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1. Abstract
Biomarkers are increasingly employed in empirical studies of human populations to understand physiological processes that change with age, diseases
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whose onset appears linked to age, and the aging process itself. In this chapter,
we describe some of the most commonly used biomarkers in population aging
research, including their collection, associations with other markers, and relationships to health outcomes. We discuss biomarkers of the cardiovascular system, metabolic processes, inflammation, activity in the hypothalamic‐pituitary
axis (HPA) and sympathetic nervous system (SNS), and organ functioning
(including kidney, lung, and heart). In addition, we note that markers of functioning of the central nervous system and genetic markers are now becoming
part of population measurement. Where possible, we detail interrelationships
between these markers by providing correlations between high risk levels of
each marker from three population‐based surveys: the National Health and
Nutrition Examination Survey (NHANES) III, NHANES 1999–2002, and the
MacArthur Study of Successful Aging. NHANES III is used instead of
NHANES 1999–2002 when specific markers of interest are available only
in NHANES III and when we examine the relationship of biomarkers to
mortality which is only known for NHANES III. We also describe summary
measures combining biomarkers across systems. Finally, we examine associations between individual markers and mortality and provide information about
biomarkers of growing interest for future research in population aging and
health.

2. Introduction
There is no agreed upon set of biomarkers of aging; however, there is a
significant body of literature discussing both what a ‘‘biomarker’’ is and what
constitutes aging [1]. These topics are addressed briefly in the beginning of
this chapter, but the majority of the chapter focuses on how biomarkers are
used in empirical studies of human populations to understand physiological
processes that change with age, diseases whose onset appears linked to age,
and the aging process itself [2]. We limit ourselves to biomarkers related to
general indicators of health and survival that are appropriate for study in
human populations in vivo, and we do not include biomarkers that are specific
to the diagnosis, staging, or prognosis of specific diseases. In our discussion,
we indicate the health outcomes that are related to each of the markers,
interrelationships between markers, the link between individual and summary
biomarkers and mortality, and measures of health used in the older population that are based on multiple indicators. Finally, we indicate future
challenges in studying aging populations with biomarkers.
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3. Background
3.1. WHAT IS A BIOMARKER?
The lack of an agreed definition for the term ‘‘biomarker’’ was one impetus
for the National Institutes of Health (NIH) to recently convene a Biomarkers
Definitions working group [3]. The following definition has been oVered by
this group: ‘‘a biomarker is a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathogenic processes,
or pharmacological responses to a therapeutic intervention [4].’’ In a recent
strategic plan for the National Heart Lung and Blood Institute (NHLBI), the
word ‘‘genotype’’ was added to the definition before normal biological
processes, indicating how the focus of much research has changed since
2001 [5]. The current emphasis on biomarkers arises from an interest in
understanding the molecular and physiological basis of disease as well as
evaluating therapeutic interventions using surrogate end points rather than
death or irreversible disease [6]. Social scientists are interested in adding
biomarkers to traditional population studies of health in order to determine
how social, psychological, and behavioral factors get under the skin to
influence biology and subsequent health outcomes [7, 8].
In populations, biomarkers are used to monitor and predict the health of
the population, to identify individuals with particular resistance or susceptibility to health problems, and to evaluate therapeutic interventions. Because
of the clinical association of the word ‘‘biomarker’’ with risk factor, one
group with a focus on aging populations has used the word ‘‘biomeasure’’ as
a higher order term to encompass biomarkers of organic disease, physical
condition or function, genetic makers, and biological indicators of aging [9].
In this chapter, we consider all of these types of measures as ‘‘biomarkers.’’

3.2. WHAT IS AGING?
While basic scientists continue to try to separate normal aging and disease,
scientists interested in population health are more empirically oriented toward defining the age‐related health changes that are of interest in evaluating
functional ability and survival, which typically represent some combination
of aging and disease. Health change in old age has been termed the disablement process by Verbrugge and Jette [10]. In populations, health change
occurs in an ordered fashion by age beginning with the development of risk
factors, through the onset of diseases and conditions, to functioning loss or
loss of ability to perform certain physiological functions and to the onset of
disability which is often indicated by inability to work, to care for oneself, or
to perform the activities necessary for independent living among older
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populations. Frailty is an emerging concept in the study of health outcomes
that is specific to older age [11–13]. It is a downward trajectory in health and
ability to perform daily tasks resulting from the accumulation of acute and
chronic diseases as well as the physiological decline and dysregulation that
accompany the onset of diseases and advanced age [12]. Biomarkers can be
indicators of any of these aspects of health change: risk, disease, functioning
loss, disability, frailty, or imminent death.

4. Biomarkers
In human populations, the identification of biomarkers for health outcomes has resulted from large‐scale community and population studies, such
as the Framingham study and the NHANES. The MacArthur Study of
Successful Aging was the first large‐scale community‐based study that
provided extensive collection of biomarkers in a home‐based setting. Because
of increases in scientific knowledge of aging and improvements in technology
for collection, a growing number of recent population studies have included
biomarkers along with collection of social, economic, and psychological
information [14]. We note the details of some of these studies at the end of
our discussion of individual biomarkers.
In this section, we outline biomarkers that have been used in research on
the health of older populations (Table 1) [15–139]. We describe the markers
and why they are important in research on aging. This list represents a
selection from a significantly larger number of markers that could be described. Our intent is to provide information on the currently most frequently
used measures and to indicate some newer measures that are growing in use.
4.1. CARDIOVASCULAR SYSTEM
We begin with indicators of cardiovascular functioning, as heart disease is
the leading cause of death in the older population and one of the most
important causes of disability (Table 1). The two indicators of blood pressure
are probably the most commonly measured biomarkers: Systolic blood pressure (SBP) is the maximum pressure in an artery at the moment when the
heart is beating and pumping blood; diastolic blood pressure (DBP) is the
lowest pressure in an artery in the moments between beats when the heart is
resting. High levels of either measurement indicate hypertension. Current
guidelines define hypertension as SBP 140 mm Hg or DBP 90 mm Hg.
SBP is thought to be more important and predictive of aging health outcomes than DBP. There are strong associations between aging, increased
SBP, and cardiac and vascular diseases [140]. Studies have shown the
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TABLE 1
BIOMARKERS OF AGING
Biomarkers

Description

Measure
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Biomarkers of cardiovascular system
Systolic blood pressure
Index of cardiovascular activity:
(SBP)
maximum pressure in an artery when
the heart is pumping blood
throughout the body
Diastolic blood pressure
Index of cardiovascular activity: lowest
(DBP)
pressure in an artery when the heart
is resting
Pulse pressure
Indicator of increased arterial stiVness

Resting pulse rate

Physical exam

Total homocysteine (tHcy)

Indicator of heart functioning and
measure of overall fitness
An amino acid that plays a role in lipid
metabolism; folic acid and vitamin
B break down tHcy

Biomarkers of metabolic processes
Total cholesterol
Aids in the synthesis of bile acids and
steroid hormones

Low‐density lipoprotein
(LDL)

Transports cholesterol from the liver to
be incorporated into cell membrane
tissues

Related Outcomes

Source

Physical exam

Cardiovascular death,
stroke, CHD, mortality

[15–17]

Physical exam

Cardiovascular death,
stroke, CHD, mortality

[15–17]

Physical exam

Stroke, MI, heart failure,
cardiovascular death,
overall mortality
CHD, mortality

[18–20]

Blood

Cardiovascular,
cerebrovascular, and
peripheral vascular
disease, poor cognitive
function

[22–25]

Blood

In middle‐age: CHD and all‐
cause mortality; In older
ages: U‐shaped relation to
death
CHD, atherosclerosis,
stroke, peripheral
vascular disease

[26–28]

Fasting blood

[21]

[29–32]

(continues)
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TABLE 1 (Continued)
Biomarkers
Very low density
lipoprotein (VLDL)
High‐density lipoprotein
(HDL) cholesterol
Triglycerides
Fasting glucose
Glycosylated hemoglobin
(HbA1c)

Description

Measure

Waist‐to‐hip ratio

Leptin

Source

Transports endogenous triglycerides,
phospholipids, cholesterol, and
cholesteryl esters
Protective cholesterol

Fasting blood

Atherosclerosis, coronary
artery disease

[33–34]

Blood

Lower atherosclerotic CVD

[35]

Fat substance stored for energy use

Fasting blood

[33, 36–38]

Measures amount of sugar in blood;
indicator of diabetes
Measures amount of sugar binded to
hemoglobin in red blood cells

Fasting blood

Indicator of the balance between
energy intake and energy
expenditure
Indicator of abdominal obesity

Physical exam

Heart attack, CHD, CAD,
pancreatitis
Diabetes, CHD, mortality,
poor cognitive function
Diabetes‐related
complications (eye,
kidney, nerve, CHD,
stroke), poor cognitive
function
CVD, diabetes mellitus,
stroke, mortaity, some
cancers, osteoarthritis
Hypertension, CHD,
noninsulin‐dependent
diabetes, stroke
Diabetes mellitus, metabolic
syndrome (abdomninal
obesity, dyslipidemia,
hypertension,
hyperglycemia),
atherosclerosis,
osteoporosis

Blood
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Body mass index (BMI)

Related Outcomes

Protein hormone that regulates food
intake and energy expenditure

Physical exam

Blood

[39–41]
[39, 42, 43]

[44–47]

[48–50]

[51–57]
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Adiponectin

Adipose‐specific plasma protein that
serves as a measure of insulin
sensitivity

Biomarkers of inflammation, immunity, and infection
C‐reactive protein (CRP)
Acute‐phase response protein that
indicates blood levels of
inflammation
Interleukin‐6 (IL‐6)
Immune system regulator (cytokine)
that responds to acute illness or
injury
Fibrinogen
167
Albumin

Tumor necrosis factor‐
(TNF)
Serum amyloid A (SAA)

Cytomegalovirus (CMV)

Protein produced by the liver that aids
in formation of blood clots to stop
bleeding
Protein that transports small molecules
into the blood and maintains oncotic
pressure

Fasting blood

Metabolic syndrome
(abdomninal obesity,
dyslipidemia,
hypertension,
hyperglycemia); MI

[58, 59]

Blood

CVD, heart attack, stroke,
arthritis, cancer,
cognitive, physical decline
CVD, immune disorders,
AD, diabetes mellitus,
certain cancers, functional
disability
CVD, mortality, AD, MCI
( chain)

[60–65]

Blood, saliva

Blood

Blood

Proinflammatory cytokine that
stimulates immune and vascular
responses
Acute‐phase protein; main function
involves cholesterol transport and
lipid metabolism

Blood, CSF

Herpesvirus infectious agent that
triggers the immune system

Blood

Blood

Heart attack, stroke,
functioning decline,
mortality, cognitive
impairment
Obesity, diabetes, arthritis,
stroke
CAD, atherosclerosis,
cancer, carotid intima
medial thickness,
depression, obesity
Dementia, retinal, and
gastrointestinal disease

[60, 65–67]

[40, 60, 68, 69]

[60, 65, 70, 71]

[72–75]

[76–81]

[82, 83]

(continues)
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TABLE 1 (Continued)
Biomarkers

Description

Epstein‐Barr virus (EBV)

B lymphotropic herpesvirus; marker of
cell‐mediated immune function
White blood cells that protect against
pathogens and tumors

T cells

Measure
Blood, saliva
Blood

Biomarkers of the central nervous system
Amyloid 42
Major component of senile plaques

CSF

Total (t)‐Tau

CSF
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Phosphorylated (p)‐Tau
F2‐isoprostanes (F2‐iso)

Major protein constituting
neurofibrillary tangles
Precedes formation of neurofibrillary
tangles
Isomer of prostaglandins stored in cells;
stable, free radical‐catalyzed
products that reflect lipid
peroxidation

Biomarkers of the HPA and the sympathetic nervous system
Cortisol
Steroid hormone that reflects body’s
response to physiological stress

Dehydroepiandrosterone
sulfate (DHEA‐S)

Antagonist of cortisol; steadily
decreases with age

CSF

Related Outcomes

Source

Cancer infectious
mononucleosis
Cancer, mortality,
artherosclerosis, AD

[84–86]

Inverse relation to
neuropathological
processes (AD);
frontotemporal and
vascular dementia
AD; Creutzfeldt‐Jakob
disease
AD, MI

[88–91]

[87]

[89, 92]
[91, 93, 94]

CSF

AD, hypercholesterolemia,
atherosclerotic plaque

[95–99]

Blood, saliva, urine

CVD, poor cognitive
functioning, fractures,
functional disability,
mortality
Inverse relation to heart
disease, mortality,
physical, and mental
functioning, AD

[100–104]

Blood, saliva, urine

[105–111]
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Free insulin‐like growth
factor‐1 (IGF‐1)

Growth factor that regulates cell
growth and development; Inhibitor
of programmed cell death

Fasting blood

Norepinehrine
Epinephrine (adrenaline)

Indicator of stress response
Stress hormone important to body’s
metabolism; prepares for strenuous
activity of the ‘‘fight or flight’’
response

Blood, urine
Blood, urine

In clinical practice, an index of renal
function
Detects rapid glomerular filtration rate

Blood, urine
Blood

Measurement of airway obstruction

Spirometry exam

Measurement of electrical impulses in
the heart

Physical exam

Involved in programmed cell death and
apoptosis, induction of host defense,
mobilization of ion transport
systems
Important antioxidant defense in cells
exposed to oxygen

Blood

Parkinson’s disease, DNA
damage (cancer)

[137, 138]

Blood

Inverse relation to AD

[139]

Biomarkers of organ function
Creatinine
Cystatin C (CysC)
169

Peak expiratory flow
(PEF)
Electrocardiogram (EKG)
Biomarkers of oxidative stress
Reactive oxidative species
(ROS)

Superoxide dismutase
(SOD)

Cancer; inverse relation to
atherosclerotic plaques,
CAD, osteoarthritis,
mortality
CHF, MI, mortality
Cognitive decline and
possibly poor survival
with prior MI

Cardiovascular risk, renal
diseases, mortality
Acute renal failure, diabetic
nephropathy, thyroid
dysfunction, mortality
Asthma, chronic obstructive
pulmonary disease
Cardiovascular risk, stroke,
mortality

[112–115]

[116–118]
[119–121]

[122–125]
[126–131]

[132, 133]
[134–136]

CHD¼Coronary heart disease; AD¼Alzheimer’s disease; MI¼myocardial infarction; CAD¼coronary artery disease; CVD¼cardiovascular disease;
MCI¼mild cognitive impairment; PD¼Parkinson’s disease; CHF¼congestive heart failure; CSF¼cerebrospinal fluid.
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stronger predictive power of SBP for coronary heart disease (CHD) and life
expectancy at advanced ages [27, 141, 142]. Among the Framingham Heart
Study participants, SBP was directly related to CHD risk, but DBP was
inversely related to the risk in older ages (60þ) [143].
Pulse pressure (PP) is an alternative measure indicating the diVerence
between the SBP and DBP that some researchers prefer for use in studying
the aged. The rise in SBP and PP in middle‐aged and elderly subjects is
mainly related to increased large‐artery stiVness and an associated increase
in wave reflection amplitude [144]. Increasing evidence shows that PP predicts
risk of CHD in middle and old ages [19, 143, 145]. During middle age, SBP
and DBP change similarly; however after age 60, DBP decreases and SBP
continues to rise resulting in the large increase in PP in old ages [143]. While
factors such as smoking, lack of physical activity, and drinking aVect PP,
studies have shown the independent eVect of PP on health outcomes after
adjusting for such risk factors [146].
Heart rate, considered one of the four vital signs, is based on the number of
heartbeats per minute (bpm). In most cases, the pulse is an accurate measure
of heart rate, and the two terms are often used synonymously; although in
individuals with certain arrhythmias, heart rate and pulse rate may not be
equivalent. Pulse rate is commonly measured from the brachial artery (the
wrist) or the carotid artery (the neck).
Since pulse rate increases with physical exercise, it is commonly measured
during resting, nonphysical exertion conditions. At rest, the average adult
pulse rate is 70 bpm for males and 75 bpm for females; however, these rates
may vary by age, sex, race and ethnicity, and exercise status. At birth, pulse
rate ranges from 100 to 180 bpm and gradually decreases to range from 60 to
110 bpm until age 16 [21, 147]. Between ages 25–74, no consistent changes in
pulse rate with age have been found [148]. Gender and racial diVerentials
indicate that women have higher resting pulse rate than men and White
women have higher pulse rates than Black women [148]. Finally, athletes
exhibit much lower resting pulse rates as a result of strengthened heart
muscle from regular exercise [149].
A pulse rate of 90 bpm or greater is considered high [150] and is associated
with increased risk of CHD, as well as cardiovascular, noncardiovascular, and
all‐cause mortality [21, 151]. Consequently, both medical (e.g., medication)
and nonmedical modifications (e.g., life style modifications including increases
in physical activity and lower fat diets) can reduce resting pulse rate, and, in
turn, reduce the risk of cardiovascular disease and mortality [152–154].
All of the above markers are collected in a physical exam. There are many
other biomarkers linked to cardiovascular risk that are determined in other
ways. One of these is homocysteine, an amino acid measured from blood
plasma. Homocysteine aVects the development of atherosclerosis by
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damaging the inner lining of arteries and promoting blood clots. For this
reason, we are including it with other cardiovascular risk factors even though
it diVers from the others in that it is measured with blood. Homocysteine has
garnered recent attention because of its importance in predicting many of the
major health outcomes common in aging populations, including cardiovascular disease, peripheral vascular disease, and poorer cognitive function [22–
25]. It is highly related to dietary content including folate and vitamins B12
and B6 [155, 156]. In the early 1990s, approximately one‐third of those older
than 65 years had elevated homocysteine levels (>14 mol/liter) [157]; however, the prevalence has declined markedly since dietary fortification with
folate began in 1996 [156, 158].
We indicate the interrelationships among the cardiovascular biomarkers
for a nationally representative sample of persons aged 65 and over in the
NHANES and for the MacArthur Sample of Successful Aging participants
who were aged 70–79. Biomarkers are dichotomously defined using the level
of each biomarker to classify sample members into those at a level defined as
at clinical risk, or in the top quartile of the sample, or not. Clinical risk levels
are shown in Table 2 [159–171] and the phi coeYcients among cardiovascular
markers in Table 3. A phi coeYcient is a measure of the degree of association
between two binary variables and is interpreted like a pearson correlation
coeYcient. The most significant coeYcients are between SBP and DBP,
which are moderately related with a coeYcient of 0.19 (NHANES) and
0.34 (MacArthur), and between SBP and PP, which are relatively strongly
related with a correlation of 0.48 (NHANES). With the exception of SBP,
DBP, and PP, high risk levels of these biomarkers occur fairly independently
of each other.

4.2. MARKERS OF METABOLIC PROCESSES
The next set of markers is indicators of metabolic processes, many of
which are also related to cardiovascular outcomes. Cholesterol has several
functions including keeping cell membranes intact and helping the synthesis
of steroid hormone and bile acids. In recent years, components of total
cholesterol are generally measured to determine risk for heart disease: low‐
density lipoprotein (LDL), high‐density lipoprotein (HDL), and very low
density lipoprotein (VLDL) [172]. In middle‐aged populations, total cholesterol level has been shown to have a direct relation with CHD and all‐cause
mortality [26]. However, in older persons, the relationship between cholesterol and mortality has been found to be U‐ or J‐shaped [27, 28]. Comorbidity may need to be considered in evaluating the risk implied by cholesterol
levels among frail older persons [17, 173, 174].
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TABLE 2
CLINICAL OR EMPIRICALLY DERIVED CUTOVS FOR RISK FACTORS
Biomarkers

High risk cutpoints

Biomarkers of cardiovascular system
Systolic blood pressure
140 mm Hg (N)
148 mm Hg (M)
Diastolic blood pressure
90 mm Hg (N)
83 mm Hg (M)
Pulse pressure
88 mm Hg (N)
Resting pulse rate
Homocysteine

90 bpm (N)
15 mol/liter (N)
13.38 mol/liter (M)

Biomarkers of metabolic processes
Serum total cholesterol
240 mg/dl (N)
Serum HDL cholesterol
40 mg/dl (N)
37 mg/dl (M)
Total/HDL cholesterol
5.92 (M)
Serum LDL cholesterol
160 mg/dl (N)
Serum triglycerides
200 mg/dl (N)
Fasting blood glucose
126 mg/dl (N)
Glycosylated hemoglobin
6.4% (N)
7% (M)
Body mass index
30 kg/m2 (N)
28.59 kg/m2 (M)
Waist‐to‐hip ratio
0.94 (M)
Serum leptin
17.2 g/liter (N)
Biomarkers of inflammation
C‐reactive protein
IL‐6
Plasma fibrinogen
Albumin
Biomarkers of HPA and SNS
Urinary cortisol
DHEA‐S
Norepinephrine
Epinephrine
Markers of organ functioning
Creatinine clearance
Best peak flow

Cystatin C

Source

[159]
[160]
[159]
[160]
NHANES III 1999–2002
fourth quartilea
[150]
[161, 162]
[163]
[164]
[164]
[160]
[160]
[164]
[164]
[164]
[164]
[160]
[166]
[163]
[160]
NHANES III (1988–1994),
fourth quartilea

3 mg/liter (N)
3.19 mg/liter (M)
4.64 pg/ml (M)
400 mg/dl (N)
336 mg/dl (M)
<3.8 g/dl (N)
3.9 g/dl (M)

[167]
[160]
[160]
[168]
[160]
[169]
[160]

25.69 g/g creatinine (M)
350 ng/ml (M)
48 ug/g creatinine (M)
4.99 ug/g creatinine (M)

[160]
[160]
[160]
[160]

<30 ml/min (N)
44.64 ml/min (M)
<550 liter/min (males) (N)
<400 liter/min (females) (N)
300 liter/min (M)
>1.55 mg/liter (N)

[170]
[160]
NHANES III (1988–1994),
fourth quartilea
[160]
[171]

(N) NHANES; (M) MacArthur.
HDL = high-density lipoprotein; LDL = low-density lipoprotein; IL-6 = interleukin-6;
DHEA-S = dehydroepiandrosterone sulfate.
a
Individual data from NHANES III (1988–1994), using the highest quartile as at risk.
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TABLE 3
PHI COEFFICIENTS AMONG HIGH RISK LEVELS OF CARDIOVASCULAR BIOMARKERS
(a) Ages 65þ in the NHANES 1999–2002 (N¼1,884)
DBP
SBP
Pulse pressure
DBP
0.19***
0.04þ
SBP
0.48***
Pulse pressure
Resting pulse rate
Homocysteine

Resting pulse rate
0.01
0.02
0.03

Homocysteine
0.01
0.03
0.05þ
0.07*

(b) Ages 70–79 in the MacArthur Study of Successful Aging [N¼654 (N¼363 for correlations to
homocysteine)]
DBP
SBP
Homocysteine
DBP
0.34***
0.09
SBP
0.03
Homocysteine
DBP = diastolic blood pressure; SBP = systolic blood pressure.
***
p <0.0001, ** p <0.001, *p <0.01, þp <0.05.

LDL is sometimes referred to as ‘‘bad’’ cholesterol because elevated levels
of LDL correlate most directly with CHD [32]. Current guidelines indicate
that a desirable level of LDL cholesterol is below 130 mg/dl; borderline high
is from 130 to 159 mg/dl; high is between 160 and 189 mg/dl; and very high
LDL‐cholesterol is 190 mg/dl. Recently, recommended target levels of
cholesterol were adjusted to be lower for those with diabetes and other
heart disease risk factors. Those who have established coronary disease and
diabetes have a recommended target for an LDL cholesterol level less than 70
mg/dl [29]. Generally, a high level of LDL cholesterol has been shown to
contribute to the development of coronary atherosclerosis and to increased
risk of mortality and heart disease [175]; however, studies limited to older
persons have shown inconsistent findings on the relationship between LDL
and health outcomes [40, 173, 176–183].
Akin to LDL, levels of VLDL increase with age and are also commonly
referred to as ‘‘bad’’ cholesterol [184]. While VLDL is not measured as
frequently in population studies, it may be a better indicator of risk in older
people. Among individuals aged 50 or older, VLDL was a better predictor of
the development of coronary artery disease, while LDL cholesterol was more
significant among people under age 50 [34].
High levels of HDL are protective for heart disease because HDL carries
cholesterol away from the arteries and back to the liver, where it is passed
from the body. Thus, HDL is called the ‘‘good’’ cholesterol and low levels
are associated with higher risk. HDL cholesterol levels less than 40 mg/dl
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(although sometimes this level is sex specific) have been related to increased
risk for heart disease [185–187].
While traditional lipid measures, such as total cholesterol and HDL, are
often used independently to indicate lipid profiles and their relations to health
outcomes, studies have shown that total cholesterol/HDL ratio can be used as
a biomarker that is associated with other cardiovascular risk factors [188,
189] and predicts ischemic heart disease risk [190] and atherosclerotic plaque
rupture [191].
Triglycerides, an indicator of stored fat, are often included among the lipid
indicators as part of an evaluation of coronary risk factors. Normal fasting
triglyceride levels are below 150 mg/dl; 150–199 mg/dl is considered borderline high, 200–499 mg/dl high, and 500 mg/dl and above very high [33]. High
triglyceride levels have been associated with heart attack [192], CHD [36],
and coronary artery disease [37].
Tests for total cholesterol, LDL, HDL, and triglycerides are routinely
done in lipid panels. Accurate results for the entire lipid panel assume 9–12
hours of fasting; however, total and HDL cholesterol can be measured
without fasting and thus are more likely to be included in assays from large
population surveys without fasting subjects. Fasting is required for valid
results for LDL, VLDL, and triglycerides.
Fasting blood glucose level is indicative of diabetes and prediabetes. Higher
than normal blood glucose contributes to the development of metabolic
syndrome and CHD [193, 194]. About 11.9 million adults in the United States
aged 45–74 had prediabetes levels of glucose in the year 2000 and this included
a quarter (22.6%) of overweight adults [195]. A normal blood glucose level is
between 70 and 99 mg/dl. A fasting blood glucose level between 100 and 125
mg/dl signals prediabetes and a higher level indicates diabetes [196].
Because it can be collected in a nonfasting sample, many researchers are
measuring glycosylated hemoglobin (HbA1c) as an alternative to fasting
glucose for diabetes screening [197]. The percentage of glycosylated cells
increases with more glucose in the blood and provides an indicator of the
amount of sugar that is attached to the hemoglobin in red blood cells.
Because red blood cells live in the bloodstream for approximately 4 months,
the HbA1c test shows the average blood sugar for the past 2–3 months and is
an indicator of glucose metabolism over that time. Results of this test can
indicate prediabetes and are used in managing diabetes. HbA1c levels have
been related to cardiovascular disease and mortality among both diabetics
and nondiabetics [198] and to CRP levels [199]. Some studies show age‐related
increases in HbA1c [200, 201], while others show little or no age‐related
increase in HbA1c [202], possibly due to its relationship to mortality.
Anthropometric measures such as weight, body mass index (BMI), waist
and hip circumference, and waist‐to‐hip ratio (WHR) can all be used to
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indicate weight and adiposity. BMI is calculated as the ratio of weight to
height‐squared (kg/m2). Overweight is defined as a BMI between 25 and 29.9
kg/m2 and obesity as BMI 30 kg/m2 [160]. However, the validity of BMI as
a measure of excess fat declines in older people because of height loss and
increases in fat mass occurring with age even in the absence of weight gain.
Some researchers prefer WHR and waist circumference (WC) to BMI as a
predictor for cardiovascular risk [102] and other adiposity‐related conditions. While BMI provides an index of obesity, WHR may be more useful
as an index of chronic metabolic dysregulation and adipose tissue deposition
[203]. Researchers have argued that it is not obesity per se but the distribution
of the adipose tissue that is related to increased risk [204, 205]. Those with an
apple body shape or a central distribution of fat tend to experience higher
rates of atherosclerotic heart disease, stroke, hypertension, hyperlipidemia,
and diabetes than those with a pear body shape. According to the guidelines
for defining metabolic syndrome [3], the use of a simple measure of WC
instead of BMI is recommended to identify the body weight component of
metabolic syndrome (men >40 in.; women >35 in.).
Those with higher values of BMI, waist and hip circumferences, and WHR
tend to be at higher risk for hypertension, adult‐onset diabetes mellitus, heart
disease, stroke, various forms of cancer, atherosclerosis [44, 45, 47, 205–209],
osteoarthritis [46], lower aerobic capacity and less muscle strength [210], and
disability [211–215].
Leptin is a hormone that plays an important role in the long‐term regulation of body weight. As a crucial regulator of food intake and energy balance,
leptin is involved in the physiology of various diseases. In old age, declines in
organ function and changes in hormone secretion result in the alteration of
leptin secretion [216]. Although it is uncertain whether aging has an independent eVect on leptin levels, it is known that some changes common in old age
(e.g., declines in bone turnover and slower rates of glucose and lipid metabolism) are related to leptin levels. Studies have indicated that leptin may play
an important role in several chronic diseases, including metabolic syndrome,
atherosclerosis, malnutrition, diabetes mellitus, dyslipidemia, hypertension,
osteoarthritis, and osteoporosis [54–57].
Examination of the interrelationships of risk levels among the metabolic
markers available in the NHANES data indicates that total and LDL cholesterol are highly related (0.76) in the fasting population (Table 4a). Neither
high risk levels of total or LDL cholesterol are very highly related to high risk
levels of HDL cholesterol. HDL risk is moderately highly related to having
high triglycerides (0.24), fasting blood glucose (0.15), and glycated hemoglobin (0.15). High‐risk leptin levels are strongly related to high BMI (0.40).
High BMI is moderately related to fasting blood glucose (0.12) and HbA1c
(0.11), but not very closely related to any of the cholesterol indicators. The
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TABLE 4
PHI COEFFICIENTS AMONG HIGH RISK LEVELS OF METABOLIC BIOMARKERS
(a) Ages 65þ in the NHANES 1999–2002 (NHANES III for Leptin) (N¼1,884 for nonfasting biomarkers, N¼938 for fasting biomarkers; N¼2741 for
nonfasting biomarkers, N¼1172 for fasting biomarkers for NHANES III)
Triglycerides Blood glucosea Glycosylated
BMI
Leptina,b
Cholesterol
HDL
LDLa
hemoglobin
Cholesterol
0.08***
0.76***
0.09*
0.02
0.06*
0.01
0.09*
HDL
0.05
0.24***
0.15***
0.15***
0.06*
0.10**
0.10*
0.02
0.04
0.00
0.04
LDLa
0.20***
0.12***
0.10**
0.10*
Triglyceridesa
0.67***
0.12***
0.04
Blood glucosea
Glycosylated hemoglobin
0.11*** 0.00
BMI
0.40***
Leptina,b
(b) Ages 70–79 in the MacArthur Study of Successful Aging (N¼654)
Cholesterol/HDL HDL
Glycosylated
hemoglobin
Cholesterol/HDL
0.55***
0.09þ
HDL
0.06
Glycosylated hemoglobin
BMI
Waist/hip

BMI

Wasit/Hip

0.02
0.03
0.13**

0.11*
0.16***
0.09þ
0.20***

HDL = high-density lipoprotein; LDL = low-density lipoprotein; BMI = body mass index.
p <0.0001, ** p <0.001, * p <0.01, þp <0.05.
a
Fasting biomarkers: LDL, triglycerides, blood glucose, leptin.
b
Correlations to leptin are based on biomarkers from NHANES III.
***
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relationships among indicators of metabolic risk for the MacArthur data are
shown in Table 4b. Analyses of these data have included total/HDL cholesterol ratio and the WHR among metabolic indicators [160]. Again, most of
the relationships among the indicators are modest.
4.3. MARKERS OF INFLAMMATION, IMMUNITY, AND INFECTION
Markers of Inflammation are the next category of markers. Age‐related
changes in inflammatory markers are complex and include a wide range of
potential indicators. Here we focus on the markers most commonly used in
aging research. C‐reactive protein (CRP) is an acute phase response protein
produced in the liver that indicates general systemic levels of inflammation.
CRP levels rise as part of the immune response to infection and tissue damage
or injury and may be elevated due to the presence of chronic conditions, like
diabetes, asthma, rheumatoid arthritis, and heart disease [61, 217–221]. In an
acute response, the level of CRP can jump a thousand‐fold but then drops
relatively quickly when an infection passes. A blood level above 10 mg/dl is
considered indicative of acute illness, although recent work has shown this
level to be related to chronic conditions such as obesity and poor social
conditions (e.g., living in poverty) [222]. CRP levels are also related to
hormone levels in women and are elevated with the use of oral contraceptives
or postmenopausal hormone replacement therapy.
Research has suggested that high levels of CRP, between 3 and 10 mg/dl
[223], are related to the development of cardiovascular disease [61, 221, 224,
225] and cardiac events, including heart attack [60] and stroke [61]. This level
of CRP has also been related to mortality [64, 65] and physical decline [65].
In contrast to many clinical settings, researchers use what is called a high‐
sensitivity CRP test (hs‐CRP) to determine moderate (1–3 mg/dl) as well as
higher levels of CRP. Hs‐CRP can be measured with whole blood samples or
blood spots [226].
Interleukin‐6 (IL‐6) is one of a class of immune system regulators called
cytokines that serve a variety of immune functions in response to acute illness
or injury and is perhaps the most commonly measured cytokine in population surveys. As a pro‐inflammatory cytokine, IL‐6 is involved in activating
inflammatory pathways. IL‐6 is always present in the body in small amounts
(<1–2 g/ml), and its concentration varies by time of day. However, in
periods of immune activation, blood levels of IL‐6 increase quickly, reaching
as high as 40 times normal levels. IL‐6 levels also rise with advancing age and
are related to a variety of chronic conditions. The dysregulation of IL‐6 may
be a contributing factor to many of the diseases of aging.
Chronic conditions associated with high IL‐6 include osteoporosis, arthritis, type‐2 diabetes, certain cancers, and Alzheimer’s disease (AD) [66, 67].
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High levels of IL‐6 are also related to cardiovascular disease, heart attack,
and stroke [60, 227–232]. In the elderly, high IL‐6 levels are related to an
increased risk of functional disability and functional decline [65, 70, 233],
cognitive decline [234], and mortality [64, 65]. The association of IL‐6 with
cardiovascular disease is related to the central role this cytokine plays in
promoting the production of CRP [60, 235]. Blood serum sample is required
for IL‐6 assays.
While less commonly included in large‐scale studies, several other inflammatory cytokines have been linked to age‐related outcomes. For instance,
IL‐10 is a pro‐inflammatory cytokine also important to inflammatory and
immunological responses [236]. IL‐6 soluble receptor (IL‐6sR) is important
in the transition from acute to chronic inflammatory states [237]. IL‐1
mainly stimulates T‐helper cells that secrete IL‐2, a cytokine that supports
the proliferation of inflammatory cells [238] and influences the function of
other cells by binding to IL‐1 receptor antagonist (IL‐1ra). IL‐18, formerly
called interferon (IFN)‐ inducing factor (IGIF), is closely related to IL‐1. It
induces IFN‐ produced in T cells, natural killer (NK) cells, gene expression,
and the synthesis of tumor necrosis factor‐ (TNF) [239] (further described
below). The cascade of inflammatory markers is highly interrelated and
complex. Age‐related increases in many of the cytokines have been noted
[240], but further research on the associations of these individual markers is
required before it is clear which can be included most usefully in population
studies. But development of assays that can simultaneously measure a large
number of inflammatory markers in dried blood spots is likely to increase
markers measured in populations [241].
Fibrinogen, also called serum fibrinogen, plasma fibrinogen, and factor I, is
a protein produced by the liver. Fibrinogen helps stop bleeding by promoting
the formation of blood clots. Fibrinogen has been shown to be strongly
predictive of both mortality [40] and the onset of cardiovascular disease
[60, 227, 231, 242]. The relationship between socioeconomic status and fibrinogen levels has been suggested as a mechanism linking low social status and
stress to cardiovascular disease [243–246]. Fibrinogen is measured using
blood serum or plasma.
Albumin is a protein that transports small molecules in the blood and is
important in maintaining oncotic pressure in the blood. Low albumin may be
related to malnutrition or a low‐protein diet and liver or kidney disease. Low
albumin levels can also be related to inflammation. For this reason, albumin
is sometimes included in indices of inflammation [247]. Low levels of albumin
have been related to heart attack, stroke, functioning loss, and death among
older persons [60, 65, 70, 227–233]. Data from the MacArthur study have
related low levels of albumin to functional decline, death [65], and cognitive
impairment [71]. Concomitant low serum cholesterol and albumin levels may
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identify high‐functioning older persons who are at increased risk of
subsequent mortality and functional decline [248]. The test for albumin levels
requires blood serum. In the MacArthur Study of Successful Aging analysis
of allostatic load, low albumin has been included as a risk factor with a cutoV
of 3.9 mg/dl or lower considered as high risk [160].
TNF is a pleotrophic polypeptide that plays an important role in inflammation and immune function. Expression of TNF correlates with the
expression of other cytokines, including IL‐6 and IL‐1. Mounting scientific
evidence suggests that elevated blood plasma TNF concentration is associated with dementia in centenarians [249] and is centrally involved in the
pathogenesis of AD [250–255]. Additionally, high levels of TNF are related
to atherosclerosis [256], obesity and diabetes [72, 73], rheumatoid arthritis
[74], and stroke [75].
Serum amyloid A (SAA), a grouping of acute‐phase proteins, increases
dramatically in response to injury and inflammation [257]. These proteins
transport cholesterol to the liver for bile secretion, recruit immune cells to
sites of inflammation, and induce enzymes to degrade extracellular matrix
[76]. SAA is involved in chronic inflammatory diseases (e.g., atherosclerosis,
coronary artery disease, and rheumatoid arthritis) [77–79, 258], and it is
linked to lung cancer, depression, and obesity [78, 80, 81].
Interrelations among the inflammatory markers available in the NHANES
and MacArthur studies are shown in Table 5a and b. High risk levels of
fibrinogen and high risk CRP are relatively strongly related in both studies
(0.33). High risk CRP and high risk IL‐6 are also relatively strongly related
(0.37) in the MacArthur study. There is a small relationship between high

TABLE 5
PHI COEFFICIENTS AMONG HIGH RISK LEVELS OF MARKERS OF INFLAMMATION
(a) Ages 65þ in the NHANES 1999–2002 (N¼1,884)
CRP
Fibrinogen
CRP
0.33***
Fibrinogen
Albumin

Albumin
0.11***
0.09***

(b) Ages 70–79 in the MacArthur Study of Successful Aging (N¼654)
CRP
IL‐6
Fibrinogen
CRP
0.37***
0.33***
IL‐6
0.19***
Fibrinogen
Albumin
CRP = C-reactive protein; IL-6 = interleukin-6.
***
p <0.0001, ** p <0.001, * p <0.01, þp <0.05.

Albumin
0.06
0.01
0.04
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risk albumin and high risk CRP (0.11), between high risk albumin and high
risk fibrinogen (.09) in NHANES, but not in MacArthur study.
The next set of markers is indicative of the functioning of the immune
system.
Cytomegalovirus (CMV) is a herpesvirus that infects most people relatively
early in life. The prevalence of CMV infection within the US population
increases with age reaching 91% in people ages 80 and over [259–261]. It has
been suggested that CMV is a ‘‘driving force’’ behind age‐related changes in
T cells [262–266]. The proposed CMV‐driven pathway occurs through an
increase in CMV‐specific CD8þ T cells that, in turn, lead to a reduction
in the immune system’s ability to respond to other infectious pathogens.
CMV seropositivity and high antibody levels have been associated with
inflammation, cardiovascular disease, stroke, endothelial dysfunction, frailty,
and cognitive decline [267–271].
Epstein‐Barr virus (EBV) is another common herpesvirus that aVects most
people during their life. The prevalence of EBV is as high as 95% among
adults between ages 35 and 40 in the United States. EBV antibody level is
used by some researchers as a marker of cell‐mediated immunity [272–278].
The pattern of significantly higher EBV levels at older ages is suggestive of
some loss of cellular immunity in older age [272].
T‐helper cells, also known as CD4 or T4 cells, are white blood cells that are
a major component of the immune system. CD4 count assesses the status of
the immune system. A normal CD4 count in adults ranges from 500 to 1350
cells per cubic millimeter (mm3) of blood. A count of 250–350 CD4 cells/mm3
suggests some immune system damage and less than 200 CD4 cells/mm3 is
often indicative of more serious immune system damage [279].
In addition to its value as an indicator of a compromised immune system,
the CD4 count has been used in the measurement of age‐related changes in
the immune system [280–282]. The CD8 count has also been associated with
age‐related conditions. High circulating levels of CD8 T cells have been
associated with chronic infections, including EBV and CMV [283]. CD8þ
T cells respond to chronic systemic intracellular pathogens whereas
CD4þ T cells respond to specific extracellular pathogens. A constant
CD4:CD8 ratio indicates healthy aging, while a decline in this ratio can
indicate increased immunological risk in the elderly [284].
4.4. MARKERS OF THE CENTRAL NERVOUS SYSTEM
Many potentially useful biomarkers are obtained via obtrusive or invasive
measures and are not currently collected in large population studies. For
instance, several potential markers for AD from cerebrospinal fluid (CSF)
have been proposed but are not collected. Amyloid 42 is a major component
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of senile plaques and is a suggested marker of neuropathological processes
related to AD [88, 89]. Total (t)‐tau is a major protein that comprises
neurofibrillary tangles, and phosphorylated (p)‐tau precedes formation of
neurofibrillary tangles. High CSF levels of both t‐tau and p‐tau are associated with an increased risk of AD [89–91]. Additionally, F2‐isoprostanes
(F2‐iso) are prostaglandins that reflect lipid peroxidation. F2‐iso are associated with AD, hypercholesterolemia, and atherosclerotic plaque [95–99].
Although several studies have used or are currently using these indicators as
markers of AD, collection of CSF is not feasible for large population studies.
4.5. MARKERS OF ACTIVITY IN THE HYPOTHALAMIC PITUITARY AXIS
Cortisol is a steroid hormone produced by the adrenal cortex in response
to internal or external stress [289]. Consistently high cortisol reactivity to
repeated challenges is an atypical response that may reflect chronic
physiological stress [285] and is associated with negative health outcomes in
old age [286]. Cortisol and its antagonist, dehydroepiandrosterone sulfate
(DHEA‐S) (described below in more detail), are indicators of HPA activity.
Cortisol has a strong diurnal variation, generally high early in the morning
and falling during the day [287]. Cortisol typically increases over the first few
minutes of the day, reaching a peak 20–30 min after waking.
Cortisol levels have been shown to be greater among individuals experiencing chronic stress from work or emotional strain [288]. Health consequences
of exposure to elevated cortisol include increased cardiovascular risk [100],
poorer cognitive functioning [101, 286], and increased risks for fractures
[103].
Cortisol level can be assessed using blood, saliva, and urine. Urine is
collected over a 12‐ or 24‐hour period in order to represent a daily level
[286]. Researchers are often interested in the profile of cortisol change over
the day; including the rise in cortisol levels after waking in the morning. For
this reason, salivary cortisol may be measured four or five times in the same
day—upon waking, shortly afterward, in the afternoon, evening, and night
[287]. Normal levels of cortisol in the bloodstream range from 6 to 23 g/dl.
Normal 24‐hour urinary cortisol levels range from 10 to 100 g per 24 hours
[288]. In the MacArthur study, the level used to define risk for urinary
cortisol was 25.69 g/g creatinine [160].
DHEA is a hormone produced by the adrenal gland. DHEA‐S is synthesized from DHEA and converted into other hormones [290]. Assays measure
DHEA‐S instead of DHEA because DHEA‐S is less rapidly cleared from the
bloodstream and has less diurnal variation [290–293]. DHEA‐S has been
hypothesized to serve as a functional antagonist to HPA activity and thus is
an important indicator of overall activity in the HPA [294–302].
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The level of DHEA is age related. Production of DHEA stops at birth,
then resumes around age 7 and peaks when people are in their mid‐twenties.
From the early thirties on, there is a steady decline (about 2% each year) until
around age 75, when the level of DHEA in the body is about 5% of the peak
level. Because DHEA‐S is related to age and longevity [296–302], it has
attracted attention for possible ‘‘antiaging’’ eVects [303–305]. Normal values
for serum DHEA‐S vary with sex as well as age. Normal ranges are 800–5600
g/liter for men, 350–4300 g/liter for women; although there may be slight
variation in these levels across laboratories. DHEA assays can be based on
blood, saliva, or urine samples.
While there are mixed results by gender [306], the literature generally
documents a link between low DHEA‐S and poor health outcomes. Lower
DHEA‐S is related to a history of heart disease and mortality [105–108].
DHEA‐S is hypothesized to be protective against heart disease because of its
anticlotting and antiproliferative properties [106, 307]. Low DHEA‐S has
also been related to worse physical and mental functioning [109, 110, 308].
Low DHEA‐S has been included as one component of allostatic load [102,
309]. In addition, studies have found that DHEA‐S is a marker for bone
turnover predicting bone mineral density [310], and low levels have been
linked to AD [111, 295].
Insulin‐like growth factor‐1 (IGF‐1) is a polypeptide protein hormone that
modulates cell growth and survival. Throughout the lifespan, IGF‐1 impacts
neuronal structure and function, mainly through its eVects on growth hormone (GH) [311]. A meta‐analysis indicated that high IGF‐1 concentrations
are associated with increased risk of prostate cancer and premenopausal
breast cancer [112]. Conversely, low IGF‐1 levels have been linked to
increased mortality [114, 312, 313], coronary artery disease [113], and osteoarthritis [114]; however, a recent study on the nationally representative
NHANES sample showed no relationship between low IGF‐1 and all‐cause
mortality or mortality from heart disease or cancer [314].
4.6. MARKERS OF THE SYMPATHETIC NERVOUS SYSTEM
Norepinephrine is a neurotransmitter in the catecholamine family, which
mediates chemical communication in the SNS. Norepinephrine is almost
identical in structure to epinephrine, another catecholamine discussed
below. Both of these are indicators of a stress response. With advancing
age, there is decreased clearance of norepinephrine [118] and normal aging is
associated with an increase in plasma norepinephrine levels [315–317]. High
plasma norepinephrine levels have been associated with increased overall
mortality in the elderly [29] as well as reduced survival in healthy older
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persons, in patients with congestive heart failure [116], and in people with
previous myocardial infarction (MI) [117]. Higher levels of urinary catecholamine excretion have also been shown to predict functional disability and
mortality [104].
Norepinephrine is excreted in urine and 12‐hour or 24‐hour urine collections are used for daily levels because levels vary over the day. To adjust for
body size, results for norepinephrine are reported as micrograms norepinephrine per gram creatinine of urine excretion [104, 120]. There are no
normative values for urinary norepinephrine and epinephrine levels so
adverse catecholamine levels have been classified as those in the top tertile
or top quartile of norepinephrine for a sample. In the MacArthur study, the
risk level cutoV was 48.00 g/g creatinine. A blood plasma test is also
available although used more rarely.
Epinephrine is another stress hormone, also known as adrenaline. Heightened secretion caused by fear or anger is part of the ‘‘fight or flight’’ response
and is linked to increased heart rate and the hydrolysis of glycogen to
glucose. Increases over time in urinary excretion of epinephrine predict
subsequent cognitive decline in older men [120]. High plasma epinephrine
has been associated with poor survival in patients with previous MI [121] but
increased survival among healthy older persons [119]. Urinary epinephrine
excretion is significantly lower among women and among subjects with a
BMI >27 kg/m2. Current smokers have higher levels of both urinary norepinephrine and epinephrine [104].
Measurement of epinephrine is similar to that of norepinephrine: usually
in urine from 12‐hour or 24‐hour urine collections, adjusted for body size by
reporting epinephrine per gram creatinine of urine excretion [104, 120]. Like
norepinephrine, there are also no normative values for urinary epinephrine
levels, and they are generally classified using quartiles or tertiles for

TABLE 6
PHI COEFFICIENTS AMONG HIGH RISK LEVELS OF MARKERS OF SNS AND HPA AGES 70–79 IN THE
MACARTHUR STUDY OF SUCCESSFUL AGING (N¼654)
Cortisol
Cortisol
DHEA‐S
Norepinephrine
Epinephrine

DHEA‐S

Norepinephrine

Epinephrine

0.08þ

0.01
0.09þ

0.11*
0.06
0.27***

DHEA-S = dehydroepiandrosterone sulfate.
***
p <0.0001, ** p <0.001, * p <0.01, þp <0.05.
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individual samples. The MacArthur study used a cutoV of greater than 4.99
g/g creatinine to denote high risk epinephrine. Epinephrine may also be
determined from blood plasma assay although this is used more rarely than
urinary assays. Like urinary levels, plasma levels of catecholamines may be
influenced by a variety of postural, diurnal, and acute stress‐related factors
[318].
The MacArthur data have four biomarkers indicating SNS and HPA
activity (Table 6). Epinephrine is related to norepinephrine with a coeYcient
of 0.27, and the correlations among other markers are weak or insignificant.

4.7. MARKERS OF ORGAN FUNCTION
Creatinine is a chemical waste molecule generated from muscle metabolism. It is transported through the bloodstream, filtered in the kidneys, and
excreted in the urine. It provides information on kidney function. Normal
levels of creatinine in the blood are <1.5 mg/dl in adult men and <1.4 mg/dl
in adult women [319]. Although serum creatinine levels are a fairly good
indicator of kidney function, multiple factors including age, sex, and ethnicity
[320] aVect its concentration so the use of a single set cutpoint may not be an
appropriate way of defining adverse serum creatinine levels.
Creatinine can be measured via serum or urine. Serum creatinine exhibits
significant individual diVerences [321]; while urinary creatinine and creatinine clearance show fewer individual diVerences and may provide a more
reliable means of determining kidney function. Equations using serum creatinine to predict creatinine clearance include additional factors (e.g., age and
body weight) in their prediction [322]. Reduced glomerular filtration rate
(GFR), measured from serum creatinine, is associated with increased risk of
cardiovascular disease and death [323]. Studies have shown that creatinine
clearance predicts stroke and cardiovascular mortality [324].
Cystatin C is a cysteine protease inhibitor that is filtered out of the blood
by the kidneys. As another marker of GFR, serum cystatin C is a measure of
normal kidney function. Compared to serum creatinine levels (the primary
clinical tool used for measuring renal function), cystatin C levels are independent of age, sex, and lean muscle mass. Hence, this is a promising
biomarker for population studies. Additionally, multiple studies have indicated that cystatin C may be a more sensitive marker of kidney function than
serum creatinine [131]. Cystatin C predicts all‐cause and cardiovascular
mortality [129, 325, 326], risk of cardiovascular disease [327], MI [328],
stroke [328], and chronic kidney disease [329]. The correlation between
high risk creatinine clearance and high risk cystatin C among people 65
years of age and over in NHANES III is 0.34 (Table 7a).
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TABLE 7
PHI COEFFICIENTS AMONG HIGH RISK LEVELS OF MARKERS OF ORGAN FAILURE
(a) Ages 65þ in the NHANES III (N¼2,741)
Creatinine clearance
Creatinine clearance
Peak flow
Cystatin C

Peak flow
0.07**

Cystatin C
0.34***
0.06**

(b) Ages 70–79 in the MacArthur Study of Successful Aging (N¼654)
Creatinine clearance
Peak flow
Creatinine clearance
0.11*
Peak flow
***

p <0.0001, ** p <0.001, * p <0.01, þp <0.05.

The peak flow rate provides an indicator of the functioning of the respiratory system. Peak expiratory flow (PEF) monitoring has been used as an
objective measure of airflow obstruction. The normal range of PEF is 500–
700 liter/min for men and 380–500 liter/min for women [330] but what is
regarded as normal varies with diVerences in height and weight [331]. Studies
have shown that PEF is related to mortality [332] and physical and cognitive
functioning [333]. The correlation between peak flow and creatinine clearance
in the MacArthur study is moderate (0.11, Table 7b).
An electrocardiogram (EKG or ECG) measures electrical impulses in the
heart [134–136] and records as a graphic produced by an electrocardiograph.
EKG results provide important diagnostic information on cardiac arrhythmias [334], MI [335], electrolyte disturbances [336], and ischemic heart disease [334]. A standard 12‐lead resting EKG is often coded using Minnesota
coding criteria [336]. The results are used to indicate probable and possible
MI, and probable and possible left ventricular hypertrophy (LVH). A study
based on national data showed that the age‐adjusted prevalence rate of
EKG‐defined MI was 6.7% for those ages 40 and over which is somewhat
higher than the prevalence of self‐reported MI (5.8%). The prevalence was
more than four times higher among those ages 65 and over compared to ages
40–64 [337].

4.8. MARKERS OF OXIDATIVE STRESS AND ANTIOXIDANTS
Oxidative stress and antioxidants are an example of a class of markers that
seem to be theoretically important determinants of the aging process but are
as yet not measured in such a way that they can be collected from large
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populations. High levels of reactive oxidative species (ROS), enzymes important in cell signaling, have been shown to cause significant damage to cell
structures. It has been suggested that ROS play an important role in the onset
of age‐associated loss in muscle mass (sarcopenia) [338], changes in the
central nervous system, hearing loss [339], Parkinson’s disease [340, 341],
and AD [342–344]. In contrast, intrinsic [e.g., superoxide dismutase (SOD)
and glutathione peroxidase] and extrinsic antioxidants (e.g., vitamins A, B,
C, and E) aVect aging and disease by combating oxidative stress [345].
Studies suggest that SOD may function as a tumor suppressor [346–348]
while carotenoids may have preventive eVects against both cardiovascular
disease and cancer [349–352].

4.9. GENETIC MARKERS
Genetic markers are another category of markers that are only beginning
to be employed in population studies. The growth in ability to use these
markers not only as additional independent indicators of risk but also as
modifiers of risk for people with other behavioral, biological, or genetic
characteristics will broaden the whole approach to including biomarkers in
the analysis of population health outcomes. Only a small number of genetic
indicators have been used broadly in population studies to date, and the
results for many of the indicators have not been as clear‐cut as expected given
the animal literature, which led to their selection as candidates for genes
influencing human health and longevity [353]. While we cannot review all of
these markers, we will highlight promising results; this is just a brief mention
of the genetic markers that are likely to be commonly determined in population surveys within the next decade.
The most commonly examined genetic indicator, and the one with the
most evidence of a link to health outcomes, is apolipoprotein E (APOE),
which has been used in analysis of a variety of health outcomes in many
populations. There are three alleles of the APOE gene: e2, e3, and e4. Studies
have shown high risks for late‐onset AD among those with the APOE4 gene
[354–359]. The APOE4 gene is also known to be associated with cardiovascular diseases such as heart attack, stroke, and coronary artery disease
[360, 361].
Polymorphisms for the gene coding for angiotensin‐converting enzyme
(ACE) have also been examined in a number of population surveys. Polymorphisms in ACE have been shown to be relatively strongly related to circulating ACE and may be involved in cardiovascular and renal diseases [362],
AD [363, 364], and human longevity [365, 366]; but not all investigations of
the role of ACE have produced positive results [367, 368].
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The number of candidate genes identified and investigated in large population surveys is likely to increase exponentially in a short time. For instance,
the HTR2A genotype has also been associated with memory change and is
likely to be included along with APOE as risk factors for cognitive loss [369].
A set of inflammatory polymorphisms related to IL‐6 and CRP has been
related to circulating levels of these markers, and while there are conflicting
results as to how these relate to long‐term health outcomes, they are likely to
be increasingly included along with blood levels of these markers in future
analyses [370, 371].
Mutations in mitochondrial DNA (mtDNA) accumulate with age and are
among the genetic factors that may eventually be shown to be associated with
longevity [353, 372]. A study of Italian populations indicated that mtDNA
inherited variability may be involved in longevity and healthy aging [373].
Another Italian study found a specific link between longevity and the C150T
mutation in leukocytic mtDNA [374]. Additionally, a Japanese study found
that three mtDNA mutations were more prevalent among centenarians
compared to noncentenarian controls [375].
Telomere length is another genetic indicator that is currently under investigation as either an indicator of the risk of aging or as a biological marker
of the aging process per se. Although findings have consistently related
decreased telomere length to increased age [376], investigations of the link
between telomere length and remaining longevity have not produced
consistent results [377, 378].
Identifying biomarkers for cancer is a rapidly growing scientific undertaking partly being fueled by genomic developments. Markers of DNA damage
and repair provide hope for identification of markers that are related to risk
for a wide variety of cancers [379, 380]. Work in other areas shows promise
that serum autoantibodies that indicate chronic inflammatory, pro‐oxidant
conditions can serve as bioindicators of the risk of cancer development
[381, 382].

5. Biomarkers and Mortality
The link between high risk levels of each biomarker and mortality indicates
the relative potential of each marker individually to explain the likelihood of
dying in older populations and to provide evidence of how this association
varies across markers. Logistic regressions were used to estimate these relationships in the MacArthur study and hazard models in the NHANES
analysis. The two cohorts are persons over age 40 from the NHANES III
sample and the cohort ages 70–79 from the MacArthur Study of Successful
Aging. Deaths in the MacArthur sample occurred in the 7.5 years after
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TABLE 8
LINK BETWEEN PRESENCE OF RISK LEVELS OF INDIVIDUAL BIOMARKERS
a
AND SUBSEQUENT MORTALITY

MacArthur: Age 70–79
7.5 years mortality (N¼657)

NHANES III: Age 40þ
Mortality from interview
to 2000 (N¼7,417)

Odds ratios for mortality
Systolic blood pressure
Diastolic blood pressure
Pulse rate at 60 s
Total cholesterol (total
cholesterol/HDL in MacArthur)
HDL cholesterol
Glycosylated hemoglobin
Body mass index (waist/hip
ratio in MacArthur)
C‐reactive protein
IL‐6
Fibrinogen
Albumin
Cortisol
DHEA‐S
Norepinephrine
Epinephrine
Creatinine clearance
Peak flow

1.37
1.40
–
0.87

1.16*
1.01
1.26*
0.98

1.31
1.34
1.27

1.06
1.31*
0.90

1.67*
1.41
1.28
0.86
1.14
1.39
1.49
1.38*
2.22
2.18*

1.00
–
1.29*
1.07
–
–
–
–
1.31*
1.40*

Source : MacArthur, Seeman et al., 2004 [163], calculated using logistic models. NHANES
calculated from data using hazard models.
HDL = high-density lipoprotein; LDL = low-density lipoprotein; IL-6 = interleukin-6;
DHEA‐S = dehydroepiandrosterone sulfate.
*
p <0.01.
a
Age, gender, and education controlled.

interview and up to 12 years after interview in the NHANES group. Odds
ratios resulting from these regressions are shown in Table 8. The odds ratios
indicate the relative likelihood associated with dying in years subsequent to
the two surveys for each high risk biomarker. When the odds ratio is greater
than 1, the likelihood of dying for those with the risk factor is higher than for
those without the risk factor; when it is less than 1, the relative likelihood is
lower for those with the risk factor.
A number of high risk levels of the biomarkers including SBP, pulse,
HbA1c, fibrinogen, creatinine clearance, and peak flow are significantly
related to mortality in the NHANES sample of middle‐aged and older adults.
The largest odds ratios are from biomarkers indicating organ functioning
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such as creatinine clearance (OR¼1.31) and peak flow (OR¼1.40). In the
MacArthur sample, which includes only older people, the only indicators
linked to mortality were high risk peak flow (OR¼2.18), CRP (OR¼1.67),
and epinephrine (OR¼1.38).
It is hard to compare the results of the two samples given that they diVer in
age, location, and diVerent statistical models in the equations; however, the
results suggest the potential of the importance of some biomarkers that are
not currently used as clinical indicators such as epinephrine and markers of
inflammation. This has also been true in an analysis of the links between
multiple biomarkers and mortality in Taiwan [383]. In addition, the results
suggest that the importance of individual biomarkers in predicting health
outcomes may be related to age, with many biomarkers potentially more
important in predicting mortality at younger ages.

6. Interrelationships Among Biomarkers and Summary
Measures of Biological Risk
In earlier sections, we showed the interrelationships among variables in
each category. We now indicate the interrelationships among the cardiovascular, metabolic, inflammatory, HPA activity and SNS activity, and organ
failure indicators for both the NHANES and the MacArthur samples in
Table 9. If dysregulation in one marker or system is associated with dysregulation in multiple systems, the matrix should indicate high correlations.
However, there are only a few moderate relationships among the high risk
levels of these biomarkers in both samples. In the NHANES sample, the
highest relationships are between CRP and BMI and leptin indicating the
interaction of metabolic processes and inflammatory processes; strong correlations between creatinine clearance and cystatin C and a number of
markers indicate the link between kidney functioning and a number of
other processes. In the MacArthur sample, some of the strongest relationships are also between the markers of inflammation and the metabolic
indicators.
Development of summary measures that incorporate multiple biological
risk factors has been pursued in order to more eVectively combine the information from multiple markers and also because of the observation that
‘‘many individuals are exposed to several risk factors and small increases in
multiple risk factors can lead to a substantial increase in overall risk, even if
no single factor exceeds its clinically accepted threshold’’ [7] (p. 95). Some of
these summary measures focus on only a few physiological systems and
others include more systems; some measures are more closely linked to
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TABLE 9
PHI COEFFICIENTS INDICATING RELATIONSHIPS AMONG HIGH RISK LEVELS OF BIOMARKERS
(a) Ages 65þ in the NHANES 1999–2002 (NHANES III for leptin, creatinine clearance, peak flow, and cystatin C)
HbA1c BMI LEPa,b CRP
FG
AL
TC
HDL LDLa TGa GL
DBP
0.02
0.03
0.04
0.04 0.03
0.05þ 0.04
0.02 0.02
0.01
0.01
SBP
0.09***
0.03 0.01
0.00
0.01
0.02
0.02 0.02 0.06*
0.00
0.02
PP
0.03
0.01 0.03 0.08þ 0.09*
0.07*
0.04 0.04
0.03
0.01
0.00
0.07*
0.09*** 0.05þ
PR
0.00
0.00
0.03 0.01
0.07þ
0.10*** 0.05þ 0.01
HC
0.01
0.01 0.04 0.01 0.05
0.03
0.02
0.04 0.03
0.12*** 0.13***
TC
0.04
0.06þ
0.05þ
HDL
0.01
0.04
0.02
0.01
0.10*
0.03
LDLa
0.11*** 0.03
0.00
TGa
0.01
0.02
0.03
GLa
HbA1c
0.05þ
0.08*** 0.05
BMI
0.16*** 0.11*** 0.09***
LEPa,b
0.23*** 0.08*
0.10**
CRP
FG
AL

CrClb
0.02
0.08***
0.02
0.03
0.20***
0.02
0.00
0.03
0.01
0.04
0.02
0.11***
0.05
0.03
0.04þ
0.08***

PFb
0.04þ
0.07***
0.10***
0.03
0.06þ
0.04þ
0.04þ
0.06
0.02
0.01
0.04þ
0.03
0.07þ
0.07**
0.04þ
0.07**

CysCb
0.00
0.06*
0.00
0.03
0.25***
0.01
0.12***
0.02
0.03
0.05
0.10***
0.04þ
0.11**
0.13***
0.12***
0.05*

(b) Ages 70–79 in the MacArthur Study of Successful Aging (N¼654, N¼363 for homocysteine)
Tot/HDL HDL GHb BMI Wasit/Hip CRP
IL6
FG
AL
COR
DBP
0.00
0.07
0.00 0.08þ 0.06
0.01
0.09þ 0.02 0.03
0.01
SBP
0.05
0.01 0.03
0.09þ 0.09
0.06
0.11* 0.04
0.00
0.01
HC
0.06
0.17* 0.01 0.00
0.09
0.05
0.15* 0.02
0.06
0.14*
Tot/HDL
0.09þ
0.03
0.18*** 0.15** 0.03
0.09þ
0.03
0.10*
0.02
0.07
HDL
GHb
0.17*** 0.10þ 0.10*
0.02
0.13**
BMI
0.13** 0.09þ 0.09þ 0.01
0.03
Waist/Hip
0.06
0.07
0.02
0.05
0.02
CRP
0.01

NE
0.06
0.04
0.05
0.06
0.07
0.10þ
0.01
0.06
0.02

EPI
0.03
0.01
0.09
0.07
0.10þ
0.05
0.07
0.12*
0.01

CrCl
0.02
0.06
0.01
0.00
0.07
0.07
0.01
0.11*
0.02

DHEAS
0.02
0.09þ
0.06
0.06
0.03
0.02
0.01
0.07
0.03

PF
0.01
0.01
0.04
0.07
0.15**
0.02
0.00
0.06
0.13**
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IL-6
FG
AL
COR
DHEA-S
NE
EPI

0.04
0.07
0.04

0.02
0.08
0.07

0.07
0.06
0.03

0.03
0.00
0.02

0.00
0.06
0.02
0.09þ
0.02
0.06
0.27***

0.06
0.04
0.07
0.00
0.05
0.13**
0.10þ

Ns for analysis: NHANES 1999–2002 nonfasting biomarkers (N¼1,884), fasting biomarkers (N¼938); NHANES III nonfasting biomarkers (N¼2,741),
fasting biomarkers (N¼1,172); NHANES III homocysteine nonfasting biomarkers (N¼1,407), fasting biomarkers (N¼571).
***
p <0.0001, ** p <0.001, * p <0.01, þp <0.05.
DBP¼diastolic blood pressure; SBP¼systolic blood pressure; PP¼pulse pressure; PR¼resting pulse rate; HC¼homocysteine; TC¼total cholesterol; Tot/
HDL¼total cholesterol/HDL; HDL¼high density lipoprotein; LDL¼low‐density lipoprotein; TG¼Triglycerides; GL¼blood glucose; HbA1c¼glycosylated
hemoglobin; BMI¼body mass index; LEP¼leptin; waist/hip¼wasit‐to‐hip ratio; CRP¼C‐reactive protein; IL‐6¼interleukin‐6; FG¼fibrinogen;
AL¼albumin; COR¼cortisol; DHEA‐S¼dehydroepiandrosterone sulfate; NE¼norepinephrine; EPI¼epinephrine; CrCl¼creatinine clearance; PF¼peak
flow; CysC¼cystatin C.
a
Fasting biomarkers: LDL, triglycerides, blood glucose, leptin.
b
Correlations based on biomarkers from NHANES III.
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specific health outcomes like cardiovascular disease while others propose
to explain a variety of health outcomes.
The Framingham risk score is a widely used index of risk for CHD [33, 384–
389]. The Framingham score assigns points to diVerent major cardiovascular
risk factors including blood pressure, total cholesterol, LDL cholesterol,
HDL cholesterol, and fasting blood glucose. It also includes risk related to
age, gender, and smoking. For those without cardiovascular disease, the
probability of CHD onset within a certain period of time is estimated. The
Framingham risk score is widely used in clinical settings based on its proven
ability to predict cardiovascular disease and CHD especially for women [390].
The Framingham risk score has been also shown to predict absolute risk
accurately for populations other than those in North America [391–394]
although some recent studies have questioned its validity in other settings
[390].
Metabolic syndrome is a group of major risk factors that characterize an
insulin resistance syndrome or Syndrome X [33] (p. 2488), which has been
related to increased risk for cardiovascular disease and mortality [395–397].
The metabolic syndrome score is a count (0–5) of the number of the following
abnormalities: hypertension, glucose dysregulation, hypertriglyceridemia,
low HDL, and central obesity—based on clinical cut points [33, 398, 399].
A person with three or more of these five abnormalities is considered to have
metabolic syndrome.
Allostatic load is a summary measure that is based on theories about aging
and the cumulative physiological responses to stressors [400]. This summary
measure involves multiple systems that are part of the body’s stress response
but that may become dysregulated with chronic physical or mental stress and
old age. Initially, allostatic load was measured in the MacArthur study based
on 10 biological markers that represent physiological activity across the
cardiovascular system, the metabolic system, the HPA and the SNS including
SBP, DBP, WHR, ratio of total/HDL cholesterol, HDL cholesterol, HbA1c,
cortisol, norepinephrine, epinephrine, and DHEA‐S [102]. Allostatic load
was measured as the number of markers out of 10 for which the subject
scored in the upper 25% of the distribution. This measure has been shown to
predict mortality and decline in physical and cognitive functioning [102, 309].
Subsequent analyses have included additional markers that represent renal
functioning, lung capacity, inflammation and coagulation, and addition of
these markers increased the explanatory power of the measure [160]. These
analyses have also shown that allostatic load is a better predictor of health
outcomes in the older MacArthur sample than the set of individual markers
or the indices of the cardiovascular and metabolic markers [309].
Seeman and colleagues have explored several alternative approaches to
measurement including allowing diVerential contribution of individual
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indicators through their entire range of values and diVerent weights for
diVerent outcomes [160, 401, 402]. While these refined approaches indicate
that diVerential weighting of the individual components of biological risk by
the outcome of interest might be optimal, the original count index and
the more complex approach do not diVer significantly in their predictive
ability [7].

7. Surveys with Biomarkers
Biomarkers are available in many large samples representative of national
populations and communities, which allow examination of the diversity of
biomarkers within the population and the large numbers needed for examination of longitudinal change. They are designed to examine the relationship
of not only the risk associated with biological factors but also social and
economic factors and the interaction among these risks. They do not expect
to provide evidence of new biological relationships or risks for health outcomes but they could be used to identify important interactions between
biological factors and health outcomes. These surveys generally include
measurement of risk factors and physiological states known to be related
to highly prevalent major health outcomes. We describe a selection of these
studies below. In each case, we give some idea of the biomarkers available but
in many cases we are not exhaustive in our listing. Also, because many of the
studies have stored samples, biomarkers are added regularly from new
assays.
Our analyses have used biomarker information from the NHANES, which
include interviews, clinical exams, and extensive laboratory analysis which
results in the most extensive set of biomarkers for a large population. These
studies are undertaken by the National Center for Health Statistics, and
exams and biological specimens are collected by medical staV working in
mobile exam units in trucks that move across the country. NHANES, with
the exception of the first study, is cross‐sectional except for passive follow‐up
of administrative death records and Medicare records. The available biomarkers are too extensive to be mentioned individually but in addition
to those mentioned above other indicators include hematology antibody
tests, hormones, toxicology, and assessments of anemia and sexually transmitted diseases (STDs). Exams include vision, audiometry, periodontal
assessments, cardiovascular fitness, physical functioning, balance, cognition,
and reaction.
The MacArthur Study of Successful Aging was the first large‐scale study to
collect information on a significant number of biomarkers in the home rather
than in a medical setting [403]. This survey was of people aged 70–79 in three
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communities and biomarkers were collected at multiple time points.
A phlebotomist collected blood samples and interviewers collected overnight
urine collections. Many of the measures available from this study have been
indicated above. Some were from assays done at the time of collection and
others from stored samples (e.g., antioxidants, homocysteine, folic acid,
CRP, fibrinogen, IL‐6, and extraction of DNA). There are additional performance tests for balance, walking ability, strength, and cognitive functioning.
The number of large population and community studies including the
collection of biomarker data has multiplied in recent years partly in response
to the technological changes that have allowed interviewers or respondents
rather than medical professionals to collect samples. These developments
include the use of dried blood spots [404], and buccal swabs and salivary
assays for DNA. The Health and Retirement Survey is a nationally representative longitudinal study of the US population over age 50. It has been
ongoing since 1992 and added the collection of biomarkers and performance
measures in 2006 [405]. This study collects blood samples using the dried
blood spot, which have been assayed for HbA1c, total cholesterol, HDL
cholesterol, and CRP. DNA has been extracted from saliva. Participants also
completed several performance tests for strength, balance, and lung function.
National samples from other countries have also introduced these
approaches to collecting information on biomarkers. The Taiwan Biomarker
Project has collected a set of biomarkers [406], as has the English Longitudinal Study of Aging [407]. The Mexican Family Life Survey and the Indonesian Family Life Survey are both collecting blood using dried blood spots
[408]. Additionally, the Mexican Family Life Survey is collecting information
on anemia at the time of the survey using a hemocue meter.

8. Future of Biomarkers in Studying Aging Populations
The increase in the number of population and community studies including
the collection of biomarker data has resulted from theoretical imperatives,
scientific advances, and improvements in collection opportunities. The theoretical demands require a fuller explanation of how the aging process proceeds. The scientific advances have dramatically increased our knowledge of
the multiple biological pathways aVecting the aging process. The collection
opportunities have increased with the development of less invasive measurement oVered by salivary and dried blood spot assays. The future is likely to
see further expansion of biomarker collection using saliva not only for DNA
but also for RNA and certainly an increase in markers based on scanning.
Many samples for well‐characterized populations are available now for
further genetic analysis; development of inexpensive genotyping techniques
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will result in an expansion of genetic biomarkers. The developments in
metabonomics, analysis of metabolic profiles, and proteomics will lead to
the inclusion of many new classes of biomarkers.
Multiple biomarker measurements that are more indicative of the physiological response to challenge are likely to be included in population surveys in
the future. Monitoring through telephone or small electronic device (e.g.,
paging devices, palmtop computers, and programmable wristwatches) will be
increasingly used to collect and stimulate responses.
Finally, further methodological developments will be required to analytically integrate the increasingly complex indicators that will be collected. The
number of biomarker indicators and the interrelationships among them
demand new analytic approaches.
Acknowledgement
This work was partially supported in the U.S. by the National Institute on
Aging Grants P30 AG17265 and T32AG0037.
REFERENCES
[1] Masoro EJ. Physiological system markers of aging. Exp Gerontol 1988; 23:391–397.
[2] Alley DA. Biomakers of aging. In: Markides KS. editor. Encyclopedia of Health and
Aging.Thousand Oaks, CA: Sage Publications, 2007: 77–80.
[3] Butler RN, Sprott R, Warner H, Bland J, Feuers R, Forster M, et al. Biomarkers of aging:
From primitive organisms to humans. J Gerontol A Biol Sci Med Sci 2004; 59:560–567.
[4] Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: Preferred
definitions and conceptual framework. Clin Pharmacol Ther 2001; 69:89–95.
[5] National Heart Lung and Blood Institute. Shaping the future of research: A strategic plan
for the National Heart, Lung, and Blood Institute. http://apps.nhlbi.nih.gov/strategicplan/
StrategicPlan.pdf (Accessed August 20, 2007).
[6] DeGrutolla VG, Clax P, DeMets DL, Downing GJ, Ellenberg SS, Friedman L, et al.
Considerations in the evaluation of surrogate endpoints in clinical trials. Summary of a
National Institutes of Health workshop. Control Clin Trials 2001; 22:485–502.
[7] Crimmins EM, Seeman TE. Integrating biology into the study of health disparities. Popul
Dev Rev 2004; 30:89–107.
[8] Seeman TE, Crimmins EM. Social environment eVects on health and aging: Integrating
epidemiologic and demographic approaches and perspectives. Ann N Y Acad Sci 2001;
954:88–117.
[9] The 2007 Chicago Biomeasures Workshop. Chicago Core Biomarkers. http://biomarkers.
uchicago.edu/ChicagoBiomarkerWorkshop2007.html (Accessed July 30, 2007).
[10] Verbrugge LM, Jette AM. The disablement process. Soc Sci Med 1994; 38:1–14.
[11] Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: Evidence for a phenotype.
J Gerontol A Biol Sci Med Sci 2001; 56:146–156.
[12] Cohen HJ. In search of the underlying mechanisms of frailty. J Gerontol A Biol Sci Med
Sci 2000; 55:706–708.

Author's personal copy

196

CRIMMINS ET AL.

[13] Morley JE, Perry HM, III, Miller DK. Editorial: Something about frailty. J Gerontol
A Biol Sci Med Sci 2002; 57:698–704.
[14] National Research Council. Cells and Surveys: Should Biological Measures Be Included in
Social Science Research? Washington, DC: National Academy Press, 2001.
[15] Kennard C. Blood pressure explained. http://alzheimers.about.com/od/treatmentoptions/
a/blood_pressure.htm?terms¼bloodþpressure (Accessed July 30, 2007).
[16] MacMahon S, Peto R, Cutler J, Collins R, Sorlie P, Neaton J, et al. Blood pressure, stroke,
and coronary heart disease. Part 1, Prolonged diVerences in blood pressure: Prospective
observational studies corrected for the regression dilution bias. Lancet 1990; 335:765–774.
[17] Glynn RJ, Field TS, Rosner B, Herbert PR, Taylor JO, Hennekens CH. Evidence for a
positive linear relation between blood pressure and mortality in elderly people. Lancet
1995; 345:825–829.
[18] Domanski MJ, Davis BR, PfeVer MA, Kastantin M, Mitchell GF. Isolated systolic
hypertension: Prognostic information provided by pulse pressure. Hypertension 1999;
34:375–380.
[19] Mitchell GF, Moyé LA, Braunwald E, Rouleau JL, Berstein V, Geltman EM, et al.
Sphygmomanometrically determined pulse pressure is a powerful independent predictor
of recurrent events after myocardial infarction in patients with impaired left ventricular
function. SAVE investigators. Survival and ventricular enlargement. Circulation 1997;
96:4254–4260.
[20] Chae CU, PfeVer MA, Glynn RJ, Mitchell GF, Taylor JO, Hennekens CH. Increased
pulse pressure and risk of heart failure in the elderly. JAMA 1999; 281:634–639.
[21] Gillum RF, Makuc DM, Feldman JJ. Pulse rate, coronary heart disease, and death: The
NHANES I epidemiologic follow‐up study. Am Heart J 1991; 121:172–177.
[22] Arnesen E, Refsum H, Bonaa KH, Ueland PM, Forde OH, Nordehaug JE. Serum total
homocysteine and coronary heart disease. Int J Epidemiol 1995; 24:704–709.
[23] Jacques P, Riggs K. Vitamins as risk factors for age‐related diseases. In: Rosenberg IH,
editor. Nutritional Assessment of Elderly Population: Measure and Function. New York:
Raven Press, 1995 1995.
[24] Riggs KM, Spiro A, 3rd, Tucker K, Rush D. Relations of vitamin B‐12, vitamin B‐6,
folate, and homocysteine to cognitive performance in the Normative Aging Study. Am
J Clin Nutr 1996; 63:306–314.
[25] Verhoef P, Stampfer MJ, Buring JE, Gaziano JM, Allen RH, Stabler SP, et al. Homocysteine metabolism and risk of myocardial infarction: Relation with vitamins B6, B12, and
folate. Am J Epidemiol 1996; 143:845–859.
[26] Manolio TA, Pearson TA, Wenger NK, Barrett‐Connor E, Payne GH, Harlan WR.
Cholesterol and heart disease in older persons and women. Review of an NHLBI workshop. Ann Epidemiol 1992; 2:161–176.
[27] Staessen JA, Fagard R, Thijs L, Celis H, Arabidze GG, Birkenhäger WH, et al. Randomised double‐blind comparison of placebo and active treatment for older patients with
isolated systolic hypertension. Lancet 1997; 350:757–764.
[28] Anderson KM, Castelli WP, Levy D. Cholesterol and mortality. 30 years of follow‐up
from the Framingham study. JAMA 1987; 257:2176–2180.
[29] Grundy SM, Cleeman JI, Merz CN, Brewer HB Jr, Clark LT, Hunninghake DB, et al.
Implications of recent clinical trials for the National Cholesterol Education Program
Adult Treatment Panel guidelines. Circulation 2004; 110:227–239.
[30] Gotto AM, Jr., Grundy SM. Lowering LDL cholesterol: Questions from recent meta‐
analyses and subset analyses of clinical trial data issues from the Interdisciplinary Council
on Reducing the Risk for Coronary Heart Disease, ninth Council meeting. Circulation
1999; 99:1–7.

Author's personal copy

BIOMARKERS RELATED TO AGING

197

[31] Cromwell WC, Otvos JD. Low‐density lipoprotein particle number and risk for cardiovascular disease. Curr Atheroscler Rep 2004; 6:381–387.
[32] Colpo A. LDL cholesterol: ‘‘Bad’’ cholesterol, or bad science? J Am Phys Surg 2005;
10:83–89.
[33] Expert Panel on Detection Evaluation, and Treatment of High Blood Cholesterol in
Adults. Executive summary of the Third Report of The National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation, And Treatment of High Blood
Cholesterol In Adults (Adult Treatment Panel III). JAMA 2001; 285:248624–248697.
[34] Whayne TF, Alaupovic P, Curry MD, Lee ET, Anderson PS, Schechter E. Plasma
apolipoprotein B and VLDL‐, LDL‐, and HDL‐cholesterol as risk factors in the development of coronary artery disease in male patients examined by angiography. Atherosclerosis 1981; 39:411–424.
[35] Reilly MP, Tall AR. HDL proteomics: Pot of gold or Pandora’s box? J Clin Invest 2007;
117:595–598.
[36] Cullen P. Evidence that triglycerides are an independent coronary heart disease risk factor.
Am J Cardiol 2000; 86:943–949.
[37] Linton MF, Fazio S. A practical approach to risk assessment to prevent coronary artery
disease and its complications. Am J Cardiol 2003; 92:19–26.
[38] Toskes PP. Hyperlipidemic pancreatitis. Gastroenterol Clin North Am 1990; 19:783–791.
[39] Reaven F. Banting lecture 1988: Role of insulin resistance in human disease. Diabetes
1988; 37:1595–1607.
[40] Fried LP, Kronmal RA, Newman AB, Bild DE, Mittlemark MB, Polak JF, et al. Risk
factors for 5‐year mortality in older adults: The Cardiovascular Health Study. JAMA
1998; 279:585–592.
[41] Craft S, Dagogo‐Jack SE, Wiethop BV, Murphy C, Nevins RT, Fleischman S, et al. EVects
of hyperglycemis on memory and hormone levels in dementia of the Alzheimer type:
A longitudinal study. Behav Neurosci 1993; 107:926–940.
[42] U.S. National Library of Medicine & National Institutes of Health. Medline plus: Trusted
health information for you http://www.nlm.nih.gov/medlineplus/ency/article/003640.htm
(Accessed March 28, 2005).
[43] Jagusch W, Cramon DYV, Renner R, Kepp KD. Cognitive function and metabolic state
in elderly diabetic patients. Diabetes Nutr Metab 1992; 5:265–274.
[44] Folsom AR, Kaye SA, Sellers TA, Hong CP, Cerhan JR, Potter JD, et al. Body fat
distribution and 5‐year risk of death in older women. JAMA 1993; 269:483–487.
[45] Lapidus L, Bengtsson C, Larsson B, Pennert K, Rybo E, Sjostrom L. Distribution of
adipose tissue and risk of cardiovascular disease and death: A 12 year follow up of
participants in the population study of women in Gothenburg, Sweden. BMJ 1984;
289:1257–1261.
[46] Felson DT, Zhang Y, Anthony JM, Naimark A, Anderson JJ. Weight loss reduces the risk
for symptomatic knee osteoarthritis in women. The Framingham Study. Ann Intern Med
1992; 116:535–539.
[47] Zhang X, Shu XO, Gao YT, Yang G, Matthews CE, Li Q, et al. Anthropometric
predictors of coronary heart disease in Chinese women. Int J Obes Relat Metab Disord
2004; 28:734–740.
[48] Bjorntorp P. The associations between obesity, adipose tissue distribution and disease.
Acta Med Scand Suppl 1988; 723:121–134.
[49] Kissebah AH, Krakower GR. Regional adiposity and morbidity. Physiol Rev 1994;
74:761–811.
[50] Bouchard CD, Despres JP, Mauriege P. Genetic and non‐genetic determinants of regional
fat distribution. Endocrine Review 1993; 14:72–93.

Author's personal copy

198

CRIMMINS ET AL.

[51] Holt R, Bryne CD. Intrauterine growth, the vascular system, and the metabolic syndrome.
Semin Vasc Med 2002; 2:33–43.
[52] Dunger DB, Ong KK. Endocrine and metabolic consequence of intrauterine growth
retardation. Endocrinol Metab Clin North Am 2005; 34:597–615.
[53] Barker DJ. The developmental origins of chronic adult disease. Acta Paediatr Suppl 2004;
93:26–33.
[54] Van Gaal LF, Wauters MA, Mertens IL, Considine RV, De Leeuw IH. Cllincial endocrinology of human leptin. Int J Obes 1999; 23:29–36.
[55] Wauters M, Considine RV, Van Gaal LF. Human leptin: From an adipocyte hormone to
an endocrine mediator. Eur J Endocrinol 2000; 143:293–311.
[56] Margetic S, Gazzola C, Pegg GG, Hill RA. Leptin: A review of its peripheral actions and
interactions. Int J Obes Relat Metab Disord 2002; 26:1407–1433.
[57] Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR, et al.
Serum immunoreactive‐leptin concentrations in normal‐weight and obese humans. N Engl
J Med 1996; 334:292–295.
[58] Ryo M, Nakamura T, Kihara S, Kumada M, Shibazaki S, Takahashi M, et al. Adiponectin as a biomarker of the metabolic syndrome. Circ J 2004; 68:975–981.
[59] Pischon T, Girman CJ, Hotamisligil GS, Rifai N, Hu FB, Rimm EB. Plasma adiponectin
levels and risk of myocardial infarction in men. JAMA 2004; 291:1730–1737.
[60] Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens CH. Inflammation, aspirin,
and the risk of cardiovascular disease in apparently healthy men. N Engl J Med 1997;
336:973–979.
[61] Ridker PM, Hennekens CH, Buring JE, Rifai N. C‐reactive protein and other markers of
inflammation in the prediction of cardiovascular disease in women. N Engl J Med 2000;
342:836–843.
[62] Sowers M, Jannausch M, Stein E, Jamadar D, Hochberg M, Lachance L. C‐reactive
protein as a biomarker of emergent osteoarthritis. Osteoarthritis Cartilage 2002;
10:595–601.
[63] Erlinger TP, Platz EA, Rifai N, Helzlsouer KJ. C‐reactive protein and the risk of incident
colorectal cancer. JAMA 2004; 291:585–590.
[64] Harris TB, Ferrucci L, Tracy RP, Corti MC, Wacholder S, Ettinger WH Jr, et al.
Associations of elevated interleukin‐6 and C‐reactive protein levels with mortality in the
elderly. Am J Med 1999; 106:506–512.
[65] Reuben DB, Cheh AI, Harris TB, Ferrucci L, Rowe JW, Tracy RP, et al. Peripheral blood
markers of inflammation predict mortality and functional decline in high‐functioning
community‐dwelling older persons. J Am Geriatr Soc 2002; 50:638–644.
[66] Scholz W. Interleukin 6 in diseases: Cause or cure? Immunopharmacology 1996;
31:131–150.
[67] Papanicolaou DA, Wilder RL, Manolagas SC, Chrousos GP. The pathophysiologic roles
of interleukin‐6 in human disease. Ann Intern Med 1998; 128:127–137.
[68] Lee JW, Namkoong H, Kim HK, Kim S, Hwang DW, Na HR, et al. Fibrinogen gamma‐A
chain precursor in cerebrospinal fluid: A candidate biomarker for Alzheimer’s disease.
BMC Neurol 2007; 7:14.
[69] Mosesson MW. Fibrinogen gamma chain functions. J Thromb Haemost 2003; 1(2):231–8.
[70] Cohen HJ, Pieper CF, Harris T, Rao KM, Currie MS. The association of plasma IL‐6
levels with functional disability in community‐dwelling elderly. J Gerontol A Biol Sci Med
Sci 1997; 52:201–208.
[71] Cattin L, Bordin P, Fonda M, Adamo C, Barbone F, Bovenzi M, et al. Factors associated
with cognitive impairment among older Italian inpatients. J Am Geriatr Soc 1997;
45:1124–1130.

Author's personal copy

BIOMARKERS RELATED TO AGING

199

[72] Hotamisligil GS, Spiegelman BM. Tumor necrosis factor alpha: A key component of the
obesity‐diabetes link. Diabetes 1994; 43:1271–1278.
[73] Hotamisligil GS, Arner P, Caro JF, Atkinsin RL, Spiegelman BM. Increased adipose
tissue expression of tumor necrosis factor‐alpha in human obesity and insulin resistance.
J Clin Invest 1995; 95:2409–2415.
[74] Arend WP, Dayer JM. Inhibition of the production and eVects of interleukin‐1 and tumor
necrosis factor alpha in rheumatoid arthritis. Arthritis Rheum 1995; 38:151–160.
[75] Sairanen T, Carpen O, Karjalainen‐Lindsberg ML, Paetau A, Turpeinen U, Kaste M,
et al. Evolution of cerebral tumor necrosis factor‐alpha production during human
ischemic stroke. Stroke 2001; 32:1750–1758.
[76] Zhao Y, Zhou S, Heng CK. Impact of serum amyloid A on tissue factor and tissue factor
pathway inhibitor expression and activity in endothelial cells. Arterioscler Thromb Vasc
Biol 2007; 27:1645–1650.
[77] Mahmoudi MC, Gallagher PJ. Atherogenesis: The role of inflammation & infection.
Histopathology 2007; 50:535–546.
[78] Liu DH, Wang XM, Zhang LJ, Dai SW, Liu LY, Liu JF, et al. Serum amyloid A protein:
A potential biomarker correlated with clinical stage of lung cancer. Biomed Environ Sci
2007; 20:33–40.
[79] Buyukhatipoglu H, Tiryaki O, Tahta K, Usalan C. Inflammation as a risk factor for
carotid intimal‐medial thickening, a measure of subclinical atherosclerosis in haemodialysis patients: The role of chlamydia and cytomegalovirus infection. Nephrology 2007;
12:25–32.
[80] Kling MA, Alesci S, Csako G, Costello R, Luckenbaugh DA, Bonne O, et al. Sustained
low‐grade pro‐inflammatory state in unmedicated, remitted women with major depressive
disorder as evidenced by elevated serum levels of the acute phase proteins C‐reactive
protein and serum amyloid A. Biol Psychiatry 2007; 62:309–313.
[81] Poitou C, Viguerie N, Cancello R, De Matteis R, Cinti S, Stich V, et al. Serum amyloid A:
Production by human white adipocyte and regulation by obesity and nutrition. Diabetologia 2005; 48:519–528.
[82] Lin W‐R, Wozniak MA, Wilcock CK, Itzhaki RF. Cytomegalovirus is present in ^^^^va
very high proportion of brains from vascular dementia patients. Neurobiol Disease 2002;
9:82–87.
[83] Jacobson MA, O’Donnell JJ, Porteous D, Brodie HR, Feigal D, Mills J. Retinal and
gastrointestinal disease due to cytomegalovirus in patients with the acquired immune
deficiency syndrome: Prevalence, natural history, and response to ganciclovir therapy.
Q J Med 1988; 67:473–486.
[84] Cohen JI. Epstein‐Barr virus infection. N Engl J Med 2000; 343:481–492.
[85] Gulley ML, Pulitzer DR, Eagan PA, Schneider BG. Epstein‐Barr virus infection is an early
event in gastric carcinogenesis and is independent of bcl‐2 expression and p53 accumulation. Hum Pathol 1996; 27:20–27.
[86] Niedobitek G, Agathanggelou A, Herbst H, Whitehead L, Wright DH, Young LS.
Epstein‐Barr virus (EBV) infection in infectious mononucleosis: Virus latency, replication
and phenotype of EBV‐infected cells. J Pathol 1997; 182:151–159.
[87] EVros RB. Ageing and the immune system. Novartis Found Symp 2001; 235:130–145.
[88] Flirski M, Sobow T. Biochemical markers and risk factors of Alzheimer’s disease. Curr
Alzheimer Res 2005; 2:47–64.
[89] Galasko D, Chang L, Motter R, Clark CM, Kaye J, Knopman D, et al. High cerebrospinal
fluid tau and low amyloid beta42 levels in the clinical diagnosis of Alzheimer disease and
relation to apolipoprotein E genotype. Arch Neurol 1998; 55:937–945.

Author's personal copy

200

CRIMMINS ET AL.

[90] Motter R, Vigo‐Pelfrey C, Kholodenko D, et al. Reduction of beta‐amyloid peptide42 in
the cerebrospinal fluid of patients with Alzheimer’s disease. Ann Neurol 1995; 38:643–648.
[91] Blennow K, Vanmechelen E, Hampel H. CSF total tau, A42 and phosphorylated tau
protein as biomarkers for Alzheimer’s disease. Mol Neurobiol 2001; 24:87–97.
[92] Otto M, Wiltfang J, Tumani H, Zerr I, Lantsch M, Kornhuber J, et al. Elevated levels of
tau‐protein in cerebrospinal fluid of patients with Creutzfeldt‐Jakob disesase. Neurosci
Lett 1997; 225:210–212.
[93] Bancher C, Brunner C, Lassman H, Budka H, Jellinger K, Wiche G, et al. Accumulation of
abnormally phosphorylated  precedes the formation of neurofibrillay tangles in Alzheimer’s disease. Brain Res 1989; 477:90–99.
[94] Ishiguro K, Ohno H, Arai H, Yamaguchi H, Urakami K, Park JM, et al. Phsophorylated
tau in human cerebrospinal fluid is a diagnostic marker for Alzheimer’s disease. Neuorosci
Lett 1999; 270:91–94.
[95] Kim KM, Jung BH, Paeng KJ, Kim I, Chung BC. Increased urinary F(2)‐isoprostanes
levels in the patients with Alzheimer’s disease. Brain Res Bull 2004; 64:47–51.
[96] Montine TJ, Quinn JF, Zhang J, Fessel JP, Roberts LJ 2nd, Morrow JD, et al. Isoprostanes
and related products of lipid peroxidation in neurodegenerative diseases. Chem Phys
Lipids 2004; 128:117–124.
[97] Grossman M, Framer J, Leight S, Work M, Moore P, Van Deerlin V, et al. Cerebrospinal
fluid profile in frontotemporal dementia and Alzheimer’s disease. Ann Neurol 2005;
57:721–729.
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[138] Matés JM, Sánchez‐Jiménez FM. Role of reactive oxygen species in apoptosis: Implications for cancer therapy. Int J Biochem Cell Biol 2000; 32:157–170.
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