age-specific “norm” with age. The coefficient z!? shows
how the steepness of the quadratic hazard located to the right from the optimal point changes
with age. An increase in this function with age indicates the decline in the resistance to stresses
associated with deviations of the physiological index to the right from its age-specific “norm”
with age.

3. Results of descriptive analyses

Average age trajectories of BG

The average age trajectories of BG observed in the pooled sample of the FHS participants are
shown in Fig. 1 for males and females. This figure shows that the average trajectories of BG
monotonically increase with age until 77 years for males and 82 years for females and are
virtually the same for males and females with slightly higher values for males. After these ages,
the BG concentration slightly declines and then increases after the age of 87 years (see Barbieri
etal., 2001, where similar effect was reported). It is important to note that the BG trajectories
shown in Fig. 1 do not represent the average biological changes in the BG concentration. This
is because compositional changes due to the mortality selection may affect the dynamic
properties of these curves. Since the BG level is an established risk factor, individuals whose
BG levels are too high (i.e., substantially deviate from the “normal” level) have high chances
of dying first. Hence, these individuals drop out of the averaging procedure affecting the
average BG age trajectories. Thus, the curves shown in Fig. 1 reflect the effects of both the
biological adaptation of the BG level to other aging-related changes developing in a human
body and changes in the population composition due to the mortality selection.
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Making biological changes visible

The biological changes can be made visible if one is able to consider the BG trajectories for
individuals died at different ages. Fig. 2 shows the average age trajectories of BG for the FHS
sub-cohorts died in different age intervals. Individuals living relatively short lives (SL) are
classified into five groups (i.e., died before the age of 60 years, between 60 and 69, 70 and 79,
and 80 and 89 years of age). The long lived (LL) individuals are those whose age at death
exceeded 90 years. Until the age of 90, the average LL trajectories describe the average
biological changes in BG among these individuals.

One can see from this figure that for all groups the average age trajectories are the increasing
functions of age. All trajectories for the SL individuals are higher than that for the LL ones for
both genders. An important finding from these analyses is that the average levels of BG in the
LL individuals increases relatively slow till the ages of about 55-60 years. After these ages,
an increase in the BG continues with a much higher rate.

T2DM makes the most difference

Note that the high average age trajectories of BG in the SL and LL individuals shown in Fig.
2 are likely to reflect the contribution of individuals with Type Il Diabetes Mellitus (T2DM),
which have a high BG level by the definition of this disease. To evaluate this contribution to
the age pattern of average BG, we removed individuals having T2DM from the averaging
procedure. The results are shown in Fig. 3.

One can see from this figure that the exclusion of individuals with T2DM decreases the mean
levels of BG especially at advanced ages and makes the average BG trajectories of the LL and
SL individuals closer to each other. The latter indicates that the factors independent of the level
of the BG concentration are the major contributors to the differences in life spans (LSs) for the
remaining individuals. This suggests increasing the dimension of the risk factors included in
the description of the risk. One can also see that the average age trajectories for the SL and LL
non-diabetic individuals increase with age. This increase, however, is within the range
considered as normal FBG values. We hypothesize that the age trajectories of BG for the non-
diabetic part of the LL individuals in the Framingham cohort may be close to the FBG curves
which minimize the total mortality risk. To test this assumption, we applied the extended
version of the stochastic process model of human mortality and aging (Yashin et al., 2007) to
the FHS data on BG.

4. Results of more advanced statistical analyses

We applied the discrete-time variant of equation (1)—equation (2) (see description in Appendix)
to the analysis of data on BG for females and males in the FHS. The model allows one to
evaluate age-trajectories of all coefficients involved in equations (1)—(2) including the effects

of allostatic adaptation, /!, the physiological norms, f;, the baseline hazards, the coefficients
characterizing the resistance to stresses (deviations from the norm to the right and to the left)
with age and test the hypotheses about the significance of their dependence on age.

Fig. 4 shows the graphs of respective estimates for males and females separately and for both
sexes together as linear functions of age, as suggested by the results of empirical analyses in
Fig. 3. One can see in the upper left panel of this figure that the effect of allostatic adaptation
is represented by the increasing linear functions, which look similar for both sexes.

The BG norms shown in the upper right panel are also the increasing functions of age for each
sex. It is interesting to note that this increase is developing within the limits suggested by the
American Diabetic Association (ADA) as the normal levels of FBG.
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The coefficients characterizing the sensitivity of all-cause mortality risk to deviations to the
right (the lower right panel) and to the left (the lower left panel) from the age-specific norm
are estimated as increasing functions of age. This means that the range of tolerable deviations
from the norm is getting narrower with an increasing age or the “price” of the same deviation
from the norm measured by the increment in mortality risk increases at the old ages compared
to that for the young adults. This indicates that the resistance to stresses declines with an
increasing age. The likelihood ratio test performed for the FHS BG data shows that the

coefficients responsible for the age dependence of allostatic adaptation f' and physiological
norms f; are significantly different from zero.

Since the function f; corresponds to the minimum mortality, it could be used as a target for
intervention strategies aiming at reducing mortality risk by affecting the BG level. However,
the use of the trajectory of f; for targeting medical interventions may be impractical because it
may be enough to reach the values of mortality risk close to its minimal value in appropriate
vicinity of the normal trajectory. In other words, the notion of the “normal range” of BG levels
rather than the “normal” value of BG may be more practical for applications. To pursue this
idea, we evaluated the age-dependent ranges of possible deviations of BG from the norm which
can be considered as “acceptable” levels of increase in mortality risk.

Fig. 5 (upper panels) shows the age-specific ranges of values of BG with the contour lines
corresponding to the selected levels of increase in the absolute mortality risks. Together with
the graphs for the norms f;, the figure displays the contour lines corresponding to an increase
in the absolute values of the evaluated mortality risk by 0.002, 0.005, 0.01, and 0.02. This

means that, for example, the contour line Y?‘Ol, corresponding to a 0.01 increase in the absolute
risk from its optimal level, is calculated from the equality:

720 iy 1(Y,< )=0.01 or 27" — 1)’ I(Y, > £,)=0.01. For the absolute value of risk,

we also draw the contour lines Y0 002 0 %5 and YO 92 These lines capture the general pattern
of changes in the ranges of values WI'[h acceptable levels of increase in the mortality rate
observed for BG as a risk factor: the ranges of “acceptable” values for this index become
narrower with age. This corresponds to the narrowing U-shape of the quadratic term of the
hazard with age. The non-symmetric shape of the quadratic term in equation (2) allows one to
reveal differences in an increase of mortality due to deviations of BG to the left and to the right
from the age trajectories of the physiological norm f;.

It is important to note that the age pattern of changes in the relative risk shows the opposite

tendency: in contrast with the narrowing U-shape for the absolute mortality risk, the U-curve
of the relative risk is getting wider with age. Fig. 5 (lower panels) shows the age-specific ranges
of values of BG with different levels of increase in the relative risk of death. The figure displays
the contour lines with the values of the relative risk 1.01 and 1.05, i.e., the lines corresponding

to the 1% and 5% increase in the relative risk of death RR(z, ¥,)=pu(t, ¥;)/u. The figure
illustrates the general pattern of changes in the ranges of values with “acceptable” levels of
increase (say, 1%) in the relative risk of death: the ranges of “acceptable” values of BG become
wider with age. Note that this pattern is opposite to that observed for the tolerable range of BG
calculated using the values of the absolute mortality risk. The difference is caused by a fast

increase in the baseline mortality 4 with age. Such an increase means that the other influential

factors which are summarized in 4 (e.g., senescence itself) become more important with age
than the increase in mortality risk due to deviation of a particular physiological index from the
optimal age trajectory. On the contrary, at younger ages, where the mortality rate is lower, even
small deviations from f; produce a substantial increase in the relative (but not in the absolute)
risk of death.
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The reason why the dynamic properties of the relative risk differ from those of the absolute

risk is clearly seen when comparing mathematical representation of the absolute risk (in a
simplified case of a symmetric quadratic hazard term)

(e, Y=+l (Y, — f)?

with that of the relative risk

1
M
RR(, Y)=1+=(Y; - f)°

Hy

One can see from this comparison that the ratio ./ /u? may decline with age when 1 increases
faster than . This decline is associated with the widening of the respective U-curve with age.

5. Application of semiparametric Cox model

t; X
L=[ Jiutxi, 11%exp [— Jdtu(x, n)] =[ Jratxi, i1%exp (—y(xf, 1)

Alternatively, we investigated a semiparametric Cox-type model of the effects of BG on the

total mortality risk with no assumptions about the form of age dependence of the normal curve.
Besides, the effect of the BG level as a mortality risk factor is estimated for the whole remaining
period of life after the measurement. The mortality rate considered as a function of age t and
the level of BG x is:

u(x, )=b1exp(brt)exp(bz(x — xo)I(x — x0)+bs(xo — x)I(xp — X)),

where | (X-Xg) is the indicator function (i.e., I(y) = 1 fory > 0 and I (y) = O otherwise). Five
parameters to be estimated include bj (i=1,...,4)and xq. The level of BG, i.e., ¥, is the last
measurement before a certain age tg. Age t runs from tg to the age at death (possibly censored).
Therefore, the distinct choice of tg (e.g., tg €{35, 40,...,80} ) produces separate datasets.
Denoting an individual’s risk factor measured at to; (tg; <=tg) as x; (tg), we get the likelihood
corresponding to the data from one dataset:

1 — exp(=ba(t; — to;))
b, :

loi i

Here t;j is the age at death (possibly censored) and §; is the censoring indicator. The estimates
of xg calculated for each dataset with specific tg allow us to evaluate the age dependence of the
BG norm xg. These estimates calculated for the FHS cohort (two sexes combined) are presented
in Fig. 6 together with the linear regression line. Parameter estimates of the regression line a
+ b tg shown in Fig. 6 are a = 57.1 +/— 3.7 (mg/100 mL); b = 0.42 +/- 0.06 (mg/100 mL *
year 1)

One can see from this figure that the BG norm can be approximated by an increasing linear
function of age similar to that evaluated using the quadratic hazard model. The difference of
the value of the slope of this linear function from zero is statistically significant. Note that a
linear increase in the normal BG level is just a statistical approximation. There is no biological
theory suggesting any shape of the normal curve. It might be possible that the normal BG curve
follow a more complicated age trajectory. The age pattern of the point estimates of BG
minimizing the all-cause mortality risk for individuals of different age groups shown in Fig. 6
suggests that a logistic curve may provide a better fit to the data than a linear function. However,
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comparison of quadratic hazard models with logistic and linear curves revealed that the latter
provides a better fit as defined by the Akaike Information Criterion (Akaike, 1974). The main
message from these analyses, however, is that the BG norm may be consistently defined for
individuals of each age category and it is likely that this norm changes with age.

6. Discussion

Exceptional survival could happen by chance despite the presence of factors making substantial
contribution to mortality risk. This conclusion follows from models of conditional survival
widely used in demography, epidemiology and biostatistics. When conditions are unfavorable,
these chances are small. They could increase if the values of risk factors will be kept closer to
values minimizing mortality risk during individual’s life course. Although not all risk factors
could be controlled to such extent, some of them could. The values of many physiological
indices affecting mortality risk, including the level of BG, may be shifted in the favorable
direction by the proper use of drugs, moderate exercises, adequate nutrition, life style, etc. This
fact creates potential opportunity to maximize chances of exceptional survival by properly
maintaining physiological state during the life course.

Maintaining the proper level of blood glucose (BG) is often recommended for having a long
and healthy life span (Burge, 2001; McAulay et al., 2001; Menzin et al., 2001; Willcox et al.,
2006). In order to follow this recommendation, a quantitative definition of the “proper” or
“normal” FBG levels is needed. Although several such definitions already exist and are widely
used in research and medical practices, the continuing debates about them indicate that the
consensus has not yet been reached. The current definitions of the “normal” FBG typically use
the information on its population distribution or on the relationship between FBG and the risk
of diabetes and, recently, also CVD (Levitan et al., 2004; WHO, 2006). While these definitions
are based on clinical experience, they are often linked to a specific outcome measure (e.g., the
risk of a particular disease), and therefore can differ for different such measures.

Such practice can be completely justified in situations with known clinical conditions in which
the risk of death from CVD or other cause is high. When no information about such conditions
is available considering the total mortality risk as an outcome measure and defining the BG
norm as a value of this index with minimizes mortality risk at a given age seems to be an
appropriate strategy. The results of our analyses indicate that the BG norm, defined this way,
may be a convenient indicator of average aging related changes caused by intrinsic
(senescence) forces which can be estimated from the data. For each gender, these functions
increase with age from about 70-80 mg/dl at age 40 to about 95-100 mg/dl at age 100 years,
thus staying approximately within the traditionally “normal” range of 70-100 mg/dl. Two other
approaches used in the analyses of these data (analyses of the age trajectories of BG in the LL
individuals and the use of the Cox’s type model) also confirmed the similar pattern of age
dependence of the BG norm. The effects of external disturbances on the age trajectory of BG
are also estimated from the data.

It follows from the definition of the norm that BG levels which are above or below the normal
values for a given age are associated with an increased relative mortality risk at this age. What
is important, the range of deviations from the norm that only barely affect the relative risk of
death increases with advancing age and, for the elderly, it may even include pre-diabetic and
diabetic (according to the ADA and WHO definitions, Genuth et al., 2003; WHO, 1999; WHO,
2006) values of 126 mg/dl or higher. This, of course, does not mean that these diseases should

not be treated. This indicates that the risk of death due to other causes, ., in which senescence
plays an important role, increases with age faster than the risk associated with a fixed deviation

of BG from its optimal trajectory (measured by functions [J(” and ;1,‘2, respectively). The fact
that the age trajectories of optimal (normal) age related changes in BG are within the limits of
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the normal range for BG established by the ADA definition (Genuth et al., 2003) indicates that
the model used in our analyses does not contradict the experience of medical practitioners,
which is a good sign for any model used in the analyses of data on aging, health and longevity.

The graphs in Fig. 5 show that deviations of the BG to the levels about 70-80 mg/dl (levels
that are optimal for men younger than 50) actually increase mortality risk in the oldest old
males. This observation is consistent with the general gerontological concept that the same
problems (e.g., a high BG level) in the young and the old persons may require different
treatments. Our results thus strongly suggest the importance of studying changes in the optimal
BG trajectories as well as respective age related changes in the U-shape form of the mortality
risk function.

The strength of the approach is that the FHS longitudinal data on the BG concentration may
be well described using the stochastic process model of aging-related changes in BG
homeostasis as well as aging-related changes in the coefficients describing the contribution of
the BG into mortality risk. An important advantage of this model is that it allows for taking
into account and evaluating from the data the effects of hidden persistent external disturbances
using the recently developed concept of allostasis and allostatic adaptation.

Considering the BG dynamics together with respective mortality risk in a simple one-
dimensional physiological space has one more scientific merit. It allows for important
observation that any procedure of BG normalization does not diminish the mortality risk to
zero. This is because alternative pathways capable of returning the BG to its normal age
trajectory may end up with pathological or even lethal values of other (unobserved)
physiological/biological variables and, respectively, with an unpredictable increase in
mortality risk conditional on these variables. Considering a one-dimensional case makes this
situation clear.

The results of this study indicate the possibility of evaluating effects of allostatic adaptation to
external disturbances on the BG age trajectories and separating them from the effects resulting
from compensatory adaptation and remodeling in response to changes caused by senescence
process inevitably developing even in the absence of any external disturbances. The approach
developed in this paper allows for systematically addressing research questions about factors
and mechanisms involved in regulation of aging related changes and longevity in humans,
which is difficult to address using standard statistical tools.

The analysis also shows that the U-shaped function of all-cause mortality risk gets narrower
with age. This indicates that the resistance to stresses, which effects are manifested through
the BG variation, is likely to decline with age. In contrast, the U-shape of the relative risk is a
widening function of age. Our analyses indicate the need for a multidimensional definition and
investigation of the notion of a physiological norm using all available data.

One limitation of this approach is related to the fact that in most exams of the FHS blood
glucose measurements were randomly fasting or non-fasting. To reduce the bias, and make the
results of blood measurement closer to those of fasting measurements, blood was drawn at the
end of many hours of examination. A recent study (Port et al., 2006) verified that the age- and
sex-adjusted deciles of the fasting and random glucose distributions in examinations, where
fasting specimen was available, are very close to the random ones, being slightly lower. So,
one can expect that the use of random (instead of fasting) glucose data will have a little impact
on our analyses compared to the use of the FBG data.

Another serious methodological issue deals with the data most appropriate for studying aging
related changes in BG metabolism. The BG data available from the FHS do not take into
account an increase of glucose intolerance with aging, which means that post-meal glucose
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levels increase with increasing age. Therefore, there may be an age effect on random glucose
levels which affects estimates of the BG norm obtained in this study.

One more limitation is that the approach uses a one-dimensional description of physiological
state. Therefore the estimates of the normal BG levels should be used with care. This is because
contemporary researchers and medical practitioners usually have information about other
indices characterizing individuals’ physiological state and health/well-being status in addition
to the level of BG. This means that a proper procedure of BG normalization should involve
adjustments in other indices as well, and, hence, the notion of physiological norm should be
extended to include more than one index (i.e., it should be calculated by minimizing mortality
risk considered as a function of many physiological indices). At the same time, a substantial
deviation of the BG from its one-dimensional norm may serve as an important indicator of a
possible pathological development signaling that individual’s health requires a careful
investigation which has to involve other physiological indices. Thus the need for
multidimensional analyses is an important message stemmed from this study.

The results raise several methodological issues for further studies. One deals with connection
of the BG level with mortality from specific causes. There is a substantial body of evidence
linking elevated glucose levels to specific microvascular and macrovascular conditions, which
have a direct impact on CVD mortality. Introducing and studying population heterogeneity in
susceptibility to different causes of death might be an important step in clarifying this issue.

A more technical issue is that blood glucose levels are consistently lower than serum glucose
reflecting the contribution of lower glucose content of red blood cells. To the extent that older
subjects have a lower red blood cell count, which is likely, this may also skew the results of
analysis. More studies are needed to consider multidimensional age dynamics of biological
and physiological indices and their effects on morbidity and mortality risks.
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General model (discrete time)

Let X, Y; be two stochastic processes describing the life history of an individual. The process
Xy equals zero if an individual died in the interval [ty tx+1), and it equals one if he/she survived
until the age ty+1. The process Y; is a discrete time stochastic process describing observations
of BG. We assume that this process satisfies the following equation:
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Yt/\H:YIA +aIA(YIk - f[,\ )(tk+l - Ik)+b11\ thrl - zkglpk>1a Ylls (Al)

where g,~N(0,1), Y, ~N(f,} ; 0'(2)).Note that (A1) is a discrete-time variant of equation (1). Time
intervals between t, and ty+q could be non-equal for different k.

Let Yﬁ:Y,l,. ... Y, k=1,...,n be arandom vector of observations of the process Y; at ages ty,
..., ty Denote by O(#, 17;‘1’) the conditional probability of death in the interval [ty, tc+1) of an

individual given an observed trajectory ¥;' , i.e., O(t, ¥;)=P(X, =0|7}', X,_,=1). We assume

that this probability depends only on values of Yy, as follows:

~ _ _._,k =1k
01, 7) =1 — e T)e1-10, .

where K (tk, 172) is similar to equation (2):

fi 2
(16 7)) =pa 1 (Vi = P T (Vi< fi) 42V = [T (Y 2 ) - (A3)

For the likelihood function, we need conditional distributions of Yy given the observations
7' From (A1),

| 7(Y,A—7,]\_1)2
PV ) =
V2 (t; — tr_y )b,,\ (A4)
where
Y, =Y, +a (Y -/ )(tk—lk—l)

k-1 — Lty Tl \ Lty Ii—1 ’ (A5)

fork>2, and

1 7(,,,1_‘:'11 )2
P(Y;)=———e *0 .

l \/z_mro (A6)

Consider N independent observations of individuals in the above described scheme. Denote
s

by Yzfl the observed trajectories of the process Y; for it individual, where n; is the number of

observations of the process Y; for it individual. Let 5;=1 if it individual died in the interval

[tf,i, tf,i+1), 3i=0 if he/she survived until the age t,';l.ﬂ and ;=2 if the individual is lost to follow

up at the last observation (censored at the age t,",,.). The contribution of i" individual into the
likelihood function is
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L (75 5.5)=p (75, K5.5) - (72) P (5170 -
1
1

n;i ni— ] 2 i
s o o ine=0 i\ I@=D
; k-1 _ i k _ i n; n;
P(Yﬂl)l\l 2|p(1/,2|1/’,i ) | |(1 Q(zk, Y'Ii))(l Q(z,,, YI,.I )) Q(t,,‘_,Y’.) ,

k=1 (A7)

where the respective probabilities are given by (A2)—(A6). The likelihood function is a product

of Li (Yl Xﬁ""s) i=1..N.
In applications to the FHS data, we used the following specifications of functions in (Al),

)0[

(A3): (i) the Gompertz baseline mortality rateuﬁ’: a0’ (ii) linear functions for 4! and

;1,‘2, y,”:al,l,-+b/,ut, Jj=1,2;(iii) constant feedback coefficient and diffusion, a; =ay, bi=c1; (iv)
linear optimal age-trajectories,f; =as+byt; (v) a linear function describing the effects of allostatic
adaptation, f;'=a+b11.Parameters to be estimated in the model: a,0, b0, a,11, by11, 8,12,
b,12, ay, oo, 61, a1, brl, as and by. The likelihood maximization was performed using the
constrained optimization procedure of MATLAB’s optimization toolbox (MathWorks Inc.,
2008).
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Fig. 1.
Average trajectories of blood glucose for females and males in the FHS (pooled data for exams
1-25).
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Fig. 2.

Average trajectories of blood glucose for long-lived and short-lived females and males in the
FHS (pooled data for exams 1-25; “LS” means lifespan).
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Fig. 3.

Average trajectories of blood glucose for long-lived and short-lived non-diabetic females and
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Fig. 4.
The quadratic hazard model applied to data on blood glucose in the FHS: Estimates of the mean

allostatic states (/,!), the physiological norms (f;), and the quadratic hazard terms
I and 1)?) for different ages (t).
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Age-specific ranges of values of BG with minimal mortality rates (upper panels) and minimal
relative risks (RR) of death (lower panels) estimated for females and males in the FHS data
using the quadratic hazard model. The labels on the lines denote the values of an increase in
the mortality rate (respectively, in the relative risk) compared to the minimal values at
respective ages (f;). The dotted lines correspond to the age trajectory of the normal level of

BG, f;, approximated by a linear function.
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The norm of blood glucose for females and males in the FHS estimated by a semiparametric

extended Cox-type model.
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