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ABSTRACT

Physical performance is an important predictor of both current and future
health outcomes in older adults. As the proportion of adults over 65 years is
expected to double by 2050, finding ways to prevent poor physical
performance is important to promote independence and a good quality of life
at older age. With an aging population, the prevalence of age-related chronic
diseases, such as impairments in glucose regulation, is also expected to
increase. The aim of this thesis was to investigate how age-related factors,
including both impaired glucose regulation and telomere length, are
associated with physical performance in older adults. In addition, the
association between glucose regulation and pain was assessed.

This thesis used data from the Helsinki Birth Cohort Study consisting of
individuals born in 1934—1944 at the Helsinki University Central Hospital.
Altogether 2003 individuals at a mean age of 62 years participated in a
baseline clinical examination in 2001—-2004, during which data on glucose
regulation, grip strength, and pain were acquired. Approximately 10 years
later, a total of 1094 individuals participated in a follow-up examination where
physical performance was assessed using the Senior Fitness Test (SFT).
Telomere length was assessed at both time points.

An inverse linear association was observed between more severe
disturbances in glucose regulation and the SFT score. Further, in cross-
sectional analysis at baseline, those with either newly diagnosed or previously
known diabetes had lower grip strength than individuals with normoglycemia.
No difference in grip strength was observed between those with prediabetes
and normoglycemia. Self-reported pain and use of pain medication were
similar across all categories of glucose regulation. Finally, shorter telomere
length at the follow-up examination and greater telomere attrition during the
follow-up were associated with poorer physical performance in women. No
similar associations were found in men.

In older adults, a strong association between diabetes and poor physical
performance was observed, including both grip strength and the more
extensive SFT battery. Physical performance decreased linearly with more
severe disturbances in glucose regulation, suggesting that a decline in physical
performance may occur before the onset of diabetes. This indicates the
importance of diagnosing and treating early stages of impaired glucose
regulation in older adults. Although pain is a common symptom in adults,
impairments in glucose regulation alone do not seem to increase the burden
of pain. Telomere length may serve as a biomarker for physical performance
at least in women, however, more longitudinal studies are needed to assess the
usability of telomere length as a predictor of decreased physical performance.



TIVISTELMA

Fyysinen suorituskyky on tirked nykyisten ja tulevien terveystapahtumien
ennustaja iakkailla henkil6illa. Yli 65-vuotiaiden osuuden viestostd on
ennustettu kaksinkertaistuvan vuoteen 2050 mennessd, jonka takia
heikentyvian fyysisen suorituskyvyn estaminen on tarkedd itsendisen
selviytymisen ja hyvin elaminlaadun edistdmiseksi vanhassa idssd. Vdeston
ikdantyessd myos ikaan liittyvien kroonisten sairauksien esiintyvyys, kuten
esimerkiksi heikentyneen verensokerin saitelyn, ennustetaan kasvavan.
Tamin tutkimuksen tavoitteena oli selvittda, milld tavalla ikdan liittyvat
tekijat, kuten heikentynyt verensokerin sditely ja telomeeripituus, ovat
vhteydessd fyysiseen suorituskykyyn myohemméssd idssd. Lisdksi
verensokerin sditelyn ja kivun vilista yhteytta tutkittiin.

Tutkimus on osa Helsingin syntymékohorttitutkimusta. Kohortti
muodostuu Helsingin yliopistollisessa keskussairaalassa vuosina 1934—-1944
syntyneista henkil6istd. Vuosina 2001—2004 yhteensi 2003 keski-idltdan 62-
vuotiasta henkil6a osallistui kliiniseen tutkimukseen, jossa mitattiin
verensokerin siitely, puristusvoima ja kivun méaara. Yhteensi 1094 henkiloa
osallistui myGs noin 10 vuotta myohemmin jérjestettyyn jatkotutkimukseen,
jonka yhteydessd fyysinen suorituskyky arvioitiin Senior Fitness Test:11a
(SFT). Telomeeripituus maarattiin molemmissa aikapisteissa.

Tutkimuksessa havaittiin kddnteinen yhteys heikentyneen verensokerin
sddtelyn ja SFT tuloksen vililld. Poikkileikkaustutkimus havaittiin heikompi
puristusvoima niilld kohortin jasenilld, joilla todettiin uusi diabetes tai joilla
oli aiemmin todettu diabetes verrattuna niihin, joilla oli normoglykemia.
Puristusvoimassa ei ollut eroa niilld henkil6illa, joilla oli esidiabetes
verrattuna normoglykemisiin henkil6ihin. Verensokerin saitely ei ollut
yhteydessi itsearvioituun kipuun tai kipulddkkeiden kiyttoon. Lyhyempi
telomeeripituus toisessa seurantapisteessi ja suurempi telomeerilyhentyma
seuranta-aikana oli yhteydessid heikentyneeseen fyysiseen suorituskykyyn
naisilla. Vastaavanlaista yhteytta ei havaittu miehilla.

Diabetes oli vahvasti yhteydessd heikentyneeseen fyysiseen
suorituskykyyn, mukaan lukien puristusvoimaan ja kattavampaan SFT testiin.
Fyysinen suorituskyky heikkeni lineaarisesti sen mukaan, mitd vaikeampi
hairio henkil6illa oli verensokerin saatelyssa. Tama viittaa sithen, ettd fyysinen
suorituskyky saattaa heikentyé jo ennen diabeteksen puhkeamista. Tulokset
osoittavat kuinka tarkedtd on tunnistaa ja hoitaa heikentynyttd verensokerin
sddtelya varhaisessa vaiheessa. Siitd huolimatta, ettd kipu on yleista vaestossa,
heikentynyt verensokerin sditely ei itsessddn naytd lisddvan kivun maaraa.
Tutkimuksessa todettiin myo0s telomeeripituuden mahdollisesti toimivan
fyysisen suorituskyvyn biomarkkerina ainakin naisilla, mutta lisda
pitkittdistutkimuksia tarvitaan, jotta voidaan arvioida telomeeripituuden
kaytettavyyttd ennustamaan heikentynytta fyysista suorituskykya.



SAMMANFATTNING

Den fysiska prestationsformdgan kan bade ange det nuvarande
hilsotillstdindet och forutspd fordndringar i hilsan hos &ldre. Eftersom
andelen vuxna 6ver 65 ar forvantas fordubblas till ar 2050 ar det viktigt att
forhindra nedsatt fysisk prestationsférméga hos ildre for att pa sa sitt fraimja
sjalvstandighet och god livskvalitet. Den aldrande befolkningen innebér att
prevalensen av éaldersrelaterade kroniska sjukdomar sdsom nedsatt
glukosreglering ocksd forutspds Oka. Syftet med denna avhandling var att
undersoka hur dldersrelaterade faktorer, mer specifikt nedsatt glukosreglering
och telomerldangd, ar forknippat med fysisk prestationsformaga hos aldre.
Dessutom underscktes sambandet mellan glukosreglering och smirta.

I avhandlingen anvidndes data fran Helsingfors fodelsekohortstudie som
bestér av individer f6dda vid Helsingfors universitets centralsjukhus ir 1934—
1944. Av dessa deltog totalt 2003 individer i en medelélder av 62 &r i en klinisk
unders6kning &r 2001-2004, dir man samlade uppgifter om glukosreglering,
gripkraft och smarta. Cirka 10 &r senare deltog totalt 1094 individer dven i en
uppfoljningsundersokning vid vilken fysisk prestationsforméga undersoktes
med Senior Fitness Test (SFT). Telomerlingden maittes vid bada
undersokningstillfillen.

Ett omvint linjart samband observerades mellan svarare storningar i
glukosreglering och SFT resultatet. I tvarsnittsanalys vid forsta
undersokningstillfillet hade individer med nydiagnostiserad diabetes eller
tidigare kidnd diabetes siamre gripkraft jamfort med individer med
normoglykemi. Ingen skillnad i gripkraft mellan individer med prediabetes
och normoglykemi konstaterades. Sjalvrapporterad sméarta och anvandning av
smiartmedicinering var lika oavsett individernas glukosreglering. Vidare
forknippades kortare telomerlingd vid uppfoljningsundersokningen och
storre forkortning av telomerlangden under uppféljningen med siamre fysisk
prestationsformaga hos kvinnor. Inget liknande samband konstaterades hos
man.

Ett starkt samband mellan diabetes och nedsatt fysisk prestationsforméga,
inklusive bade gripkraft och det mer utforliga SFT, observerades hos dldre.
Den fysiska prestationsformigan féorsamrades linjart med svarare storningar i
glukosreglering, vilket tyder pa att fysisk prestationsférméaga eventuellt
forsamras redan innan uppkomsten av diabetes. Detta betonar vikten av att
diagnostisera och behandla tidiga skeden av nedsatt glukosreglering hos dldre.
Fastdn smarta ar ett vanligt symtom bland befolkningen verkar inte nedsatt
glukosreglering ensam O0ka mingden smarta. Denna avhandling visade att
telomerldngd kan fungera som en biomarkor for fysisk prestationsforméga i
alla fall hos kvinnor, men flera longitudinella studier behovs for att utvardera
anvandbarheten av telomerlingd for att forutspd nedsatt fysisk
prestationsformaga.
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Introduction

1 INTRODUCTION

Aging is a biological, psychological, and social process affecting all humans at
different rates. It can be defined as a time-dependent and progressive loss of
cells and tissue, resulting in decreased organ function and reduced capability
to respond to stress (1). Today, individuals live longer than ever before, which
has led to a substantial increase in the proportion of older adults (2). As aging
is a major risk factor for morbidity and disability, the increased longevity
raises important questions for decision-makers and healthcare providers.
How can we prevent the increased life expectancy from being accompanied by
increased years of morbidity? How do we promote healthy aging in our
growing population of older adults? How can we compress morbidity at older
age?

The World Health Organization (WHO) has defined healthy aging as “the
process of developing and maintaining functional ability that enables well-
being in older age” (3). Functional ability includes both physical and cognitive
performance, however, physical performance has been found to be the
strongest marker of healthy aging (4). Physical performance is an indicator of
current and future health status, and poor physical performance has been
reported to predict increased morbidity (5), need for long-term care (6), and
premature mortality (7). In addition, physical performance has been shown to
be associated with self-perceived physical function, i.e. the ability to perform
basic everyday activities (8). Thus, preventing a decline in physical
performance among older individuals is important in order to promote
independence and subsequently prevent an increase in healthcare costs and a
decrease in well-being at older age.

The increased life expectancy has increased the prevalence of age-related
diseases. This is relevant for well-being in older age, as chronic diseases are
important risk factors for poor physical performance (9). Diabetes has been
shown to be one of the chronic diseases that increase the risk of self-reported
functional limitation (10). The proportion of individuals with impairments in
their glucose regulation, including prediabetes and diabetes, has been
increasing steadily over the past decades and today nearly one-fifth of older
adults have diabetes (11). Thus far, the association between diabetes and
objective measures of physical performance in older adults has been studied
less extensively, especially in longitudinal settings. In addition, the association
between prediabetes and physical performance is not well established.

Chronic pain, a common condition in adults, is another important risk
factor for decline in physical performance. Painful conditions, such as chronic
back pain, tension headache, and osteoarthritis, are among the leading causes
of reduced self-reported physical function (12). Diabetes is associated with
painful conditions such as peripheral neuropathy and small vessel
vasculopathy, however, it remains unclear whether the overall pain burden
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due to these conditions is increased in adults. It has been suggested that
painful complications associated with diabetes could occur to some extent
already at the prediabetes stage (13). Nonetheless, the findings in previous
studies have been inconsistent (14) and the topic warrants further
investigation. Uncovering an association between prediabetes and pain in
adults would allow prevention of pain-related disability and decline in physical
performance at an early stage.

Due to the heterogeneity of the aging process, chronological age may not
be an optimal predictor of physical performance in older adults. Therefore,
during the past years there has been a search for markers of biological aging,
such as signs of inflammation, immunosenescence, and cellular aging, to
better predict a decline in physical function than chronological age (15).
Telomere length has been suggested as such a biomarker. Telomeres are caps
at the ends of chromosomes that protect functional DNA (16). Telomeres
shorten each cell cycle due to incomplete replication of chromosome ends, but
the rate of attrition is accelerated by several nongenetic factors, including
obesity and smoking (17). There are only sparse data on the association
between physical performance and telomere length or telomere attrition, with
most studies not showing any association between the two (18, 19). Thus, the
usability of telomere length as a biomarker for poor physical performance in
older adults has not been assessed in greater detail previously.

This thesis aimed to investigate how age-related health factors and
conditions were associated with physical performance in older adults, focusing
on the link between physical performance and both impaired glucose
regulation and telomere length. The participants included in this thesis were
part of the Helsinki Birth Cohort Study, a birth cohort of over 13 000
individuals born in the 1930s and 1940s. A sample of this cohort was clinically
examined in 2001-2004, at a mean age of 62 years, and again in 2011-2013.
This thesis includes both cross-sectional data from the baseline examination
and longitudinal data from a 10-year follow-up.
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2 REVIEW OF THE LITERATURE

2.1 AN OVERVIEW OF AGING

2.1.1 THE AGING POPULATION

During the 20t century a global increase in life expectancy never witnessed
before occurred. The world changed from having almost no countries with a
life expectancy of 50 years to many countries surpassing a life expectancy of
80 years (20). The United Nations have considered this increase in longevity
one of humanity’s greatest accomplishments (21). Advancements in public
health, including immunization and treatment of infectious diseases, as well
as economic and societal changes are factors explaining the improvements in
life expectancy (22). Boys and girls born in Finland in 2019 are expected to live
79.2 years and 84.5 years, respectively (Figure 1). This is an impressive
increase relative to the beginning of the 20t century, when life expectancy at
birth was 42.8 years for men and 45.7 years for women (23).

The increased longevity together with falling fertility rates have caused a
shift in the demographic structure towards older ages, especially in developing
countries (24, 25). During the next 30 years the number of individuals over 65
years is expected to double by 2050, reaching an astonishing 1.5 billion, equal
to 16% of the world’s population (2). Finland has also witnessed an increase in
the aged population, with the share of persons over 65 years increasing from
6% in 1920 to 22.7% in 2020 (Figure 2), and is projected to increase to one-
third of the Finnish population in 2070 (26).

The increase in longevity does not, however, come without concerns. Age
is an important risk factor for several chronic diseases, including
cardiovascular diseases, cancers, diabetes, chronic respiratory diseases, visual
impairment, dementia, and musculoskeletal disorders (27). With an increase
in the proportion of older adults and a subsequent increase in the prevalence
of chronic diseases, healthcare providers and policy-makers are challenged
with finding methods to reduce morbidity and disability and adapt to the
increased burden on the economy and healthcare systems (28). Healthy life
expectancy has not been able to keep up with the overall increase in life
expectancy, especially in women, leading to more years with disease at the end
of life (29). However, while the prevalence of chronic diseases in older people
is increasing, the prevalence of disability from these diseases has been
declining (30, 31). An explanation for this is that chronic diseases are
diagnosed at an earlier stage and the treatments for these diseases have
evolved and improved (32). Thus, older adults live longer with their chronic
diseases but with better perceived health, an optimistic finding for our aging
population (33).
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2.1.2 BIOLOGICAL HALLMARKS OF AGING

While the rate of chronological aging is equal for all individuals, biological
aging is highly dynamic, both inter-individually and intra-individually, and is
modulated by genetic, epigenetic, and environmental factors (34). In 2013,
Lopez-Otin and colleagues (35) aimed to find common biological
denominators of aging and proposed nine hallmarks of aging (Table 1). The
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hallmarks can be divided into three main categories. The first category consists
of primary hallmarks that cause cell and tissue damage and have a negative
impact on overall organ function. This includes damage to coding DNA due to
harmful factors, such as ionizing radiation or DNA replication errors, leading
to genomic instability (36), and changes to noncoding parts of the genome
including telomere attrition and epigenetic alterations such as DNA
methylation, histone modification, and changes to noncoding RNA (37). In
addition, loss of proteostasis, leading to accumulation of misfolded proteins,
is considered a primary hallmark of aging and has been shown to contribute
to the pathophysiology of age-related diseases such as Alzheimer’s disease and
Parkinson’s disease (38).

Table 1 ?KH KDUPDTNU RI DJLQJ# DU UWJIHUWHG E[ -JSH\$ ; LQ DQG FRUHDIWHU )+
Primary Antagonistic Integrative
Genomic instability Deregulated nutrient sensing ~ Stem cell exhaustion
Epigenetic alterations Mitochondrial dysfunction Altered intercellular communication
Telomere attrition Cellular senescence

Loss of proteostasis

The second category of hallmarks are considered antagonistic, as they attempt
to counter the damage caused by the primary hallmarks of aging at lower
levels, but have a negative impact on aging at higher levels (35). Deregulated
nutrient sensing involves changes to extracellular signaling pathways,
including insulin and insulin-like growth factor 1 (IGF-1), and their
intracellular responses (39). A reduction in signal intensity through these
pathways has been shown to increase longevity due to reduced anabolic strain
on cells and subsequently reduced cellular damage (40). Dysfunctional
mitochondria may accelerate aging due to activation of inflammatory
pathways and increased production of reactive oxygen species (ROS),
resulting in tissue damage (41). Cellular senescence is caused by telomere
attrition, genomic or epigenomic damage, or activation of tumor suppressors
and results in cell cycle arrest, leading to tissue dysfunction (42).

The third category of hallmarks are known as integrative and result in
phenotypical changes of aging. This category includes stem cell exhaustion
and altered intercellular communication, both of which try to counter the
adverse consequences of the primary and antagonistic hallmarks (35). Stem
cell exhaustion reduces the regenerative potential of tissues, leading to tissue
atrophy and reduced tissue function, for example loss of muscle mass and
muscle strength (43, 44). Finally, hormonal and neuroendocrine pathways,
such as the growth hormone (GH)/IGF-1 pathway and the hypothalamic-
pituitary-adrenal axis (40, 45), as well as inflammatory pathways alter
intercellular communication and contribute to both premature aging and
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development of several age-related conditions such as diabetes, arthritis,
frailty, and cardiovascular disease (46).

2.1.3 PHYSIOLOGICAL CHANGES WITH AGING

All organs are affected by aging to some extent, however, the rate and intensity
of age-related changes to organ functions vary. The cardiorespiratory system
is strongly affected by aging. Increased age is associated with stiffening of the
vascular wall and decreased compliance, which in turn leads to increased
systolic blood pressure (47). This increase in peripheral resistance causes a
greater afterload, which induces hypertrophy of the left ventricle (48). A
decrease in maximum heart rate together with reduced left ventricle ejection
fraction during higher demands cause a reduction in maximal cardiac output
and cardiac reserves (49). Pulmonary functions also decline with age, with a
40% reduction in aerobic capacity between the ages of 25 and 80 years (50).
This is due to loss of intercostal muscle mass and strength as well as reduced
compliance and stiffening of the thoracic wall (51). Thickening of the alveolar
basement membrane and decreased alveolar surface cause reduced arterial
oxygenation, which is especially prominent during exercise (52).

Renal size decreases with age due to glomerulosclerosis in the renal cortex,
resulting in a decreased glomerular filtration rate (53). Tubular senescence, on
the other hand, reduces the ability of the kidneys to secrete and reabsorb
solutes (54). Three main areas of the gastrointestinal tract are affected by
aging: neuromuscular function, causing problems such as constipation and
reflux; gastrointestinal wall structure, the most common consequence being
diverticulosis; and changes in secretion and absorption of the gastrointestinal
tract (52). Although hepatic volume and blood flow is reduced during aging,
this is compensated by increased hepatocyte volume, which helps preserve
liver function (55).

Body composition changes with older age and is at least to some extent due
to alterations in endocrine functions. In women, the decline in estrogen levels
after menopause is linked to reduced muscle mass and muscle strength and an
increase in the risk of osteoporosis and obesity (56). Similar changes in body
composition occur in men due to decreasing testosterone levels, but
osteoporosis tends to develop later in life than in women (57). Bone density
and muscle mass further decrease due to lower levels of GH/IGF-1 signaling
at older age (58). Glucose regulation is progressively impaired with advanced
age independent of obesity, mainly due to increased insulin resistance because
of lower lean body mass, and to a lesser extent due to decreased insulin
secretion (59).

Aging is associated with white and gray matter atrophy in the brain and
reduced cerebral blood flow, which cause a decrease in cognitive and sensory
function and increase the risk of neurodegenerative diseases and cerebral
ischemia (60, 61). Finally, aging is associated with a decline in the immune
response known as immunosenescence (62). An important reason for this is
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the decreased production of immune cells due to replacement of
hematopoietic tissue with fat in the bone marrow (63).

2.2 PHYSICAL PERFORMANCE IN OLDER ADULTS

2.21 AGING AND PHYSICAL PERFORMANCE

Although the terms physical performance and physical function are often used
interchangeably, physical function describes the ability to execute tasks in
daily routines and participate in sociocultural life, whereas physical
performance describes strength, endurance, and other aspects of physical
function that are evaluated using objective tests. When an individual
experiences impairments or restrictions in one or several domains of physical
performance or function, it is known as disability (64).

Several factors may affect physical performance during aging, both related
directly to physiological changes that occur with aging and to age-related
conditions and diseases. There is, however, great variance and range in
physical capacity and maintenance of physical function in older age, as the best
functioning older adults may have similar physical and mental functions to 20-
year-olds (3). Aging is associated with a progressive decrease in muscle mass
and muscle strength known as sarcopenia (65). When muscle wasting occurs
due to decreased physical activity, malnutrition, or diseases, such as
inflammatory disease or malignancies, it is referred to as secondary sarcopenia
(66). While there is no clear consensus on the definition of sarcopenia, the
European Working Group on Sarcopenia in Older People has developed
criteria commonly used for diagnosing sarcopenia. The criteria include
assessing muscle strength using grip strength or chair stands when sarcopenia
is suspected, after which the diagnosis is confirmed by identifying low muscle
mass or muscle quality by using bioelectrical impedance analysis or diagnostic
imaging (67). A physical performance test, such as gait speed, can further be
used to assess the severity of sarcopenia (67). Dynapenia, on the other hand,
is regarded as age-related loss of muscle strength without significant loss of
muscle mass, and it usually precedes sarcopenia (68). Both sarcopenia and
dynapenia have been associated with a decline in physical function, but loss of
muscle strength seems to predict this decline more strongly than loss of muscle
mass (69). Muscle strength has been shown to decrease more rapidly than
muscle mass, especially in the lower extremities (70), which is strongly linked
to poor mobility function (71).

In addition to age-related changes to skeletal muscle tissue, several
diseases and conditions play a major role in the loss of physical function at
older age. It has been estimated that in approximately half of individuals 70
years and older, severe physical dysfunction is due to acute causes, such as
fractures or stroke, whereas for the other half the reason is slowly progressive
chronic diseases (772). Several chronic conditions have been found to correlate
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with both self-reported and objectively measured physical function, including
cardiovascular disease, chronic pain, osteoarthritis, diabetes, pulmonary
disease, and cancer (773). A combination of multiple chronic diseases may be
particularly harmful for older adults, as it can have a synergistic effect on
decreasing physical function (74). In addition, geriatric conditions, such as
depression, cognitive decline, visual impairment, and incontinence, are
important risk factors for functional decline (75). Finally, changes in health
behaviors of older adults, including a more sedentary lifestyle and energy-rich
diet, have caused an increase in the prevalence of obesity in older adults during
the past decades (76). Greater fat mass has been shown to independently
increase the risk of decreased physical function (77).

2.2.2 ASSESSING PHYSICAL PERFORMANCE

Physical performance can be assessed using either single tests or a battery of
many tests. An exercise tolerance test using a treadmill or bicycle ergometer
has been considered the gold standard for evaluating physical performance
and aerobic capacity. However, this may not be applicable to older adults, as
many are unable to perform the test and it may not reflect the level of physical
performance required in older adults (78).

Several tests have been validated in community-dwelling older adults (79),
assessing different aspects of physical performance (Table 2). Grip strength
measured with a dynamometer has been shown to be a reliable proxy of overall
muscle strength and associated with both nutrition status and physical
function (80). Lower extremity strength is associated with measures of
mobility and balance that are essential when performing everyday tasks (81).
Lower extremity strength can be measured as isometric strength, such as with
the leg press, or preferably as a dynamic measure of muscle power, such as
with the chair stand test, which has been shown to better predict physical
function than muscle strength (82). Gait speed can be assessed with both
short-distance tests, usually under 10 m, and long-distance tests, such as the
400 m and 6-minute walk tests. Although short-distance walk tests are easier
and faster to perform, the benefit of long-distance tests is the assessment of
endurance and aerobic capacity (83).
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Table 2 ; EIHFVUXH PHDUWTHU RI SK[ULFD0 SHTIRTPDQFH XDILGDVHG LQ RIGHT DGWOVUY

Domain Example of tests

Muscle strength

Upper extremity Chest press, arm curl, grip strength

Lower extremity Leg press, knee extension, chair stand
Flexibility

Upper extremity Back scratch

Lower extremity Sit-and-reach
Balance Tandem-stand, standing balance
Mobility and endurance Gait speed, 6-minute walk, timed up and go

During the past decades several different test batteries for assessing physical
performance in older adults have been developed. The short physical
performance battery (SPPB) is commonly used and consists of three tests
assessing standing balance, gait speed (2.4 m or 4 m), and repeated chair
stands (84). The SPPB has been shown to be one of the most valid and reliable
tests for assessing physical performance in older adults (85). Another popular
test battery is the 7-item Physical Performance Test that includes tests for
activities of daily living (ADL) such as simulated eating, lifting a book to a
shelf, and walking. This test battery may be able to detect a decline in physical
function at an earlier stage than the self-reported indices of ADL (9). In 1999,
Rikli and Jones developed the Senior Fitness Test (SFT), a test battery
specifically designed to evaluate physical performance in older adults (86).
The SFT consists of six tests assessing muscle strength, flexibility, and
endurance and has been shown to be suitable for evaluating physical
performance also in individuals with cognitive impairment (87) and
Parkinson’s disease (88). The test battery has been noted to correlate with
physical activity, number of prescribed medications, and self-reported
physical function in older adults (89, 90).

In addition to objective tests of physical performance, self-reports or
questionnaires can be used to assess physical function. Commonly used
measures of overall physical function include the ability to perform ADLs, such
as dressing, eating, bathing, and ambulating, as well as instrumental activities
of daily living (IADL), such as shopping, preparing meals, and managing the
household, medications, and finances. Questionnaires are most often used to
assess ADLs and several tools have been developed, including the Barthel
Index, functional independence measure, and Katz ADL. These indices differ
slightly regarding which areas of ADLs are evaluated, but all have been shown
to be reliable (91, 92). One of the most commonly used tools for assessing
IADLs is the Lawton IADL index (93), which is a more sensitive method for

20



detecting functional decline at an earlier stage than the ADL indices (94). A
popular questionnaire on overall health, including physical function, is the
validated 36-Item Short-Form Health Survey (SF-36) (95). The survey
includes questions on basic physical tasks, such as walking and lifting, but also
questions regarding other areas of physical health, including pain and self-
evaluated general health.

2.2.3 PHYSICAL PERFORMANCE AND HEALTH OUTCOMES

A decrease in objectively measured physical performance has been associated
with numerous adverse health outcomes in older adults. Weaker grip strength,
slower gait speed, and poorer chair rising have been found to predict adverse
health outcomes, including fractures, cardiovascular disease, and cognitive
impairment, such as Alzheimer’s disease (5). Adequate physical performance
is an important factor for maintaining self-rated health and quality of life in
older adults (96). Better physical performance has also been shown to predict
faster recovery after surgery, including hip and knee arthroplasty and coronary
artery bypass surgery (97, 98).

Decreased function in the lower extremities, in particular, has been shown
to have deleterious effects in older individuals and is strongly associated with
mobility limitations (99). Measures of mobility, including gait speed, have
therefore been considered markers of overall health (100). Slower gait speed
is associated with increased disability, defined as limitations in ADL and IADL,
institutionalization, and mortality, and gait speed alone has been shown to
predict these outcomes as well as or better than composite test batteries of
physical performance (101). Impairment in lower extremity function also has
a negative effect on balance, which increases the risk of falls and subsequently
fractures and disability (102).

Grip strength is a popular method for assessing upper body strength and
has been found to be associated with both current and future health in older
adults. In addition to being an indicator of current upper body function, lower
grip strength is also associated with poor lower body function such as walking
and balance (103). Low grip strength has been shown to predict future
disability, including ADL, IADL, and mobility disability, in several
longitudinal studies (104). An association between weak grip strength and
both all-cause mortality and cardiovascular mortality has been reported (105),
and weak grip strength has been found to predict cardiovascular mortality
even better than hypertension (106). Grip strength has also been inversely
associated with length of stay and complications during hospitalization (107).
These findings indicate that grip strength could be used as a marker of health
(108).

In addition to increasing the burden of disease and disability in older
adults, a decline in physical performance also increases the burden on the
healthcare system. Poor physical function is an important risk factor for loss
of independence, home care service use, and institutionalization (109). Older
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adults who are functionally dependent on others account for approximately
half of the health expenditure of the older population (110). Thus, finding ways
to predict and prevent a decline in physical performance and subsequent
disability is critical for delaying the onset of dependence and reducing
healthcare costs (22).

2.2.4 PREVENTING DECLINE IN PHYSICAL PERFORMANCE

Most studies assessing prevention of decreased physical function have focused
on physical activity and diet. Physical inactivity is a major risk factor for poor
physical function and increased disability (111). Therefore, not surprisingly,
different forms of physical activity and exercise, such as resistance training,
whole body vibration exercise, and endurance training, have most consistently
been found to improve physical performance in older adults (112, 113).

Dietary interventions may also prevent a decline in physical function in
older adults. Caloric restriction is a well-studied intervention and involves
lowering the energy intake without causing malnourishment (114). Caloric
restriction is an effective way of reducing obesity (115) but has also been shown
to improve physical performance when combined with exercise (116).
However, caloric restriction without exercise may have adverse effects on
physical performance by causing a decrease in muscle mass and muscle
strength (116, 117). The Mediterranean diet, characterized by a high intake of
nuts, whole grains, vegetables, fish, and olive oil and a low intake of meat, is
another possible intervention for preventing functional disability at older age
(118). In addition, protein intake and other nutritional supplements, such as
vitamin D, creatinine, and multi-nutrient supplementation have been found to
be beneficial for physical function in older adults, but the results have been
inconsistent (119). Besides the direct effects of physical activity and dietary
changes in maintaining physical function in older adults, these interventions
also reduce the risk of chronic diseases and may therefore indirectly prevent a
decline in physical function (120).

2.3 IMPAIRED GLUCOSE REGULATION

2.3.1 DEFINITION AND DIAGNOSTIC CRITERIA

Impaired glucose regulation is characterized by elevated blood glucose levels
known as hyperglycemia. Glucose homeostasis is regulated by the hormone
insulin produced by B-cells in the pancreas, which lowers blood glucose levels
by increasing glucose uptake in tissues (121). Hyperglycemia and impaired
glucose regulation are caused by reduced insulin secretion from the pancreas
or by increased insulin resistance in tissues important for glucose uptake, such
as skeletal muscle (122), or a combination of both. When blood glucose levels
are chronically elevated above a defined threshold, the condition is known as
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diabetes, whereas individuals with glucose levels between those with normal
blood glucose and those with diabetes are considered to have prediabetes
(123). Prediabetes can further be categorized as impaired fasting glucose (IFG)
and impaired glucose tolerance (IGT), depending on whether blood glucose is
elevated after fasting or after a glucose load (124).

Four diagnostic tests are recommended for diagnosing prediabetes and
diabetes: fasting plasma glucose, 2-hour glucose value after a 75 g oral glucose
load, hemoglobin A;c (HbAi), and a random plasma glucose if signs and
symptoms of diabetes are present such as thirst, polyuria, and weight loss
(125). Measuring fasting plasma glucose and 2-hour post-load glucose values
is usually combined to form an oral glucose tolerance test (OGTT) (126). The
criteria for diagnosing prediabetes and diabetes have evolved over time and
today two different criteria, one by WHO (127) and the other by the American
Diabetes Association (ADA) (128), have gained acceptance and are used
worldwide (Table 3). Both criteria use the same definition for diabetes;
however, the ADA criteria have a lower threshold for diagnosing IFG than the
WHO criteria, and also have an HbA,. criteria for defining prediabetes (5.7—
6.4%), which the WHO definition does not.

Table 3 4[DJIQRUWLF FTVHTLD IRT STHGLDEHVHU DQG GLDEHVHU E[ VKH BRTIG 8HDIVK ; TIDQL\DWLRQ
*(,! DQG VKH 1PHTLFDQ 4IDEHVHU 1UURFIDIRQ (-4

Measurement Prediabetes Diabetes

ADA: 5.6-6.9 mmol/l (IFG)

Fasting glucose WHO: 6.1-6.9 mmol/l (IFG) > 7.0 mmol/l

2-hour glucose 7.8-11.1 mmol/l (IGT) = 11.1 mmol/l
ADA: 5.7-6.4% o

HbAs WHO: not defined =6.5%

Random glucose if symptoms Not defined 2 11.1 mmol/l

ADA= American Diabetes Association; WHO= World Health Organization; IFG= impaired fasting
glucose; IGT= impaired glucose tolerance; HbA1.= hemoglobin Aqc.

The prevalence of prediabetes increases with age and typically occurs in
conjunction with other signs of metabolic dysfunction such as obesity,
dyslipidemia, and hypertension (129). Both IFG and IGT are characterized by
insulin resistance and impaired insulin secretion, however, IFG is typically
associated with insulin resistance in the liver and reduced first phase insulin
secretion after a glucose load, whereas IGT is associated with insulin
resistance in skeletal muscle and a late phase reduction of insulin secretion
after a glucose load (130).

Diabetes, on the other hand, consists of a heterogeneous group of disease
types with different etiologies and characteristics. The two main types of
diabetes are type 1 and type 2 diabetes. Type 1 diabetes typically develops in
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children and adolescents and is characterized by B-cell destruction, either by
autoimmune or idiopathic mechanisms, leading to absolute insulin deficiency
and a need for exogenous insulin (131). Type 2 diabetes is the most common
type of diabetes, accounting for 90% of all diabetes worldwide (132). A feature
of type 2 diabetes is a mismatch between insulin secretion and insulin
demand. Ectopic fat deposition in the liver and skeletal muscle causes insulin
resistance, which increases insulin demand (133). Pancreatic pB-cells respond
to this increased demand by increasing insulin secretion, however, when
insulin secretion is no longer able to keep up with the demand the individual
develops hyperglycemia (134). Type 2 diabetes has traditionally been
considered a disease of older overweight adults, but during the past decades
the prevalence of type 2 diabetes has been increasing in children and
adolescents due to the epidemic of childhood obesity (135).

In addition to type 1 and type 2 diabetes, there are other less common forms
of diabetes, including slowly evolving immune-mediated diabetes, monogenic
diabetes, hyperglycemia in pregnancy, and diabetes caused by other specific
diseases and conditions, including trauma, inflammation, tumors in the
pancreas, drugs or chemicals, and both genetic and non-genetic syndromes
(125).

2.3.2 EPIDEMIOLOGY

The global prevalence of diabetes is on the rise. Between 1980 and 2014, the
number of adults with diabetes globally nearly quadrupled (136). According to
the International Diabetes Federation, the estimated global prevalence of
diabetes in 2019 was 463 million in adults aged 20—79 years, corresponding
to 9.3% of the global adult population (11). Based on these estimates, the
number is expected to increase to 578 million (10.2%) in 2030 and 700 million
(10.9%) in 2045 (132). The prevalence of diabetes increases with age. In 2019,
an estimated 19.3% of adults worldwide aged 65—99 years had diabetes, and
the number of adults in this age group is expected to double by 2045 (137). A
concerning finding is that half of all people living with diabetes are
undiagnosed, with the majority of these individuals living in low- and middle-
income countries (138). In Finland, 16.9% of men and 11.5% of women aged
55—64 years have been reported to have type 2 diabetes (139).

The estimated prevalence of prediabetes varies depending on the
diagnostic criteria used. Using the WHO criteria, the prevalence of either IFG
or IGT in European countries is estimated to be 22.3%, however, the
prevalence increases with age and approximately one-third of adults aged 66
years and over meet the criteria for prediabetes (140). When the ADA criteria
are used, the prevalence is usually estimated to be higher due to the lower
threshold for diagnosing IFG. For example, the estimated prevalence of
prediabetes in the US is almost 50% in adults aged 65 years and older (141).
As with diabetes, most individuals with prediabetes live in low- and middle-
income countries, but tend to develop the disease at a younger age than those
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with type 2 diabetes, as half of adults with IGT are under 50 years of age (11).
The prevalence of prediabetes in Finland is similar to that of other European
countries, with adults aged 45—74 years having an estimated prevalence of
5.2-10% for IFG and 15.5-17.0% for IGT (139). Aggressive lifestyle
interventions are important in individuals with prediabetes, as the condition
progresses to diabetes at an annual rate of 5—-10% (142).

2.3.3 RISKFACTORS

The increased prevalence of type 2 diabetes and prediabetes can largely be
explained by the increased prevalence of risk factors for these conditions. Age
is an important risk factor for impaired glucose regulation, as increasing age
causes a decrease in insulin secretion and sensitivity (59). Several genes have
been associated with increased risk of type 2 diabetes, however, no single
major gene linked to excess type 2 diabetes has been identified (143). Family
history of diabetes, race, and ethnicity have also been associated with
increased diabetes risk (144). Obesity, particularly abdominal adiposity, is
considered the strongest risk factor for diabetes (145). Increased obesity may
be explained by a more sedentary lifestyle, including energy-rich diets and
physical inactivity, but these factors are also independently associated with
diabetes (146). Smoking and alcohol consumption increase the risk of
diabetes, however, moderate alcohol consumption has been shown to have a
protective effect (147). In addition, working longer hours has been shown to
increase the risk of type 2 diabetes, especially in individuals with a lower
socioeconomic status (148).

2.3.4 COMPLICATIONS

Diabetes is associated with several complications that markedly affect the
quality of life in individuals with diabetes. The complications of diabetes can
be divided into macrovascular and microvascular complications.
Approximately half of adults aged over 50 years with diabetes have
microvascular complications, whereas nearly one-third have macrovascular
complications (149). The microvascular complications associated with
diabetes include neuropathy, retinopathy, nephropathy, and small vessel
vasculopathy, and diabetes is the leading cause of blindness, renal failure, and
non-traumatic lower limb amputation (150). Macrovascular complications
consist of cardiovascular diseases and are the main causes of morbidity and
mortality in individuals with diabetes (151). Those with diabetes have an
approximately twofold risk of developing coronary heart disease, peripheral
vascular disease, or ischemic stroke compared with those without diabetes
(152, 153). The adverse effects of hyperglycemia may occur before the onset of
diabetes, as both IFG and IGT are associated with increased risk of coronary
heart disease, stroke, and all-cause mortality (154).
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2.3.5 DIABETES AND PHYSICAL PERFORMANCE

Diabetes has been shown to cause a decline in self-reported physical function.
The age-related loss of muscle mass and strength characteristic for sarcopenia
is accelerated by hyperglycemia (155). Changes to muscle function occur
particularly in the lower extremities, increasing the risk of mobility disability,
slower gait speed, and falls (156). In a meta-analysis including 26 studies,
diabetes increased the risk of ADL, IADL, and mobility disability by 50-80%
(157). Some studies have suggested that the loss of physical function and
independence due to diabetes may have greater consequences for older adults
than diabetes complications (158).

Several studies, both longitudinal and cross-sectional, have assessed the
association between diabetes and physical function in older adults (Table 4).
Most of the larger longitudinal studies have focused on self-reported disability
or physical function, with strong evidence of reduced physical function in
adults with diabetes. For example, Spiers and colleagues followed nearly 8000
men and women for 2 years and found a 70% increased odds of incident
disability in those with diabetes relative to those without diabetes (159). The
association between diabetes and objective measures of physical performance
has been investigated less extensively. In addition, previous longitudinal
studies have usually relied on self-reported diabetes diagnosis without
assessing blood glucose levels.

Cross-sectional studies, on the other hand, have also assessed the
association between diabetes and objective tests of physical performance, in
addition to self-reported physical function (Table 4). The tests of physical
performance have usually focused on single muscle groups, such as leg
strength or grip strength, or have consisted of simple test batteries such as the
SPPB. Gregg and colleagues, for example, assessed self-reported physical
limitation and three objective tests (walking speed, chair stand, and tandem
stand) in over 6000 individuals and found that diabetes was associated with
both self-reported disability and poorer physical performance (160). Another
study noted that leg and arm strength was poorer only in men with diabetes,
but muscle quality defined as muscle strength per unit muscle mass was
poorer in both sexes among those with diabetes (161).
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Table 4

>WPPDT[ RI IDTIHT UFDIH UWGLHU DUUHUULQJ VKH DUURFLDVLRQ EHVYHHQ GLDEHVHU DQG
SK[ULFDI SHTIRTPDQFH RT IWQFILRQ LQ RIGHT DGWOVUK

Age at

Al.jth?r’ year n baseline, Dla.bef't.es Outcomes Main findings
(citation) . definition
years
LONGITUDINAL
Downer, 2017 3419 60 and older SR ADL disability OR 1.69 for ADL disability
(162) if diabetes with insulin
treatment.
Salinas, 2016 2823 65 and older SR ADL and IADL Longer diabetes duration
(163) disability associated with higher
prevalence of disability.
Wong, 2016 2107 45-64 SR, MED, ADL disability OR 2.0 for disability if
(164) OGTT diabetes.
Lee, 2013 2864 78.5 SR, MED 6-m usual walk Greater loss of usual and
(165) speed, rapid rapid walk speed if
walk speed, grip  diabetes. No change in
strength grip strength.
Kim, 2013 12478 65 and older SR ADL disability HR 1.38 for severe ADL
(109) disability if diabetes.
Andrade, 2012 2054 60 and older SR ADL disability Diabetes by itself did not
(166) increase risk of disability.
Park, 2007 1840 70-79 SR, MED, Knee extension 50% more rapid decline in
(155) FPG strength, grip leg muscle strength if
strength, muscle  diabetes. No difference in
mass grip strength.
Al Snih, 2005 1835 65 and older SR Lower body ADL  HR 2.05 for ADL
(167) or mobility disability, 1.69 for mobility
disability, 8-foot disability and 1.46 for
walk test walking limitation if
diabetes.
Spiers, 2005 7913 65 and older SR ADL and IADL OR 1.7 for disability if
(159) disability diabetes.
Gregg, 2002 8344 65 and older SR Self-reported Two times greater risk of
(168) disability disability if diabetes.
CROSS-
SECTIONAL
Godino, 2016 5035 75.3 SR, MED, Self-reported Prevalence ratio 1.12 for
(169) HbA1. functional any functional limitation if
limitation diabetes.
Chiles, 2014 983 65 and older SR, MED, SPPB, usual Lower total SPPB score
(170) FPG walking speed and usual walking speed
if diabetes.
Volpato, 2012 835 73.8 SR, MED, Leg muscle Diabetes associated with
(171) FPG strength, 4-m lower muscle strength
and 400-m and slower walking
walking speed speed.
Kalyani, 2010 6097 60 and older SR, MED Self-reported Excess disability in
(172) functional diabetes explained largely
limitation by comorbidities.
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Park, 2006 2618 70-79 SR, MED, Knee extension Poorer arm and leg
(161) FPG strength and grip  strength if diabetes
strength among men, but not
women. Muscle quality
poorer in both sexes if
diabetes.
Sayer, 2005 1391 60-70 SR, MED, Self-reported Poorer grip strength and
(173) OGTT physical OR 2.73 for poor physical
function, grip function in men with
strength diabetes. Non-significant
results in women.
Maggi, 2004 5632 65-84 SR, MED, Self-reported Poorer physical
(174) FPG ADL disability, performance if diabetes in
chair stand, both men and women.
walking speed, OR 1.65 for ADL disability
balance test in women with diabetes.
de Rekeneire, 2926 73.6 SR, MED, Self-reported OR 1.7 for functional
2003 FPG functional limitation and poorer
(175) limitation, chair objective test results if
stand, balance diabetes.
test, 6-m walk
Volpato, 2002 1002 78.8 SR, MED, Self-reported OR 1.85 for mobility
(176) HbA1. ADL disability, 4-  disability, OR 1.61 for
m walking ADL disability, and OR
speed, chair 2.34 for severe walking
stand, balance limitation if diabetes.
test
Gregg, 2000 6588 60 and older SR Self-reported Diabetes associated with
(160) functional 2-3 times increased odds
limitation, of disability. Poorer
walking speed, results in objective tests if
chair stand, diabetes, especially in

tandem stand

women.

"Age reported as mean age or age range.

SR= self-reported; MED= use of diabetes medication; OGTT= oral glucose tolerance test; FPG= fasting
plasma glucose; HbA1.= hemoglobin A1c; SPPB= short physical performance battery; ADL= activities of
daily living; IADL= instrumental activities of daily living; OR= odds ratio; HR= hazard ratio.

In addition to assessing the effect of diabetes on physical limitations, previous
studies have also explored the link between poor physical performance and
incident diabetes risk. Most of these studies have used grip strength for
measuring physical performance, however, the association between grip
strength and diabetes has been inconsistent, with some studies reporting an
association (177), while others have not (178). In a recent meta-analysis, those
with grip strength in the top tertile had a 27% lower risk of developing diabetes
than those in the bottom tertile, however, the results were not significant for
the larger studies included in the analysis (179). On the other hand, increased
cardiorespiratory fitness and better performance in composite tests of physical
performance have also been shown to reduce the risk of incident diabetes (180,
181).

Although there seems to be a strong link between diabetes and disability,
comorbidities and complications of diabetes are important mediators of this
decline in physical function. Microvascular complications, such as
neuropathy, retinopathy, and vasculopathy, may cause visual impairment,
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decreased lower limb function, and even amputations that decrease physical
function, whereas major cardiovascular events such as stroke are important
causes of disability in those with diabetes (182). In addition, comorbidities
associated with diabetes, such as depression and obesity, increase the risk of
disability and poor physical performance in older adults (176). It has been
suggested that these complications and comorbidities may in fact explain up
to 85% of the excess disability seen in those with diabetes (172).

2.3.6 PREDIABETES AND PHYSICAL PERFORMANCE

Contrary to diabetes, little is known about the association between prediabetes
and physical function in adults. Only one longitudinal study and a handful of
cross-sectional studies have previously investigated this relationship, most of
which have used grip strength as the measure of physical performance (Table
5). Manda and colleagues studied adults at a mean age of 42.2 years and found
that the hazard ratio for prediabetes after a two-year follow-up was 0.38 for
every unit increase in relative grip strength, measured as absolute grip
strength divided by body mass index (BMI) (183). Cross-sectional studies have
also reported poorer grip strength and increased self-reported functional
limitations among those with prediabetes relative to those without prediabetes
(184, 185). Reports on the association between prediabetes and objective
measures of lower body physical performance have been inconsistent (170,
186). In addition, many studies have used only fasting plasma glucose or HbA,c
when defining prediabetes, thereby not being able to include those with IGT
in the analysis.

Table 5 >\WGLHU RQ VKH DUURFLDWRQ EHVYHHQ STHGLDEHVHU DQG SK[ULFDI IWQFVLRQ LQ DGWVU%
Age at . Physical
Al.'th‘.’r’ year n baseline, Pre_dl_a_betes function Main findings
(citation) . definition
years measure
LONGITUDINAL
Manda, 2020 1075 42.2 FPG, HbA1c Relative grip HR 0.38 for prediabetes
(183) strength (grip with every unit increase in
strength/BMI) grip strength.
CROSS-
SECTIONAL
Liang, 2020 9180 50 and older OGTT Grip strength Poorer grip strength if
(187) prediabetes.
Hu, 2019 27295 41.6in men, OGTT, Relative grip OR for prediabetes 0.48 in
(185) 40.3 inwomen  HbA1c strength (grip men and 0.38 in women for
strength/body every unit increase in grip
weight) strength.
Vieira, 2015 37973 46 FPG, HbA1.  Self-reported Difficulty standing for long
(188) physical function periods if prediabetes.
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Chiles, 2014 983 65 and older FPG SPPB, usual No difference in SPPB

(170) walking speed score or walking speed
between IFG and
normoglycemia.

Zhang, 2014 976 67.6 FPG Grip strength, 4- Walk speed and TUGT

(186) m walk test, result poorer if prediabetes
TUGT in men but not in women.

Lee, 2013 5991 53 and older HbA1c Self-reported OR 1.35-1.48 for ADL,

(184) physical function IADL, extremity or mobility

limitation if prediabetes.
Sayer, 2005 1391 60-70 SR, MED, Self-reported OR 1.62 for physical
(173) OGTT physical function,  limitation in men with IGT.

grip strength

"Age reported as mean age or age range.

FPG= fasting plasma glucose; HbA;= hemoglobin Aic; OGTT= oral glucose tolerance test; BMI= body
mass index; SPPB= short physical performance battery; TUGT= timed up and go test; HR= hazard ratio;
OR= odds ratio; IGT= impaired glucose tolerance; ADL= activities of daily living; IADL= instrumental
activities of daily living.

2.4 PAIN IN ADULTS

2.41 DEFINITION OF PAIN

The International Association for the Study of Pain has defined pain as “an
unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage” (189). Pain can
be divided into three categories based on its pathophysiologic mechanism:
nociceptive, neuropathic, and idiopathic. Nociceptive pain is caused by
stimulation of nociceptors responsible for detecting tissue damage in muscle,
joints, skin, and visceral organs (190). This is a high threshold system activated
by intense stimuli, such as stepping on something sharp or touching a hot
stove, and is designed to prevent further damage by activating withdrawal
reflexes (191). Visceral pain can be considered a type of nociceptive pain and
is caused by tissue damage or stretching of internal organs. Here, nociceptors
have lower density and share similar pathways to somatic nociceptors, making
it more difficult to locate visceral pain and causing visceral pain to radiate
along somatic pathways (192). An example of this is the pain from a
myocardial infarction radiating to the neck and extremities.

Neuropathic pain is caused by lesions to the peripheral or central nervous
system. These lesions may be from trauma including surgery and several
diseases such as multiple sclerosis, diabetes, cancer, and herpes infections
(193). As this pain is not caused by nociceptor stimulation, it is sensed
differently, typically as a burning or electrical pain sensation. In addition,
neuropathic pain may be accompanied by hyperalgesia, which increases the
pain sensation of noxious stimuli, and allodynia, causing a normal stimulus to
be sensed as pain (194). Finally, idiopathic pain is the sensation of pain
without any tissue damage or noxious stimuli and it is sometimes referred to
as dysfunctional pain (191). As the name suggests, the pathophysiological
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mechanism of idiopathic pain is not known, but several disorders with
idiopathic pain have been identified, including temporomandibular joint
disorder, fibromyalgia, irritable bowel syndrome, chronic headaches, and
interstitial cystitis (195).

In addition to classifying pain based on pathophysiological mechanisms,
pain can also be categorized based on duration into acute and chronic pain.
Acute pain is caused by nociceptor signaling, and thus, is important for
detecting tissue damage in order to promote healing and prevent further
damage (196). When the noxious stimulus is eliminated and the healing
process begins, the pain sensation fades. However, central sensitization to
pain perception, hyperalgesia, and allodynia may cause prolonged pain that
does not reflect tissue damage (197). Pain is typically considered chronic when
it persists for more than three to six months (189). All three pathophysiologic
mechanisms of pain may also cause chronic pain. Examples of chronic pain
conditions include musculoskeletal pain, such as osteoarthritis, headache,
neuropathic pain, and cancer pain, and primary chronic pain, such as back
pain and fibromyalgia (198).

2.4.2 ASSESSMENT OF PAIN

Thorough assessment of adults reporting pain is important in order to
determine the cause of pain and provide successful treatment. Self-reported
pain level has been considered the gold standard for assessing pain (199). Mild
to moderate cognitive impairment does not seem to prevent the use of self-
report when assessing pain (200). Several tools have been developed for
assessing pain, including the numeric rating scale (NRS), the visual analog
scale (VAS), and the categorical verbal rating scale (VRS) (Figure 3). All three
scales are designed for assessing current pain intensity, however, the NRS has
been shown to have higher compliance and to be easier to use than VAS and
VRS (201).

Compared with single item tools assessing pain intensity, numerous
multiple item tools, such as the Brief Pain Inventory, McGill Pain
Questionnaire, Multidimensional Pain Inventory, and SF-36, among others,
may be used for assessing other aspects of pain (202). For example, the McGill
Pain Questionnaire and its short forms have been shown to be valid and
reliable and include questions on sensory, affective, and evaluative pain
domains (203). The SF-36, by contrast, includes a pain scale with two
questions on pain interference and intensity during the last month and can be
used in conjunction with the other survey scales assessing both physical and
mental health (95).
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VAS

Figure 3 Pain assessment instruments. The numeric rating scale (NRS) is an 11-point scale
ranging from 0 to 10, with O indicating no pain and 10 indicating the worst pain
imaginable. The verbal rating scale (VRS) is a categorical scale from “none” to
“severe” pain, whereas the visual analog scale (VAS) is a continuous scale with
increasing pain intensity.

A comprehensive pain assessment includes several other domains in addition
to self-reported pain. A history of medical conditions, medication, and current
pain development and characteristics should be acquired, and a thorough
physical examination should be performed to evaluate the location and
etiology of pain (204). Pain assessment in older adults should also include
assessment of physical function, psychosocial status, and cognition, as
disturbances in these domains may affect the choice of and response to
treatment (205).

2.4.3 EPIDEMIOLOGY OF PAIN

In the general population, pain is a common reason for seeking medical
attention. Acute pain is most commonly related to the musculoskeletal system,
trauma, or it can be a symptom of a disease, which for example may present as
chest pain or abdominal pain (206). Most epidemiologic studies, however,
have focused on the prevalence of chronic pain. The overall prevalence of
chronic pain in European countries has been estimated to be 12—40% (207,
208), but some studies have shown that over half of the adult population is
affected by chronic pain (209, 210). Multiple factors have been associated with
the development of chronic pain and include both modifiable factors, such as
mental health, obesity, and lifestyle habits, and non-modifiable factors, such
as age, sex, and socioeconomic background (211). Women report more pain
than men (212), and although chronic pain has typically been associated with

32



adults of working age, there is evidence of increasing pain prevalence with age
(209, 213). The use of prescribed pain medications is also higher among adults
aged over 65 years than among younger adults (214). Several conditions may
cause chronic pain in adults and particularly in older adults (Table 6), with
musculoskeletal disorders, such as osteoarthritis and back problems being
some of the most common reasons for visiting the doctor in adults aged over
50 years (215).

Table 6 3RPPRQ FDWUHU RI FKTRQLF SDLQ LQ DGWIVUY
Mechanism Example of conditions
Nociceptive Musculoskeletal disorders (osteoarthritis, chronic

tendonitis, gout, rheumatoid arthritis, polymyalgia
rheumatica, back pain)

Cancer and cancer treatment-induced pain

Cardiovascular disease (peripheral artery disease,
coronary artery disease)

Neuropathic Postherpetic neuralgia
Central post-stroke pain
Trigeminal neuralgia
Radicular pain

Peripheral neuropathy (diabetes)

Idiopathic/dysfunctional Myofascial pain

Fibromyalgia

Data from Hadjistavropoulos et al. (204) and Davis et al. (216).

2.4.4 PAIN AND ADVERSE HEALTH OUTCOMES

Pain has been linked to adverse functional, cognitive, and emotional
outcomes. Chronic pain, particularly chronic widespread pain, has been
associated with subsequent morbidity, including musculoskeletal diseases and
mental health disorders (217). Widespread chronic pain has also been shown
to increase the risk of premature mortality, although the results have been
inconsistent (218). In addition, older adults reporting chronic pain have
poorer physical performance and increased risk for both disability and falls
relative to those without pain (219, 220). Pain may also cause cognitive
impairment and emotional disturbances such as depression, sleep disorders,
and loss of appetite (221). These conditions together with pain itself greatly
affect the self-rated health of adults, as those who perceive pain several times
a week are more than twice as likely to report poor health than those without
pain (222). Chronic pain also accounts for a substantial economic burden, due
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to both direct expenditures and loss of work days and productivity, and the
annual cost of pain has been shown to be greater than that of cardiovascular
disease or diabetes in the US (223).

2.45 PAIN AND GLUCOSE REGULATION

Pain is a common symptom in those with diabetes and in many studies more
than half of the individuals with diabetes have reported chronic pain of any
severity (224, 225). Several conditions associated with diabetes may cause
pain, however, whether or not diabetes independently increases the burden of
pain in adults is not well known. Peripheral neuropathy is a common
complication of diabetes and results in chronic pain in approximately 13—26%
of individuals with diabetes (226). Neuropathy is caused by hyperglycemia,
dyslipidemia, and insulin resistance, which leads to inflammation and
oxidative stress in peripheral nerves, ultimately causing nerve dysfunction and
cell death (227). Older age, longer duration of diabetes, higher HbA,, and
diabetic retinopathy are associated with increased risk of neuropathy (228).
Besides pain, neuropathy also increases the risk of disability and other adverse
outcomes, including sensory loss, poor gait, falls, foot ulcerations, and limb
amputations (229).

In addition to neuropathy, the high prevalence of pain in adults with
diabetes may be explained by the multimorbidity associated with diabetes.
There is an association between diabetes and fibromyalgia (230),
osteoarthritis (231), and other musculoskeletal pain disorders such as neck
and back pain (232). In addition, painful disorders in the upper extremities
are associated with diabetes, including shoulder capsulitis, flexor
tenosynovitis, and carpal tunnel syndrome (233). Diabetes is also linked to
depression, which has been shown to increase the severity of pain in
individuals with diabetes (225). In fact, a recent Finnish study found that those
with diabetes did not report increased pain compared with those without
diabetes after adjusting for depression and other comorbidities (234).
Diabetes has also been associated with an increased risk of developing cancer,
including breast cancer, endometrial cancer, intrahepatic
cholangiocarcinoma, and colorectal cancer (235), conditions that may cause
increased pain.

Scant data exist on the association between pain and prediabetes.
Mantyselkd and colleagues have shown a threefold increased risk of daily
widespread pain in individuals with prediabetes (236). However, the same
authors later reported that prediabetes did not increase the risk of regional or
widespread chronic pain after adjusting for working status and comorbidities
such as depression and ischemic heart disease (237). It has been suggested
that neuropathy and neuropathic pain can occur already at a stage of
prediabetes, especially in those with IGT. This is due to the prevalent finding
of IGT in individuals with idiopathic neuropathy (238). A prospective study
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using objective measures did not, however, report increased prevalence of
neuropathy, nephropathy, or retinopathy in adults with IFG or IGT (239).

2.5 TELOMERES AND AGING

2.51 STRUCTURE AND FUNCTION

During eukaryotic cell division DNA is replicated by the enzyme DNA
polymerase. The replication process is not perfect, as DNA polymerase is
unable to completely replicate the ends of chromosomes. This is known as the
end-replication problem (240). To prevent shortening of functional DNA with
each cell division, chromosome ends are capped with protective DNA
complexes known as telomeres (241). The telomere caps also prevent the ends
of chromosomes from being interpreted as broken DNA ends, which could lead
to unstable chromosomes due to end-to-end joining, recombination, or repair
of DNA (241). Thus, telomeres protect the stability and integrity of
chromosomes.

Telomeres are double-stranded nucleoprotein repeats of TTAGGG (Figure
4). The terminal 3’-end of telomeres consists of G-rich single-stranded
overhangs and telomeres are shielded with shelterin, a protein complex that
protects the telomere ends from the DNA repair system (242). At birth, there
is great heterogeneity in telomere length, ranging from 5000 to 15000 base
pairs at both chromosome ends (243), and telomeres shorten at a rate of
approximately 50—100 base pairs every cell cycle (244). When telomeres
shorten to a critical length, the cell exits the cell cycle and becomes senescent
or is driven into apoptosis in order to prevent development of dysfunctional
chromosomes (245). The number of cell divisions that a cell can undergo is
therefore limited and depends on telomere length, however, some normal
cells, such as stem cells, as well as tumor cells express the enzyme telomerase,
which elongates telomeres and prolongs the replicative potential of these cells
(246).

The rate at which telomeres shorten is dynamic during the course of life.
Frenck and colleagues described telomere attrition occurring in phases; a
rapid decline in telomere length during the first four years of life, followed by
a plateau until early adulthood, and finally a gradual attrition with advancing
age (247). Besides age, several lifestyle factors affect the rate of telomere
attrition. Smoking and obesity are associated with increased oxidative stress
and inflammation and have also been shown to accelerate telomere shortening
(248). Lower socioeconomic status has also been found to correlate with
shorter telomeres, independent of smoking and obesity (249). On the other
hand, physical activity and a diet rich in components with antioxidative and
anti-inflammatory effects, such as fruits, vegetables, and whole grains, have
been shown to reduce the rate of telomere attrition (250).
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Chromosome

telomere

Figure 4 A chromosome with its protective telomere caps consisting of TTAGGG repeats.
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2.5.2 METHODS FOR MEASURING TELOMERE LENGTH

Telomere length is usually assessed in leukocytes, as DNA from these cells is
readily accessible from blood samples, and leukocyte telomere length has been
shown to correlate with telomere length in other tissues such as skin, muscle,
and adipose tissue (251). Several methods have been developed for measuring
telomere length. The traditional method is known as terminal restriction
fragment (TRF) analysis and involves digesting DNA with restriction enzymes
but leaving the telomeres intact. The telomeres are then separated from the
DNA fragments using gel electrophoresis and detected by either Southern
blotting or in-gel hybridization using specific probes for the telomeric
TTAGGG sequence (252). Because this was the first method developed for
measuring telomere length and has been used as a reference when developing
new methods, TRF analysis is referred to as the gold standard (253). However,
this method is time-consuming and requires large amounts of pure and intact
DNA. The TRF gives the average telomere length within a population of cells
as a kilobase estimate, and due to the inclusion of subtelomeric regions this
method tends to overestimate the true telomere length (254).

More recently, polymerase chain reaction (PCR) has been used to assess
telomere length. This method is well suited for larger epidemiologic studies
thanks to its high throughput, low cost, and need for smaller amounts of DNA
than TRF analysis. In 2002, Cawthon used quantitative PCR to compare the
number of telomere copies (T) with number of single gene copies (S), giving a
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T/S ratio (255). Consequently, this method does not calculate absolute
telomere length, but rather gives an estimate of relative telomere length. The
original PCR method has later been revised to utilize multiplex PCR, in which
both the telomere and single gene amplifications are performed in the same
test tube (256). Although the PCR methods have many benefits over TRF
analysis when measuring telomere length, there is a relatively large inter-assay
variation when using PCR, hindering comparison of results from different
studies (257).

Other methods more suited for smaller sample numbers include single
telomere length analysis (STELA) and fluorescence in situ hybridization
(FISH). In STELA, primers target specific subtelomeric regions of single
chromosomes, followed by amplification with PCR and detection using
Southern blotting (258). This method is useful for accurately measuring
telomere length also in chromosomes with critically short telomeres, however,
only certain chromosomes have the specific subtelomeric regions needed for
this method (254). In FISH, fluorescently labeled probes hybridize with the
telomere repeats and telomere length can then be estimated by assessing the
fluorescent signal using flow cytometry (flow FISH) or by comparing the
fluorescent signal with relative standards of known telomere length
(quantitative FISH) (259). However, these methods are labor-intensive, and
therefore, are not suitable for population screening or epidemiologic studies.

2.5.3 TELOMERE LENGTH AND ADVERSE HEALTH OUTCOMES

Aging is a heterogenic process with interindividual variation in health status
among individuals of the same age group. Chronological age is therefore not
an optimal marker of biological age. Thus, there have been efforts to find other
markers that could better assess and predict biological age. As telomere length
represents cellular turnover during the course of life and is affected by
oxidative stress and lifestyle factors, it has been suggested as a biomarker of
aging (260). However, previous findings have not been encouraging; telomere
length has not been shown to predict lifespan or age-related physiological
changes better than chronological age (261).

To evaluate the usability of telomere length as a biomarker of aging, studies
have assessed the association between telomere length and diseases and other
adverse health outcomes. The results from meta-analyses of observational
studies have shown that shorter telomeres are linked to several health
outcomes in adults (Table 7). The strongest evidence has been reported for the
association between shorter telomere length and cancer risk, especially
cancers in the gastrointestinal tract and the head and neck region (262, 263).
Telomere length may also predict cancer progression and survival in certain
cancers such as chronic lymphocytic leukemia (264).

Individuals with a telomere length in the lowest tertile have approximately
a 42-54% greater risk of cardiovascular disease, including myocardial
infarction, coronary heart disease, and stroke, than individuals in the highest
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tertile (265). Shorter telomeres have been shown to predict incident type 2
diabetes (266), and although date are sparse some evidence suggests that
telomere length is also associated with IGT, but not with IFG (267). Common
mechanisms may cause both telomere attrition and the development of
neurodegenerative diseases, and shorter telomeres have consistently been
associated with Alzheimer’s disease (268). In addition, telomere length
correlates with the prevalence of mood disorders such as depression, anxiety,
and post-traumatic stress disorder (262).

Table 7 8HDIK RWFRPHU DUURFLDVHG YLK UKRTVHT VHIRPHTH (HQJVK LQ PH/D$DQDI[UHU¥
Alzheimer's disease Hypertension
Anxiety Myocardial infarction
Asthma Obstructive sleep apnea
Cancer and cancer survival Rheumatoid arthritis
Cardiovascular disease Post-traumatic stress disorder
Chronic obstructive pulmonary disease Stroke
Depression Systemic lupus erythematosus
Diabetes

Data from Smith et al. (262), Albrecht et al. (269), and Tellechea et al. (270).

In order for telomere length to function as a biomarker, it should be associated
with and be able to predict all-cause mortality. However, studies assessing this
issue have reported inconsistent results. A large prospective Danish study of
over 60 000 participants described a trend between decreasing telomere
length and increasing risk of all-cause mortality (271). On the other hand,
Mons and colleagues found no association between shorter telomere length
and mortality after adjusting for lifestyle factors and chronic diseases (272). A
recent meta-analysis concluded that although a hazard ratio of 1.09 for
mortality was found in those with shorter telomeres there was marked
heterogeneity in the results of individual studies due to differences in
participants’ age and measurement methods, which could explain the
inconsistency (273).

2.54 TELOMERE LENGTH AND PHYSICAL PERFORMANCE

Little is known about the relationship between telomere length and physical
performance and the usability of telomere length to predict a decline in
physical performance. Only a few studies have focused on this subject, most of
which have used different outcome measures of physical performance, making
comparison of results between studies challenging. In addition, many studies
have been cross-sectional, thereby being unable to assess the link between
physical performance and telomere attrition over time.
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A meta-analysis by Gardner and colleagues comprising four studies found
that shorter telomere length was associated with slower chair rise speed, but
not with walking speed, grip strength, or standing balance (274). However,
other studies have found an inverse relationship between telomere length and
walking speed (275) and grip strength (276) in older adults. Differences in
study populations may explain the inconsistent findings in the literature.
Shorter telomere length has been associated with poorer physical fitness
measured with a treadmill test in individuals with coronary heart disease
(277), whereas no association existed between lung function and telomere
length in middle-aged or older adults (278). No clear link between telomere
length and frailty has been reported. Although some individual studies have
found an increased risk of frailty with shorter telomeres (279), most studies
have shown no similar relationship (280).

As with objectively measured physical performance, little data are available
on the association between telomere length and self-reported physical
function. A study on older American adults found that those with shorter
telomeres were more likely to have ADL disability, especially severe ADL
disability, than those with longer telomeres (281). A Danish twin study of men
and women over 70 years of age reported similar results, with a positive
correlation between telomere length and self-reported physical ability to
perform everyday tasks (282).
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3 AIMS OF THE STUDY

The main aim of this thesis was to assess whether age-related health
conditions are associated with objective measures of physical performance in
older adults, focusing on disturbances in glucose regulation and telomere
length and their association with physical performance.

Specific aims were to determine whether:

1. impaired glucose regulation is associated with physical performance 10
years later (I)

2. there is a relationship between impaired glucose regulation and grip
strength (II)

3. pain intensity and interference or use of pain medication is more
common among adults with disturbances in glucose regulation (IIT)

4. telomere length or telomere shortening is associated with physical
performance during a 10-year follow-up (IV)
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4 MATERIALS AND METHODS

4.1 PARTICIPANTS

The participants in all four studies (I-IV) are part of the Helsinki Birth Cohort
Study (HBCS), which consists of 13 345 individuals born in 1934—1944 at
either the Helsinki University Central Hospital (HUCH) (n=8760) or the
Helsinki City Maternity Hospital (n=4585). At the time, these were the two
public maternity hospitals in Helsinki (283). The cohort members included in
this thesis were living in Finland in 1971, when all Finnish residents were
allocated a unique personal identification number. These identification
numbers were later used to trace cohort members for participation in the
studies.

In 2000, a sample of the 8760 individuals born at HUCH were selected
using random-number tables for participation in a baseline clinical
examination. To achieve a sample size of 2000 participants, a total of 2902
cohort members still alive were selected, however, recruitment ended when
the desired sample size was obtained. A total of 2003 individuals participated
in the clinical examination carried out in 2001-2004 (Figure 5). In 2011,
invitations to a follow-up examination were sent to the cohort members who
participated in the baseline examination and who were still alive and living
within a 100-km radius of Helsinki. This follow-up examination was
conducted in 2011—2013 and included a total of 1094 participants out of the
1404 invited. The reasons for only participating in the baseline clinical
examination and not being invited to the follow-up examination were death
(n=151), emigration from the Helsinki area (n=236), and declining further
participation (n=212), mainly due to personal or a relative’s health conditions.

Studies I and IV were longitudinal and comprised individuals who
participated in both the baseline and follow-up examinations. Study I included
1078 individuals who had data on both glucose regulation and physical
performance. Study IV included 1035 individuals with adequate information
on both telomere length and physical performance. Studies II and III were
cross-sectional and included data from the baseline examination only. Study
IT included 1877 individuals with information on both glucose regulation and
grip strength, whereas Study III included all 2003 baseline participants.
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The Helsinki Birth Cohort Study
(n=13 345)

Born at the Helsinki University Central Hospital in

-
Born at the Helsinki City Maternity Hospital
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Glucose regulation and
physical performance
(n=1078)

I
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Glucose regulation and
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examination in 2011 Study |
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Figure 5 Flowchart of the participants in the Helsinki Birth Cohort Study.
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4.2 METHODS

4.2.1 PARTICIPANT CHARACTERISTICS AT BASELINE (I-1V)

At the baseline clinical examination, anthropometric measurements were
acquired from all participants. Height was measured using a KaWi
stadiometer to the nearest 0.1 cm. Weight was measured in light indoor
clothing without shoes using a SECA alpha 770 scale (SECA GmbH & Co. KG,
Hamburg, Germany) to the nearest 0.1 kg. Waist circumference was measured
at the midpoint between the lowest rib and the iliac crest to the nearest 0.1 cm.
Body mass index (BMI) was calculated as weight/(height)2 and recorded as
kg/mz2. Body composition, including fat mass, body fat percentage, and lean
body mass, was assessed by bioelectrical impedance analysis using the InBody
3.0 eight-polar tactile electrode system (Biospace Co., Ltd., Seoul, Korea).

Questionnaires were used to gather information on educational
attainment, occupational history, and lifestyle habits. Based on smoking
history, the participants were defined as current smokers (one or more
cigarettes per day), ex-smokers (previously smoked daily), or never-smokers.
Information on adult socioeconomic status (SES) was obtained from Statistics
Finland. Based on the highest occupational status in 5-year intervals between
1970 and 2000, the participants were categorized as laborers, lower middle
class, upper middle class, and self-employed (284).

Self-reported history of chronic diseases, e.g. hypertension, cardiovascular
disease, and cancer, and use of medications were recorded. The Beck
Depression Inventory (BDI) was used to assess symptoms of depression. Self-
rated health was evaluated by participants’ response to the following question
“How would you rate your health during the past 4 weeks?” using a visual
analog scale. The score ranged from 0 to 100, with a higher score indicating
better self-rated health. Physical activity was assessed using the Kuopio
Ischaemic Heart Disease Risk Factor Study (KIHD) 12-month leisure-time
physical activity (LTPA) history questionnaire (285), which was modified from
the Minnesota Leisure Time Physical Activity Questionnaire (286). This
validated questionnaire assesses frequency and duration of the most common
LTPA and assigns a metabolic equivalent of task (MET) value to both non-
conditioning and conditioning activities based on their intensity (287).

4.2.2 GLUCOSE REGULATION (I-1ir)

A blood sample was drawn by trained personnel at the baseline clinical
examination from the brachial vein of all participants after 12 hours of fasting
in order to analyze blood lipids and fasting glucose levels. Participants who
reported having diabetes, who used medications for diabetes, or who had a
diabetes diagnosis in medical records were defined as having previously
known diabetes. For those participants who did not have previously known
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diabetes, glucose regulation was further evaluated with a standard 2-hour 75
g OGTT. After measuring fasting glucose, the participants ingested a 300 ml
solution containing 75 g of anhydrous glucose and 1.6 g of citric acid. Blood
glucose levels were measured again after 2 hours.

The 1999 WHO criteria (288) were used to define impairments in glucose
regulation. Diabetes was defined as a fasting plasma glucose level of 7.0
mmol/]l and over or a 2-hour glucose level of at least 11.1 mmol/1. If the criteria
for diabetes were not met, those with a fasting glucose level of 6.1—6.9 mmol/1
were defined as having IFG and those with a 2-hour glucose level of 7.8—11.0
mmol/l were defined as having IGT. Participants not meeting any of these
criteria were defined as having normoglycemia.

The participants who did not have previously known diabetes and who
received their diabetes diagnosis at the baseline clinical examination were
defined as having newly diagnosed diabetes. In Study I, analyses were
performed separately for those with IFG and IGT, however, those meeting the
criteria for both IFG and IGT were defined as having IGT. For Studies II and
111, those with IFG and IGT were combined and defined as having prediabetes.

4.2.3 PHYSICAL PERFORMANCE (I, IV)

Physical performance was assessed at the follow-up examination in 2011-2013
using the SFT (86). This validated test battery consists of six test items and a
modified test battery of five test items was used at the clinical examination
(Table 8). After warm-up and stretching, the participants performed all test
components consecutively according to the SFT manual (289) and were scored
as follows: 1) Arm curl: while seated on a chair holding a hand weight (2 kg for
women and 3 kg for men) in the dominant hand, number of full-range arm
curls performed in 30 s; 2) Chair stand: starting in the seated position with
arm crossed and held against the chest, number of full stands in 30 s; 3) Back
scratch: while standing and reaching with one hand up the middle of the back
and the other hand over the shoulder reaching down the back, number of
centimeters between tips of extended middle fingers, recorded as minus score
(=) if not touching and plus score (+) if overlapping; 4) Chair sit-and-reach:
while sitting at the front edge of a chair with one leg bent and the other leg
fully extended, number of centimeters between toes and extended fingers
when reaching, recorded as a minus score if short of reaching toes and a plus
score if reaching beyond toes; 5) 6-min walk: number of meters walked in 6
minutes. All participants were instructed and supervised by trained research
assistants.

After completing all tests, scores from the individual test items were
transformed according to sex-standardized tables of normative data for 5-year
age groups (289). Participants received a score of 1 to 20 for each test item
based on 5-percentile ranges, so that those in the bottom 5-percentiles
received a score of 1 and those in the top 5-percentiles received a score of 20.

44



The overall score for the SFT was achieved by summing the normalized scores
from the individual tests, thus ranging from 5 to 100.

Table 8 ?KH >HQLRT 6LYQHUU ?HUV WUHG DV VKH IRNRY$WS HZDPLQDIRQ LQ (&""_(&")%
Test item Assessment category Examples of implementation
Arm curl Upper body strength Household chores, carrying groceries,

picking up grandchildren
Chair stand Lower body strength Stair climbing, balance, rising from chair

Combing hair, washing back, putting on

Back scratch Upper body flexibility overhead garments

Maintaining normal gait, reducing risk of

Chair sit-and-reach  Lower body flexibility fall, getting out of car

6-min walk Aerobic endurance Walking, shopping, recreational activities

4.2.4 GRIP STRENGTH (ll)

Isometric grip strength was assessed at the baseline clinical examination using
a Newtest Grip Force dynamometer (Newtest Oy, Oulu, Finland). The
maximum value of three squeezes using the dominant hand was recorded to
the nearest 0.1 kg. The participants were seated with the arm fixed to the
armrest of the chair and the elbow flexed at a 90° angle. The contraction was
maintained for 2—3 s and participants were allowed one practice attempt. The
participants were instructed by trained research assistants.

4.2.5 PAIN AND PAIN MEDICATION (lll)

Pain was assessed at baseline using the RAND 36-Item Health Survey 1.0
(RAND-36) (290). The RAND-36 has a dedicated pain scale consisting of two
multiple-choice questions. The first question, “How much bodily pain have
you had during the past 4 weeks?”, assesses pain intensity and is scored using
a six-point scale ranging from “Very severe” to “None”. The second question,
“During the past 4 weeks, how much did pain interfere with your normal work
(including both work outside the home and housework)?”, assesses pain
interference and is scored using a five-point scale ranging from “Extremely” to
“Not at all”. The original responses were then recoded proportionally to a
discrete scale according to RAND-36 instructions to give a final value of 0 to
100 for each question (290). Higher values indicated less pain intensity and
interference.

Information on use of pain medication was acquired from the Social
Insurance Institution of Finland. The database was searched for purchased
prescribed drugs during the previous 12 months using Anatomical Therapeutic
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Chemical (ATC) codes. Over-the-counter drugs were not included. Pain
medications were divided into three groups: 1) Nonsteroidal anti-
inflammatory drugs (NSAID) and paracetamol; 2) Weak, intermediate, and
strong opioids; 3) Neuropathic drugs, including gabapentinoids and tricyclic
antidepressants.

4.2.6 TELOMERE LENGTH (IV)

Telomere length was measured in leukocytes at both baseline and follow-up
examinations. Using commercially available kits, QTAmp DNA Blood Maxi Kit
at baseline and DNeasy Blood & Tissue Kit at follow-up (QIAGEN, Venlo, The
Netherlands), DNA was extracted from EDTA anti-coagulated peripheral
whole blood samples according to the manufacturer’s instructions. The blood
samples were stored at -20 C before and after DNA extraction. The
concentration and purity of DNA were assessed by comparing ultraviolet
absorbance at wavelengths of 260 nm to absorbance at 230 nm (260/230
ratio) for salts contaminants and at 280 nm (260/280 ratio) for other
contaminants such as proteins. Samples were considered pure and included in
the following steps if their ratio ranged from 1.7 to 2.1. DNA integrity was
assessed by electrophoresis in 0.8% agarose/0.5x Tris-Borate-EDTA with 0.1
pl/ml ethidium bromide at ~100 V for 15—25 min (291).

At both baseline and follow-up, telomere length was calculated relative to
a reference DNA, by determining the ratio of telomere DNA signal intensity
(T) to hemoglobin beta single-copy gene signal intensity (S), thus giving the
T/S ratio (255). This was achieved using real-time quantitative PCR, with
slightly different methods at both time points. At baseline using O’Callaghan’s
method (292), reaction-specific standard curves were created by including a
synthetic oligomer (Sigma, St. Louis, MO, USA) dilution series, hgb-120-mer
and tel14x, in every plate. To maintain a constant concentration of 10 ng of
total DNA per reaction, plasmid DNA (pcDNA3.1) was added to each standard.
Samples and standard dilutions were transferred as triplicates to paired 384-
well plates and dried for 24 hours at 37°C. Quality control was performed using
the Bio-Rad CFX Manager software version 1.6 (Bio-Rad Laboratories,
Hercules, CA, USA). Four genomic DNA control samples were included in all
plates in order to calibrate plate effect and monitor the coefficient of variation
(CV), calculated as the ratio of the standard deviation to the mean. The intra-
assay CV was 24.0%, whereas the inter-assay CV was 21.0%. The plate effect
was taken into account by normalizing the telomer signal and reference gene
signal to the corresponding mean of the four control samples in every plate.

At follow-up, telomere length was assessed using multiplex real-time
quantitative PCR as described by Cawthon (256), but with slight
modifications. A standardized DNA concentration of 4 ng/ul was combined
with telomere primers pair 900 nM, hemoglobin beta single-copy gene
primers pair 500 nM, and 2X master mix (iQ SYBR Green Supermix, Bio-Rad
Laboratories). The PCR assays were set up in a 384-well plate system (CFX384
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Touch Real-Time PCR Detection System, Bio-Rad Laboratories) and carried
out using the original thermal cycle (256) at a final volume of 10 pl. A 1:3 serial
dilution curve was run to assess the efficiency of the amplification, and
threshold cycles for both telomere and hemoglobin beta amplification were
assessed using the Bio-Rad CFX Manager software (Bio-Rad Laboratories).
Samples were run in triplicate, resulting in a mean CV of 6.0% for each
triplicate and a mean inter-assay CV of 6.2%.

Telomere length at baseline and follow-up correlated significantly with
each other for the whole population (r=0.255, p<0.001), as well as for men
(r=0.199, p<0.001) and women (r=0.279, p<0.001). Absolute change in
telomere length was calculated by subtracting telomere length at baseline from
telomere length at follow-up. Relative telomere length after the follow-up
period, on the other hand, was calculated by dividing follow-up telomere
length with baseline telomere length.

4.3 STATISTICAL ANALYSIS

For all studies (I-1IV), data are presented as means with standard deviations
(SD) for continuous variables and as counts with proportions for categorical
variables, unless otherwise stated. Differences between the groups,
categorized by either glucose regulation or physical performance, were
assessed using analysis of variance or the Kruskal-Wallis test for continuous
variables and Pearson’s chi-square test or the Fisher-Freeman-Halton test for
categorical variables. Normality of the variables was assessed with the
Shapiro-Wilk W-test. All tests were performed as two-tailed and the level of
significance was set at p<0.05. Statistical analyses were carried out using IBM
SPSS Statistics versions 24 and 25 (IBM Corp., Armonk, NY, USA) and Stata
Statistical Software 15.1 (StataCorp LLC, College Station, TX, USA).

In Study I, linear regression was used to assess the relationship between
baseline characteristics and overall SFT score at follow-up. Multiple linear
regression models were applied to assess the associations between the
different glucose regulation groups and the SFT score, both the overall score
and the individual test item scores. The results were presented pooled by sex,
as there were no significant interactions between sex and glucose regulation
on the SFT scores. Three models were used: Model 1 adjusted for age and sex;
Model 2 further adjusted for adult SES, smoking status, alcohol consumption,
and LTPA; Model 3 further adjusted for body fat percentage.

In Study II, the association between grip strength and glucose regulation
was assessed using multiple linear regression models. Model 1 was adjusted
for sex and age. Model 2 was further adjusted for BMI and Model 3 further for
educational attainment, smoking status, and LTPA. There were no significant
interactions between sex and glucose regulation on grip strength, and
therefore, the results were pooled by sex.
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In Study III, differences in pain intensity and interference across the
glucose regulation groups were presented separately for men and women and
were assessed using analysis of covariance. The adjusted model controlled for
age, BMI, educational attainment, BDI, and LTPA.

In Study IV, the results were presented separately for men and women, and
participants were divided into tertiles based on the overall SFT score. Linearity
across tertiles for baseline characteristics was analyzed using the Cochran-
Armitage test for trend for categorical variables and analysis of variance with
an appropriate contrast for continuous variables. Associations between
telomere measurements and SFT tertiles were assessed with an adjusted
model using analysis of covariance and regression analysis. The model was
adjusted for age at baseline, smoking status, BMI at baseline, follow-up time,
and educational attainment. A bootstrap-type test was used if assumptions
were rejected (e.g. non-normality). The Spearman method was used to
calculate correlation coefficients with 95% confidence intervals (CI) for
telomere length and the individual SFT items. A 3-knot restricted cubic spline
regression was used to evaluate a possible non-linear association between
relative telomere length and the overall SFT score. Using recommended
percentiles by Harrell Jr. (293) or user-specified points, the knots were located
at the 10th, 50th, and 9oth percentiles.

4.4 ETHICAL APPROVAL

Before initiating any study procedures, all participants signed a written
informed consent at both baseline and follow-up examinations approving
participation in the examinations and publication of the data gathered. The
studies in this thesis comply with the guidelines of the Declaration of Helsinki,
and all study protocols were approved by the Ethics Committee of
Epidemiology and Public Health of the Hospital District of Helsinki and
Uusimaa as well as the National Public Health Institute.
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5 RESULTS

5.1 PARTICIPANT CHARACTERISTICS

A total of 928 men and 1075 women were examined at the baseline clinical
examination in 2001—2004. Their mean age was 61.5 years (Table 9). Of men,
37.4% had retired from the work force, whereas the corresponding proportion
of women was 37.0%. Diabetes had been diagnosed in 9.9% of men and 5.6%
of women before the clinical examination. Altogether 9.7% of men and 7.0%
of women were diagnosed with diabetes based on the OGTT at the clinical
examination. The prevalence of IGT, 22.0% for men and 27.3% for women,
was higher than the prevalence of IFG, 10.9% for men and 3.5% for women.

Table 9 2DUHILQH FKDTDFVHTLULFU RI SDTUFLSDQW ITRP VKH 8HIULQNL 2LTVK 3RKRTV >WG[%

Variable Men (n=928) Women (n=1075)

Mean SD Mean SD
Age (years) 61.5 2.8 61.5 3.0
BMI (kg/m?) 275 4.2 27.7 5.0
Lean body mass (kg) 65.0 7.9 47.8 5.7
Body fat percentage (%) 23.8 6.0 33.9 6.9
LTPA (MET-h/day) 5.0 3.6 5.6 4.0
Educational attainment (years) 12,5 3.8 12.0 3.5

n % n %

Smoking status

Never-smoker 232 25.0 579 53.9
Ex-smoker 426 45.9 275 25.6
Smoker 270 29.1 221 20.6
Alcohol consumption
Never used/ex-user 71 7.7 78 7.3
Less than once a week 256 27.7 567 53.1
Weekly 596 64.6 423 39.6
Occupational status
In work force 491 52.9 560 52.1
Unemployed 90 9.7 117 10.9
Retired 347 37.4 398 37.0
Glucose regulation
Normoglycemia 441 47.5 608 56.6
IFG 101 10.9 38 3.5
IGT 204 22.0 294 27.3
New diabetes 90 9.7 75 7.0
Known diabetes 92 9.9 60 5.6

SD= standard deviation; BMI= body mass index; LTPA= leisure-time physical activity; MET= metabolic
equivalent of task; IFG= impaired fasting glucose; IGT= impaired glucose tolerance; New diabetes=
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newly diagnosed diabetes at the clinical examination in 2001-2004; Known diabetes= previously known
diabetes at the clinical examination in 2001-2004.

5.2 GLUCOSE REGULATION AND PHYSICAL
PERFORMANCE (1)

Study I included 475 men and 603 women. Their mean age at the follow-up
examination was 70.9 years (SD 2.7). Diabetes had been newly diagnosed in
77 participants (7.1%) at the baseline examination, whereas 50 participants
(4.6%) already had a diabetes diagnosis prior to the baseline examination
(Table 10). A total of 319 participants (29.6%) had been diagnosed with
prediabetes, including both IFG and IGT. There was a higher proportion of
women among those with normoglycemia (59.8%) and IGT (60.0%) than in
the other groups. Those with normoglycemia had the lowest BMI of all groups,
whereas those with previously known diabetes had a higher BMI than in all
other groups, except those with newly diagnosed diabetes. Body fat percentage
was higher in those with IGT than in those with IFG or normoglycemia, with
no significant difference between the other groups. In addition, alcohol
consumption and adult SES differed between the groups. There were no
differences in smoking status or LTPA between the groups.

Table 10 3KDTDFHTIULFU Rl SDTWFLSDQW LQ >WG[ 9 JTRWSHG DFFRTGLQJ VR JIWFRUH THIWIDVLRQ#
=HUWWU DTH STHUHQVHG DU PHDQU DQG WDQGDTG GHXLDWRQU WQIHUU RVKHTYLUH UVDVHGH

Variable NG IFG IGT New DM Known DM p’
n 632 74 245 77 50
Age at follow-up (years) 70.8(2.6) 704 (2.1) 714(29) 71.3(3.1) 70.8 (2.4) 0.006
Women, n (%) 378 (59.8) 29(39.2) 147 (60.0) 31 (40.3) 18 (36.0) <0.001
BMI (kg/m?) 26.3(3.9) 27.6(3.7) 279(3.8) 29.2(4.2) 30.7 (5.6) <0.001
Body fat percentage (%) 27.7(8.0) 27.7 (8.1) 30.8(7.5) 29.9(7.4) 30.1(8.7) <0.001
LTPA (MET-h/day) 6.7 (5.3) 6.5 (5.1) 6.1(5.2) 6.4 (5.6) 5.6 (4.5) 0.40
Smoking status, n (%) 0.46
Never-smoker 289 (45.8) 27 (36.5) 113 (46.1) 31 (40.3) 18 (36.0)
Ex-smoker 214 (33.9) 30 (40.5) 89 (36.3) 26 (33.9) 23 (46.0)
Smoker 128 (20.3) 17 (23.0) 43 (17.5) 20 (26.0) 9 (18.0)
Alcohol consumption, n (%) 0.018
Never used/ex-user 33 (5.3) 3(4.1) 9(3.7) 7(9.1) 5(10.0)
Less than once a week 265 (42.3) 19(25.7) 94 (38.5) 37 (48.1) 22 (44.0)
Weekly 328 (52.4) 52(70.3) 141 (57.8) 33 (42.9) 23 (46.0)
Adult SES, n (%) 0.018
Laborer 178 (28.2) 21(28.4) 63 (25.7) 21 (27.3) 26 (52.0)
Lower middle class 292 (46.2) 29 (39.2) 124 (50.6) 37 (48.1) 14 (28.0)
Upper middle class 115(18.2) 12(16.2) 35(14.3) 12 /15.6) 7 (14.0)
Self-employed 47 (7.4) 12 (16.2) 23 (9.4) 7(9.1) 3(6.0)

‘Differences between groups.
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NG= normoglycemia; IFG= impaired fasting glucose; IGT= impaired glucose tolerance; New DM= newly
diagnosed diabetes at the clinical examination in 2001-2004; Known DM= previously known diabetes at
the clinical examination in 2001-2004; BMI= body mass index; SES= socioeconomic status; LTPA=
leisure-time physical activity; MET= metabolic equivalent of task.

The association between glucose regulation and the overall SFT score is
presented in Table 11. When adjusting for age and sex in Model 1, those with
IGT, newly diagnosed diabetes, and previously known diabetes had poorer
physical performance than those with normoglycemia. Further adjustment for
adult SES, smoking status, alcohol consumption, and LTPA attenuated the
results only slightly. Adjusting for body fat percentage in Model 3 further
attenuated the associations, however, a significant difference in SFT score
remained for those with IGT, newly diagnosed diabetes, and previously known
diabetes compared with those with normoglycemia after adjusting for the
potential confounders. There was a graded decrease in the overall SFT score
for those with more severe disturbances in glucose regulation, with the poorest
result seen in those with previously known diabetes (b=-11.6, 95% CI —16.2 to
—7.0). No differences emerged in overall SFT score for those with IFG and
those with normoglycemia.

Table 11 1UURFLDVIRQ EHVYHHQ JIWFRUH THIWIDURQ DQG RXHTDN) >HQLRT 6LVIQHUU ?HU UFRTH LQ
VKH 8HIULQNL 2LTVK 3RKRTV >WG[ QO*&, -4

Model 1 Model 2 Model 3

Glucose regulation
95% CI b 95% Cl b 95% CI

Normoglycemia Ref. - Ref. - Ref. -
IFG -1.7 -58t02.4 -2.0 —-6.0t0 2.0 0.47 -35t04.4
IGT -5.1 —7.6t0-2.6 -53 —7.8t0-2.9 -2.6 -5.0t0-0.2
New diabetes -9.9 -13.9t0-5.8 -9.0 12.9to -5.1 -5.5 -93to-1.7
Known diabetes -17.0 -21.8t0-12.0 -15.7 -20.5t0-10.9 -116 -16.2t0-7.0

Model 1: adjusted for age and sex. Model 2: further adjusted for adult socioeconomic status, smoking
status, alcohol consumption, and leisure-time physical activity. Model 3: further adjusted for body fat
percentage.

b= regression coefficient; Cl= confidence interval; IFG= impaired fasting glucose; IGT= impaired glucose
tolerance; New diabetes= newly diagnosed diabetes at the clinical examination in 2001-2004; Known
diabetes= previously known diabetes at the clinical examination in 2001-2004.

In addition to having a poorer overall SFT score, those with previously known
diabetes also performed more poorly in all individual SFT items, except for the
chair sit-and-reach test, than those with normoglycemia (Figure 6). The
greatest difference was found in the 6-min walk test, where those with
previously known diabetes had a 3.4 point (95% CI —4.8 to —2.0) lower score.
Those with newly diagnosed diabetes had lower scores in the arm curl and back
scratch tests, whereas those with IGT only performed worse in the arm curl
test than those with normoglycemia.
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Figure 6 Difference in Senior Fitness Test item scores with 95% confidence intervals for
glucose regulation groups compared with normoglycemia. Results have been
adjusted for age, sex, adult socioeconomic status, smoking, alcohol consumption,
leisure-time physical activity, and body fat percentage. IFG= impaired fasting
glucose; IGT= impaired glucose tolerance; New diabetes= newly diagnosed diabetes
at the clinical examination in 2001-2004; Known diabetes= previously known
diabetes at the clinical examination in 2001-2004.

5.3 GLUCOSE REGULATION AND GRIP STRENGTH (II)

A total of 924 men and 953 women from the baseline clinical examination at a
mean age of 61.6 years (SD 2.9) were included in Study II. At the clinical
examination, 8.4% were diagnosed with diabetes and 32.2% with prediabetes.
Previously known diabetes was recorded for 7.8% of the participants.



The mean grip strength was 40.2 kg (SD 9.4) in men and 22.9 kg (SD 6.3)
in women. The difference in grip strength between the sexes was significant
(Table 12). Those who smoked or had quit smoking also had better grip
strength than those who had never smoked. In addition, lean body mass and
educational attainment were positively associated with grip strength. Age was
inversely associated with grip strength, with an annual decline of 0.7 kg
(p<0.001). No difference in grip strength was found between those with
impaired glucose regulation and those with normoglycemia in univariate
analysis.

Table 12 @QLXDTLDVH DUURFLDVIRQU EHVYHHQ SDTWFLSDQV FKDTDFVHTLUWLFU DQG JTLS UVTHQJIVKY
n=1877
Variable
b 95% CI p
Age (years) -0.7 -0.9t0-0.5 <0.001
Sex

Women Ref. - -

Men 17.3 16.6 to 18.0 <0.001
BMI (kg/m?) 0.1 -0.1100.2 0.35
Lean body mass (kg) 0.8 0.7t0 0.8 <0.001
Smoking status

Never-smoker Ref. - -

Current/ex-smoker 4.4 3.3t05.5 <0.001
Educational attainment (years) 0.2 0.1t0 0.4 0.003
LTPA (MET-h/week) 0 -0.0t0 0.0 0.19
Glucose regulation

Normoglycemia Ref. - -

Prediabetes 0.8 -0.41t02.0 0.17

New diabetes 0.3 -1.61t02.3 0.73

Known diabetes 1.9 -0.2t0 3.9 0.07

b= regression coefficient; Cl= confidence interval; BMI= body mass index; LTPA= leisure-time physical
activity; MET= metabolic equivalent of task; New diabetes= newly diagnosed diabetes at the clinical
examination in 2001-2004; Known diabetes= previously known diabetes at the clinical examination in
2001-2004.

Figure 7 shows the adjusted associations between glucose regulation and grip
strength. Only those with newly diagnosed diabetes had poorer grip strength
than those with normoglycemia when adjusted for age and sex. After adjusting
for BMI in Model 2 and further for LTPA, educational attainment, and
smoking status in Model 3, grip strength was poorer in both those with newly
diagnosed diabetes (—1.8 kg, 95% CI —3.2 to —0.5) and those with previously
known diabetes (-1.8 kg, 95% CI —3.2 to —0.4) than in those with
normoglycemia. No difference emerged in grip strength between those with
prediabetes and those with normoglycemia.
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Figure 7 Difference in grip strength for glucose regulation groups relative to normoglycemia.
Whiskers indicate 95% confidence intervals. Model 1 adjusted for age and sex. Model
2 further adjusted for body mass index. Model 3 further adjusted for educational
attainment, smoking status, and leisure-time physical activity. New diabetes= newly
diagnosed diabetes at the clinical examination in 2001-2004; Known diabetes=
previously known diabetes at the clinical examination in 2001-2004.

5.4 GLUCOSE REGULATION AND PAIN (Il

All 2003 participants in the baseline examination were included in Study III.
The mean age was 61.5 years (SD 2.8) in men and 61.5 years (SD 3.0) in women
(Table 13). A previous history of diabetes was reported in 9.9% of men and
5.6% of women. With the OGTT, diabetes was diagnosed in 9.7% of men and
7.0% of women, whereas prediabetes was diagnosed in 32.9% of men and
30.9% of women. There was a graded increase in BMI across the glucose
regulation groups, with the highest BMI in those with either newly diagnosed
diabetes or previously known diabetes and the lowest BMI in those with
normoglycemia (p<0.001). Self-rated health did not differ between the groups
for either men or women.

Table 13 3KDTDFHTIUFU IRT SDTWFLSDQW 1Q >WG[ 9%9 JTRWSHG DFFRTGLQJ VR JMWFRUH
THIWIDVLIRQ% =HUWNWU DTH STHUHQVHG DU PHDQU DQG WDQGDTG GHXLDVIRQUY

Variable Normoglycemia Prediabetes = New DM Known DM p
Men
n 441 305 90 92
Age (years) 61.3 (2.8) 61.9 (2.9) 61.5(2.8) 61.1(2.6) 0.013
Educational attainment (years) 12.6 (3.9) 12.5 (3.6) 12.0 (3.5) 11.8 (3.6) 0.16
BMI (kg/m?) 26.4 (3.4) 27.7 (3.7) 29.7 (6.0) 30.7 (4.7) <0.001
BDI (score) 4.5(4.4) 5.2 (4.6) 4.9 (4.5) 7.0 (6.0) <0.001
LTPA (days/week) 2.8(1.8) 2.6 (2.0) 2.5(1.9) 23(1.7) 0.072
Self-rated health (VAS) 78 (18) 76 (19) 77 (17) 73 (21) 0.15
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Women

n 608 332 75 60

Age (years) 61.3(2.9) 61.8 (3.3) 62.3 (3.0) 61.2 (2.8) 0.007
Educational attainment (years)  12.2 (3.6) 12.0 (3.4) 1.2 (3.2) 115 (3.2) 0.072
BMI (kg/m?) 26.5 (4.6) 28.6 (4.8) 29.7 (5.5) 32.4 (6.0) <0.001
BDI (score) 6.2 (5.5) 6.9 (5.8) 6.8 (6.9) 7.9 (6.0) 0.063
LTPA (days/week) 2.6 (1.9) 2.3(1.9) 2.4 (1.9) 8(1.8) 0.046
Self-rated health (VAS) 75 (19) 74 (20) 76 (21) 71(23) 0.26

"Differences between groups.

New DM= newly diagnosed diabetes at the clinical examination in 2001-2004; Known DM= previously
known diabetes at the clinical examination in 2001-2004. BMI= body mass index; BDI= Beck Depression
Inventory; LTPA= leisure-time physical activity; VAS= visual analog scale.

The prevalence of comorbidities in the different glucose regulation groups is
shown in Figure 8. In men and women, there were significant differences in
prevalence of cardiovascular disease between the glucose regulation groups
(p<0.001). Additionally, the prevalence of depression differed between the
glucose regulation groups, but significantly in women only (p=0.04). No
significant differences emerged in the prevalence of cancer or rheumatic
disease between the glucose regulation groups in either men or women.
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Figure 8 Comorbidities for glucose regulation groups. New diabetes= newly diagnosed
diabetes at the clinical examination in 2001-2004; Known diabetes= previously
known diabetes at the clinical examination in 2001-2004. P-values are for differences
in disease prevalence between glucose regulation groups.

A total of 15.0% of men and 21.6% of women had reported pain of at least
moderate intensity during the previous four weeks. The mean pain intensity
score was 78.2 (SD 24.1) in men and 73.4 (SD 24.9) in women, corresponding
to a pain intensity of “very mild” to “mild”. The pain intensity score differed
between men and women (p<0.001). On the other hand, the mean pain
interference score was 87.7 (SD 21.1) in men and 84.0 (SD 21.7) in women,
equivalent to pain interfering “not at all” to “a little bit” with normal work
including housework during the past four weeks. The score differed
significantly between men and women (p<0.001). When comparing the
glucose regulation groups, no differences in pain intensity or pain interference
were present in either men or women after adjusting for age, sex, educational
attainment, BDI, and LTPA (Table 14).

Table 14 <DLQ LQUHQUWV[ DQG LQVHTIHTHQFH UFRTHU" DFFRTGLQJ VR JIWFRUH THIWIDVRQ JTRWSU}
=HUWWU DTH STHUHQVHG DU PHDQU DQG .+  FRQILGHQFH LQVHTXDIU#

Normoglycemia Prediabetes New diabetes Known diabetes  pt
Men
n 441 305 90 92
o 77.2 79.3 79.9 78.0
Painintensity (75 15 79.3) (76.7 10 81.8) (75.7 t0 84.0) (73.0 0 83.0) 0.56
Pain interference 86.5 89.1 90.0 86.2 0.16
(84.7 to 88.4) (87.1 10 91.0) (86.4 to 93.5) (81110 91.3) :
Women
n 608 332 75 60
Pain intensity 73.3 73.9 74.1 72.3 0.96
(714 1075.2) (71.5 10 76.3) (68.3 to 80.0) (65.5 0 79.0) :
. 84.4 84.1 84.7 79.9
Pain interference 55 & 15 86.0) (81.9 10 86.4) (79.6 10 89.7) (73.9 t0 85.9) 0.57

"Scores are adjusted for age, sex, educational attainment, Beck Depression Inventory score, and leisure-
time physical activity.

TDifferences between groups.

New diabetes= newly diagnosed diabetes at the clinical examination in 2001-2004. Known diabetes=
previously known diabetes at the clinical examination in 2001-2004.

During the past 12 months 22.2% of men and 30.8% of women had been
prescribed pain medications. The most commonly prescribed pain
medications were NSAID and paracetamol. Only 2.6% of men and 1.7% of
women had been prescribed opioids, whereas the corresponding proportions
for neuropathic pain medications were 0.8% and 1.0%. Figure 9 shows the
proportions of participants who had been prescribed pain medications in each
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glucose regulation group, separately for men and women. None of the
participants with previously known diabetes had been prescribed neuropathic
pain medications. No differences emerged in any of the prescribed pain
medication classes in either men or women when comparing the glucose
regulation groups (all p-values = 0.12).

Men
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8
|

Proportion (%)
o
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5
0 |_| |—| [
Any pain NSAID or Opioids Neuropathic pain
medication Paracetamol medication

O Normoglycemia

0O Prediabetes
Women )
O New diabetes

@ Known diabetes

Proportion (%)
3 & 8 B 8

o

0 l_||_|-l e

Any pain NSAID or Opioids Neuropathic pain
medication Paracetamol medication

Figure 9 Prescribed pain medication according to glucose regulation groups. New diabetes=
newly diagnosed diabetes at the clinical examination in 2001-2004; Known diabetes=
previously known diabetes at the clinical examination in 2001-2004; NSAID=
Nonsteroidal anti-inflammatory drugs.
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Results

5.5 TELOMERE LENGTH AND PHYSICAL
PERFORMANCE (IV)

Study IV included 453 men and 582 women who participated in both the
baseline and follow-up examinations. The mean follow-up time was 9.7 (range
7.7—11.5) years for all participants. Higher BMI was associated with lower SFT
score in both men and women (Table 15). In both sexes, those with higher
educational attainment had better physical performance (p<0.001). Women
who were smokers or ex-smokers had lower SFT scores than never-smokers.
No similar association was found in men.

Table 15 @QLXDTLDVH DUURFLDWIRQU EHVYHHQ SDTWFLSDQV FKDTDFVHTLULFU DQG RXHTDN >HQLRT

6lIQHUU ?HW UFRTH VHTOHU% =HUWWU DTH STHUHQHG DU PHDQU DQG UVDQGDTG
GHXIDWLRQU WQIHUU RVKHTYLUH UVDVHGH

Men (n=453) Women (n=582)
Variable

1 1] 1] 1 1] m
SFT score (range) 5-33 44-50 52-100 5-39 40-55 56-100
n 149 152 152 198 194 190
Age at baseline (years) 61 (3) 61 (3) 60 (2) 61(3) 61 (3) 61 (3)
BMI (kg/m?) 28.4(3.8) 27.2(3.5) 26.1(2.6) 29.0(3.5) 26.8(4.2) 25.4(3.2)
Educational attainment (years) 11.9(3.5) 13.6(3.9) 13.6 (3.8)° 11.5(3.4) 122(3.4) 12.9(3.4)
Current or ex-smoker, n (%) 106 (71) 99 (65) 106 (70) 95 (48) 74 (38) 59 (31)

"p<0.001 for linearity across tertiles.
SFT= Senior Fitness Test; BMI= body mass index.

The mean telomere T/S ratio for men was 1.38 (SD 0.29) at baseline and 0.81
(SD 0.27) at follow-up (Table 16). Women had longer telomere length
compared to men at both baseline (1.42, SD 0.29) and follow-up (0.89, SD
0.32). In addition, women had less telomere attrition during the follow-up
than men (p=0.037).

Table 16 ?HIRPHTH PHDUWTHPHQW IRT SDTWFLSDQW LQ >WG[ 9A¥%
Men (n=453) Women (n=582)
Measurement )
Mean SD Mean SD P
Telomere length (T/S ratio)
Baseline 1.38 0.29 1.42 0.29 0.030
Follow-up 0.81 0.27 0.89 0.32 <0.001
Telomere attrition
Absolute change (T/S ratio) -0.57 0.35 -0.52 0.37 0.037
Relative telomere length 0.61 0.65

‘Differences between sexes.

SD= standard deviation.
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Telomere length for each tertile of overall SFT score in men and women is
presented in Figure 10. At baseline, there were no differences in telomere
length for the SFT tertiles in either men (p=0.87) or women (p=0.45).
However, at follow-up, there was a linear increase in telomere length for
higher SFT scores in women (p for linearity= 0.021), but not in men (p=0.56).
The association in women remained significant after adjusting for age, BMI,
educational attainment, smoking status, and follow-up time (p=0.044) and in
men remained non-significant (p=0.13).

Men
16
14
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12
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HH

0.6
0.4

Telomere length (T/S ratio)
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1l I} | Il 1
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Women
16
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14
1.2

1.0

HH

0.8
0.6
0.4

Telomere length (T/S ratio)
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0.0
| Il n | I 1l

Baseline Follow-up

Figure 10  Telomere length at baseline and follow-up according to tertiles for overall Senior
Fitness Test score. Whiskers indicate 95% confidence intervals.
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Figure 11 illustrates the association between relative telomere length and
overall SFT score after follow-up. Greater relative telomere length was
associated with better overall SFT score in women, both in the crude analysis
(p=0.039) and after adjusting for age, BMI, educational attainment, smoking
status, and follow-up time (p=0.022). No similar association was found in men
in either the crude (p=0.86) or the adjusted (p=0.65) analyses.

Women Men
0.8 4

Relative telomere length at follow-up

0.2 -

r v T M T v T v T ¥ 1 I v T v T v T v T v 1

0 20 40 60 80 100 0 20 40 60 80 100
SFT at follow-up SFT at follow-up

Figure 11 Association between relative telomere length at follow-up and the Senior Fitness Test
(SFT) results derived from 3-knot cubic spline regression models. The gray areas
represent 95% confidence intervals. Results were adjusted for age, body mass index,
educational attainment, smoking status, and follow-up time. =HSTRGWFHG YLK
SHTPLUULRQ ITRP SIUHXIHTH 3 TLILQDO ILIWTH LQ >VWG[ A%

The correlations between telomere measurements and the individual SFT
items are presented in Table 17. In men, baseline and follow-up telomere
length did not correlate with any of the SFT items. In women, only one
significant correlation was found between telomere length at follow-up and
chair-stand. Telomere attrition during follow-up did not correlate with the
SFT items in either men or women.
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Table 17 >SHDTPDQ FRTTHIDWRQ EHVYHHQ VHIRPHTH PHDUWTHPHQW DQG VKH >HQLRT 6LVQHUU
?HUW WHP Uk =HUWW DTH STHUHQVHG DU FRTTHIDWRQ FRHIILFLHQW YLK .+  FRQILGHQFH

LQVHTXDOU%

Telomere Arm curl Chair stand Back scratch  Chairsit:and- o i walk
measurement reach
Men (n=453)

Baseline 0.07 0.10 -0.02 0.02 0.09

(£0.02100.16)  (-0.01t00.19) (-0.11100.07) (~-0.08100.10) (-0.01 to 0.18)
E 0.07 0.20 -0.03 0.03 0.06
ollow-up

Absolute change

Women (n=582)

Baseline

Follow-up

Absolute change

(-0.03 to0 0.16)

0.00
(~0.09 to 0.09)

0.01
(~0.07 to 0.09)

0.07
(~0.01 to 0.15)

0.04
(~0.04 t0 0.13)

(=0.07 to 0.11)

-0.06
(-0.15 t0 0.03)

0.04
(-0.04 t0 0.12)

0.13
(0.05 to 0.21)

0.05
(~0.03 t0 0.13)

(-0.12 to 0.06)

0.02
(-0.07 to 0.11)

-0.05
(-0.13 t0 0.04)

0.04
(0.04 t0 0.12)

0.06
(~0.03 to 0.14)

(~0.06 t0 0.13)

0.02
(-0.07 to 0.11)

-0.01
(-0.09 to 0.08)

0.03
(-0.05t0 0.11)

0.04
(~0.04 to 0.12)

(-0.04 to 0.15)

-0.05
(-0.14 t0 0.04)

0.01
(-0.07 t0 0.09)

0.03
(-0.05t0 0.11)

-0.01
(~0.09 to 0.08)
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6 DISCUSSION

6.1 SUMMARY OF MAIN FINDINGS

This thesis investigated whether disturbances in glucose regulation are
associated with physical performance in older adults. Both cross-sectional and
longitudinal data with a follow-up time of nearly 10 years were used in the
analyses. Impaired glucose regulation was assessed using the oral glucose
tolerance test, whereas physical performance was objectively measured using
both the SFT and grip strength. This thesis also evaluated whether impaired
glucose regulation is associated with increased pain intensity or interference
or increased use of prescribed pain medications relative to normal glucose
regulation. Finally, the relationship between telomere length and physical
performance was assessed.

A clear relationship was observed between impaired glucose regulation and
poor physical performance. More severe disturbances in glucose regulation
were associated with a lower overall SFT score after 10 years of follow-up, with
the lowest score in individuals with previously known diabetes. In cross-
sectional analysis, those with diabetes, including both previously known and
newly diagnosed diabetes, also had lower grip strength than individuals with
normoglycemia. In addition to individuals with diabetes, those with IGT had
poorer physical performance measured with the SFT than those with
normoglycemia. However, grip strength did not differ between those with
prediabetes and normoglycemia.

Pain was a common symptom in the study population, with one-fifth of
women and nearly one-sixth of men reporting pain of at least moderate
intensity during the past month. Although disturbances in glucose regulation
have been associated with painful conditions, no increased pain intensity or
pain interference was reported in individuals with diabetes or prediabetes
compared with those with normoglycemia after adjusting for several
confounders. In addition, no increased use of prescribed pain medications was
reported in individuals with impaired glucose regulation relative to individuals
with normoglycemia. Thus, there was no indication that diabetes or
prediabetes alone increases the burden of pain in adults.

In cross-sectional analysis, shorter telomere length was linearly associated
with poorer physical performance in women but not in men. In addition,
women with greater telomere attrition during the 10-year follow-up had
poorer physical performance. No similar associations between telomere length
and physical performance were found in men. These results give some support
for the use of telomere length as a biomarker of physical performance in
women.
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6.2 GLUCOSE REGULATION AND OBJECTIVE
MEASURES OF PHYSICAL PERFORMANCE

This study reported an inverse relationship between more severe disturbances
in glucose regulation and physical performance measured with the SFT. A
similar relationship has not been well established earlier. Those with
previously known diabetes performed more poorly in four of the five SFT test
items than those with normoglycemia, suggesting that diabetes is associated
with a decline in several aspects of physical performance, including strength,
flexibility, and endurance. However, those with newly diagnosed diabetes had
alower score in only two test items than individuals with normoglycemia. This
finding, in line with previous studies, indicates that not only the presence but
also the duration of diabetes are important risk factors for decreased physical
performance (160, 294).

In addition to those with diabetes, individuals with IGT also performed
worse in the SFT than individuals with normoglycemia. This indicates a
relationship between declining body functions important for maintaining
normal physical performance and early stages of impaired glucose regulation
prior to the development of diabetes. However, no difference in the SFT score
was found between those with IFG and normoglycemia. This finding supports
previous studies suggesting that IGT is a more severe form of impaired glucose
regulation than IFG. For example, IGT has been more strongly related to
cardiovascular disease outcomes and all-cause mortality than IFG (295).

Besides performing more poorly in the SFT test battery, those with newly
diagnosed or previously known diabetes also had lower grip strength than
individuals with normoglycemia (Study II). Arm strength measured as
number of arm curls was also lower among those with diabetes than those with
normoglycemia (Study I). This indicates that diabetes is strongly associated
with decreased strength in the upper extremities. On the other hand, IGT but
not IFG was associated with lower number of arm curls, whereas no
differences in grip strength were found between individuals with prediabetes
and individuals with normoglycemia. Performing an arm curl requires
activation of the muscles in the upper arm, whereas grip strength is mainly
dependent on the smaller muscles in the forearm. Thus, the results suggest
that at early stages of impaired glucose regulation and particularly at the stage
of IGT, larger muscle groups are primarily affected. This theory is supported
by previous studies showing that hyperglycemia affects strength in the lower
extremities, consisting of large muscle groups, at a higher degree than in the
upper extremities (186, 296). Although there are some reports suggesting
decreased grip strength in individuals with prediabetes, these studies have
varied in age and ethnicity of the study population and have used different
methods for assessing glucose regulation, such as only using HbA,. or fasting
plasma glucose (185, 297). Thus, a comparison of results from previous studies
with the results from this thesis cannot be made and the association between
prediabetes and grip strength remains somewhat unclear.
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Numerous mechanisms could explain the decreased physical performance
in individuals with impaired glucose regulation. First, hyperglycemia and
insulin resistance have been associated with both decreased muscle mass and
muscle strength (296, 298, 299). This is due to intra-muscular fat
accumulation and increased protein catabolism, both of which are accelerated
by insulin resistance (300). These changes in muscle mass and composition
further aggravate glycemic control, as skeletal muscles are important sites for
glucose uptake (301). Second, diabetes is associated with increased levels of
oxidative stress and low-grade inflammation, which can be measured with
markers such as tumor necrosis factor alpha and C-reactive protein (302).
These inflammatory markers have also been linked to poor muscle strength,
indicating that chronic inflammation could be a common denominator for
diabetes and poor physical performance (303). Third, complications and
comorbidities of diabetes, and to a lesser extent also prediabetes, may cause
disabling conditions that have a negative impact on physical performance.
Examples of these conditions are limb amputations due to peripheral vascular
disease, macrovascular complications, such as stroke, reduced cognitive
function, and musculoskeletal comorbidities, including tenosynovitis in the
hand and osteoarthritis (147, 233). Finally, other factors, such as
mitochondrial dysfunction and lower levels of physical activity, may cause
both hyperglycemia and loss of muscle mass and are therefore possible
mechanisms explaining the association between impaired glucose tolerance
and decreased physical performance (182).

The results of this study indicate similar pathways affecting physical
performance and the development of impaired glucose regulation in older
adults. The inverse association between more severe disturbances in glucose
regulation and physical performance reported in this thesis stresses the
importance of detecting abnormal glucose regulation at early stages. This can
be achieved by screening individuals with a high risk of developing diabetes
such as obese individuals or those with a family history of diabetes. Early
interventions in these individuals, including dietary changes and encouraging
physical activity, may further reduce the risk of developing disturbances in
glucose regulation. In addition, these interventions can be used to prevent the
progression to diabetes among individuals already diagnosed with prediabetes
(304).

This study also added to the evidence of using grip strength as a health
marker in adults. Grip strength has been shown to be an indicator of overall
muscle strength and muscle quality and can be used to predict physical
limitations later in life (305). Poorer grip strength has also been associated
with increased risk of cardiovascular and overall mortality (106). Moreover,
this study found an inverse association between diabetes and grip strength,
which has not been well established previously. As grip strength is an
accessible and rapid measure, this study supports the use of grip strength in
any comprehensive geriatric assessment to determine the overall health status
of older individuals.
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6.3 GLUCOSE REGULATION AND PAIN

The prevalence of pain among the participants in this study was similar to
previous studies. Breivik and colleagues assessed pain prevalence in adults
from 15 European countries and found that 19% had experienced moderate or
severe pain during the past six months (207). Likewise, an Australian study
reported an overall prevalence of 22.1% for chronic pain at a mean age of 49.8
years (306). Contrary to previous studies (307, 308), participants with
impairments in glucose regulation did not report more pain than participants
with normoglycemia, even after controlling for possible confounders. In those
with prediabetes or diabetes, pain was not experienced at a higher intensity,
nor did pain interfere more with normal work than in those with
normoglycemia. Self-rated overall health was also similar for all individuals.
Thus, the findings suggest that pain is a common condition in older adults, but
the etiology of pain is complex and multifactorial and cannot be explained by
impairments in glucose regulation alone.

Neuropathy is a common and potentially painful complication of diabetes
(309). Some studies have also suggested that neuropathy and even painful
neuropathy may develop already at the stage of prediabetes (310). Although
neuropathy was not assessed in this study, the use of neuropathic pain
medications was no higher among those with prediabetes or diabetes than
among those with normoglycemia. Previous studies have reported a strong
association between diabetes duration and neuropathy (311). In this study,
glucose regulation and pain were assessed only at one time point, however, no
difference in pain intensity or use of neuropathic pain medication emerged
between those with newly diagnosed and those with previously known
diabetes. This study therefore showed no indications that the presence of
prediabetes or diabetes or the duration of diabetes increases the burden of
neuropathic pain.

Several factors could explain why, in contrast to previous reports, no
association between pain and impaired glucose regulation was found in this
study. Numerous tools have been developed for assessing pain and this is
problematic when attempting to compare results from studies evaluating pain
intensity and interference. The RAND-36 questionnaire was used in this study
for pain assessment and included pain of any duration that had occurred
during the past month. On the other hand, many previous studies investigating
the link between pain and diabetes have focused on chronic pain with a
minimum duration ranging from 3 months to up to one year (237, 312). These
studies have therefore not accounted for sub-chronic pain that may be
commonly present also in individuals without disturbances in glucose
regulation. The definition of diabetes is another factor that may explain the
inconsistent findings. Studies defining diabetes only with self-reports are
unable to include those with undiagnosed diabetes, which in this study
accounted for over half of all cases of diabetes. Individuals with undiagnosed
diabetes may have differing pain characteristics than those with previously
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known diabetes, and this may bias the results. Finally, pain has been shown to
increase with age (313), and the present study included participants in a
narrow age range with a mean age of 61.5 years. A small difference in pain
between the different glucose regulation groups may therefore go undetected,
as pain was such a common symptom among the participants.

From a public healthcare viewpoint, the findings of this study were
optimistic. The high self-rated health and low pain burden among individuals
with prediabetes and diabetes may be the result of active follow-up and
treatment of both hyperglycemia and other metabolic disturbances. The low
use of neuropathic pain medication in those with disturbances in glucose
regulation is another indicator suggesting effective primary prevention of
diabetes complications including neuropathy. These findings support previous
reports that advancements in treatment of individuals with diabetes as well as
patient education have improved the health status of individuals with diabetes

(314).

6.4 TELOMERE LENGTH AND PHYSICAL
PERFORMANCE

Whether or not an association between telomere length and physical
performance exists has not been established. In this study, both telomere
length and telomere attrition were associated with physical performance, but
only in women. The inconsistent findings in the literature may be due to
several factors. Most studies have used quantitative PCR as the method for
measuring telomere length (274, 276). Although this is a fast tool for analyzing
large sample sizes, telomere length is given as a relative measure. This hinders
direct comparison of results between studies. In addition, the method can be
considered imprecise since the coefficient of variation is usually large (257).
Due to this inaccuracy, the PCR method may fail to detect significant changes
in telomere length if sample sizes are small. The study setting may also
influence the association between telomere measurements and physical
performance. Cross-sectional studies are unable to report any change in
telomere length over time, which may be a better predictor of health outcomes
than telomere length measured at one time point (315). Lastly, differences in
the age of study populations may explain the inconsistent findings, as it has
been suggested that telomere length could be a better predictor of health
outcomes in younger adults than in older individuals (316).

Telomere shortening and poor physical performance share numerous
common pathways. Markers of chronic inflammation and oxidative stress
have been associated with both shorter telomeres and decreased physical
performance in older adults (317-319). A direct link between telomeres and
physical performance may occur when telomeres reach a critically short
length, inducing cell cycle arrest, cellular senescence, and apoptosis (245). If
this occurs in muscle tissue, it may cause loss of muscle mass and muscle
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function, which may affect physical performance negatively. In addition,
senescent cells have been shown to secrete proinflammatory cytokines, which
further increase the load of chronic inflammation (320). Although physical
activity is important in order to maintain physical performance, it is unclear
whether physical activity also has an effect on telomere length or rate of
telomere attrition (321).

Sex differences affecting telomeres may explain why the association
between telomere length and physical performance was significant only in
women. As reported in many previous studies, also in this study women had
longer telomeres than men at both baseline and follow-up (322). This can at
least to some extent be explained by differences in sex hormones. Estrogen has
been shown to decelerate the production of harmful oxidative products and
upregulate antioxidant genes (323). This reduces the burden of oxidative
stress and may decrease the rate of telomere attrition. Similar antioxidant
features have not been reported for testosterone (324). In addition, estrogen
has been noted to increase telomerase activity, which helps maintain telomere
length (325). The rate of telomere attrition is not constant but correlates with
telomere length at baseline, with faster attrition among individuals with longer
telomeres (326). Thus, as women have longer telomeres than men, it may be
easier to detect differences in telomere length among women over time.
Finally, differences in health behaviors between the sexes could also explain
the results. Women who performed best in the SFT had significantly lower
BMI and were less likely to have had a smoking history than those with the
poorest result. The differences were not as marked in men.

6.5 STRENGTHS AND LIMITATIONS

The methodology used in this thesis has several strengths. The Helsinki Birth
Cohort Study is a large cohort consisting of both men and women. This thesis
included a randomly selected study population of over 2000 men and women,
more than half of whom had participated in both the baseline and follow-up
examinations. All participants were well characterized, with diverse
information on health status, socioeconomic background, and anthropometric
measures being acquired. This enabled controlling for a variety of possible
confounders.

A major strength was the use of an OGTT to objectively assess and
accurately categorize individuals based on disturbances in glucose regulation.
During an OGTT both fasting glucose and post-load glucose levels are
measured, and it is the recommended method for diagnosing disturbances in
glucose regulation in Finland (327). The importance of measuring the 2-hour
post-load glucose values has been shown in previous studies, as measuring
only fasting plasma glucose with or without HbA,. will fail to detect over half
of individuals with prediabetes or diabetes (328). In addition, an OGTT is the
only way to detect IGT. Multiple sources of information were also used to

67



Discussion

distinguish participants with a previous diabetes diagnosis, including self-
report, use of medication, and medical records.

In Studies I and IV, physical performance was objectively assessed using
the extensive SFT battery. The SFT evaluates different aspects of physical
performance, including muscle strength and flexibility in the upper and lower
extremities and aerobic endurance, important for older adults when
performing daily tasks. Tests that only evaluate single muscle groups, such as
the leg extension test, may not give an accurate estimation of the overall
physical fitness level of individuals. Another popular test battery, the SPPB,
includes tests that only measure lower extremity performance. In addition,
some test items of the SPPB have been shown to be too easy for community-
dwelling adults, but too difficult for individuals in residential care homes,
thereby unable to detect differences in physical performance within these two
populations (329).

The RAND-36 survey used to assess pain intensity and interference is
equivalent to the SF-36 Health Survey and is a commonly used instrument to
evaluate not only pain but also other aspects of health-related quality of life,
including physical health, social functioning, and emotional well-being (330).
It is a generic survey, thereby applicable in a variety of populations regardless
of age and health background, and only takes 7-10 minutes to complete. The
questionnaire has been shown to be valid and reliable in the Finnish
population (331).

This thesis also has limitations. Although the follow-up time in Studies I
and IV was almost 10 years, the SFT was assessed only at the follow-up
examination. Any possible change in physical performance between the two
time points could not therefore be reported. There may also have been a
change in glucose regulation in individuals during the follow-up, which could
explain why prediabetes was not associated with grip strength at baseline, but
IGT was associated with SFT at follow-up.

Several covariates were included as possible confounders in the analyses,
however, there may be other unmeasured and unknown confounders that
could affect the results. Unfortunately, no data on diabetes neuropathy or
peripheral vascular disease were available. These are important complications
of diabetes that may affect both physical performance and increase the risk of
pain. Only prescription pain medications were included in Study III, which
may be a source of bias. In 2007, the proportion of total sales attributable to
over-the-counter sales was approximately one-fourth for paracetamol and
nearly half for ibuprofen (332). Thus, although no increased use of prescribed
pain medication was found in individuals with impaired glucose regulation, it
is possible that these individuals used over-the-counter medications to reduce
their pain intensity and interference.

Telomere length was measured at both baseline and follow-up, which
allowed assessment of how telomere attrition over time was associated with
physical performance. However, the inter-assay coefficient of variation was
markedly higher at baseline (21.0%) than at follow-up (6.2%), which is likely

68



due to the slightly different PCR methods used for measuring telomere length.
This difference in methodology could explain why telomere length at baseline
was not associated with physical performance.

Studies II and III were cross-sectional, which prevented the assessment of
causality. Although the desired sample size of 2000 participants in the
baseline examination was achieved, not all of those invited participated in this
examination. Thus, the possibility exists that the study population was
healthier than the general population due to participation bias. The
participants in this thesis were Caucasian and all were born in a restricted area
of southern Finland. In addition, all participants were within a narrow age
range. These factors should be taken into account when interpreting the
results and before extrapolating the results to other populations.

6.6 SUGGESTIONS FOR FUTURE RESEARCH

Finding ways to predict and prevent a decline in physical performance among
older adults is important in order to promote independence and good quality
of life in our aging population. This thesis adds to the knowledge on the
association between impaired glucose regulation and poor physical
performance, however, several questions remain unanswered. Future
longitudinal studies should assess how disturbances in glucose regulation
affect physical performance over time, measuring physical performance at
multiple time points. In particular, it would be important to determine
whether different domains of physical performance, including strength in the
upper or lower extremities or aerobic endurance, are affected differently by
impaired glucose regulation. This information could help tailor interventions,
such as resistance training, to target the areas of physical performance most
affected. In addition, an interesting topic would be to evaluate how treatment
of prediabetes and diabetes and their comorbidities affect the risk of poor
physical performance later in life.

The somewhat surprising finding of no increased pain among individuals
with impaired glucose regulation warrants further investigations. Prediabetes
and diabetes may cause painful conditions slowly over several years. Thus,
longitudinal studies with sufficient follow-up time are needed to assess
whether disturbances in glucose regulation cause increased pain during aging.
Pain was a common symptom in the overall study population, including
individuals with normoglycemia. This suggests that pain arises from several
causes and conditions. Identifying the most important etiological factors for
pain is important in order to be able to target these factors and consequently
prevent the development of potentially disabling pain.

The usability of telomere length as a biomarker of aging remains unclear.
Although this thesis found some evidence for using telomere length to assess
and predict physical performance in older adults, this seemed to be relevant
only in women. More longitudinal data are needed, ideally with an even longer

69



Discussion

follow-up time and a larger sample size than in this thesis, in order to evaluate
the full potential of using telomere length as a biomarker not only of physical
performance but also other conditions associated with aging. Assessing how
different levels of physical performance affect telomere length and telomere
attrition over time is another interesting research subject. As techniques for
measuring telomere length evolve, it may be possible to measure absolute
telomere length more accurately and consistently in the future, making it
easier to compare results between studies.
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7 CONCLUSIONS

This thesis investigated whether age-related conditions and biological changes
are associated with physical performance, focusing on glucose regulation and
telomere length. Based on the findings, the following conclusions can be
drawn:

1.

A strong relationship exists between impaired glucose regulation and
physical performance in older adults, particularly among individuals with
diabetes.

Decreased physical performance may occur in the early stages of impaired
glucose regulation, prior to the development of diabetes.

An inverse association between diabetes and grip strength exists,
supporting the use of grip strength as a health marker in adults.

Impairments in glucose regulation alone do not seem to increase the
burden of pain or the use of pain medication in adults.

Telomere length and telomere attrition are associated with poor physical
performance, at least in women, suggesting that telomere length could be
used as a biomarker for assessing and predicting decreased physical
performance in older adults
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IN CONCLUSION,
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THE BEST THESIS DEFENSE 15 A GOOD THESIS OFFENSE.

Figure 12  “Thesis defense” by xkcd.com licensed under CC BY-NC 2.5.
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