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Abstract

Frailty captures typical age-associated health declines in multiple physiological
systems which lead to increased vulnerability and ultimately, adverse outcomes.
Declines in the musculoskeletal system both contribute to and are a consequence of
frailty. We hypothesised that a cohort with single-age older women and long follow-
up, would provide unique data on biological vs chronological age in relation to
frailty and its progression, and also regarding osteoporosis and fragility fracture.

All studies were performed in the Malmd Osteoporosis Prospective Risk
Assessment (OPRA); 1044 community-dwelling women, all aged 75 at inclusion
with re-evaluation at age 80 and 85. Detailed information from physical
examinations and questionnaires was collected at all visits. Fractures and mortality
were followed for ~15-years. Falls were self-reported for the previous 1-year. At
baseline a subjective visual evaluation of general health (VPH) was performed. A
frailty index (FI) was created using variables available at all three evaluations.

At age 75, almost half the women (48%) were in good health (FI 0.0-0.1), dropping
to 25% at 80y and 14% by 85y. Frailty progression was ~7% annually. A higher
frailty index (i.e. higher biological age) was equivalent to being chronologically 5-
10-years older and was associated with up to three-fold higher mortality.

Frailty was associated with bone density (overall p.=0.006) and was a predictor,
not just of falls, but frequent falls for more or less the remaining lifetime (10-yrs:
OR 3.04). Among women who had not yet acquired a history of falling, frailty was
a stronger predictor of falling in future (5-yrs: OR 3.06). Frailty was associated with
a higher risk of fractures, and risk was imminent; within 24 months. Frail women
had a 2-4 times higher risk of hip fracture, within 1-yr. Within 2-yrs the risk of a
major osteoporotic or any fracture was also doubled, independent of BMD.

A subjective visual perception of health correlated with frailty but was strongest in
those looking unhealthy (r=0.42, p<0.001). One consequence of discordance
between methods is that pre-frail women appearing healthy had higher mortality
than those who looked well and were non-frail (log rank test; p=0.015).

In conclusion, an older woman who is frail risks low bone density, falls and
fractures, beyond that expected based on chronological age alone. Since
osteoporosis and fragility fractures are primarily age-related diseases, addressing
them in the context of frailty could improve strategies to facilitate “healthy ageing”.
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Preface

My first real encounter with academic research was in the 10" semester of medical
school. During this period the emphasis was on writing and defending a master’s
thesis, and I had no clue in what area of research I wanted to start. At that time, I
had no specific interest in a particular field of medicine but rather had the feeling
that whatever I did last was the most interesting. After asking for advice from a
study counsellor I was introduced to Professor Kristina Akesson who was the head
of the department of Clinical Sciences in Malmo, specializing in clinical and
molecular osteoporosis research. She introduced me to the concept of frailty and
suggested that I should write something on this in connection with bone health.
Frailty to me was vague and, in all honesty, didn’t sound overly exciting, but
Kristina had an infectious enthusiasm that impressed me, and I thought the task
would fit in well with my life with small kids, so I went along. But, as with
everything you throw yourself into really deep, frailty research embraced me and
turned out to be a truly interesting and unexplored field. Being a young research
field there are still many question marks to be straightened out and some are quite
fundamental. For instance: what is it? It is defined as a state of increased
vulnerability but vulnerability itself is less clear. One is clearly vulnerable being
without social contacts and no money, but does that make you frail? Disability and
comorbidities could make you vulnerable, but do they also make you frail? The
debate on what should go into frailty and how it should be measured is certainly
bustling and probably will be for many years.

From initially measuring frailty by just eye-balling to today’s -omics analyses it’s a
long step and the field is moving in giant strides, but there is still much to be done
before a “gold standard” is established. With the current trends in geriatrics that go
from treating a single organ dysfunction to look at the combined effects in the body
as a whole, frailty research is a hot topic. Even if I’'m certain of its clinical value
there are two questions that keep lingering in my mind and pop up while I'm
woodturning in solitude behind my lathe. Why do people age differently? Can we
find those at risk and stop the progress?
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Context of this thesis

This thesis was carried out within the clinical and molecular osteoporosis research
group. The research focus is on investigating clinical and genetic risk and protective
factors that are associated with fracture. This includes the acquisition of maximum
‘peak’ bone mass in young adulthood, to changes in bone mineral density (BMD)
and the effects of ageing on musculoskeletal health.

Fractures in the older population are common, and women are more affected than
men, the reason that they are the primary focus of the research group. Fractures have
serious consequences both in terms of health costs and also at a personal level. Most
importantly, suffering a fracture is often a life changing event and leads to more
fractures.

Low bone mineral density (BMD) is one of the most important factors contributing
to fracture, and used to diagnose fracture risk. But there are still problems: not all
women that fracture have low BMD and not all women with low BMD will fracture.

Since the current strategies for predicting and preventing fractures are insufficient
other avenues must be explored, and in the group, research has also included
physiological areas associated with ageing, like renal function, the endocrine and
immune systems and neuromuscular function, and how they can affect fracture risk.

Non-skeletal risk factors also exist for fracture; one such is propensity to fall, which
as we grow older becomes even more important than BMD. And this is where frailty
research becomes relevant. Frailty is holistic in its concept and captures age-related
changes in a multitude of physiological systems. It is therefore a compelling
possibility that the syndrome will capture a number of risk factors, which by
themselves do not significantly contribute to risk.

This assumption was also the initial reason underlying my thesis. While frailty and
fracture in geriatric settings has been quite well studied, there is still a substantial
gap in knowledge at the population level. How frailty associates with
musculoskeletal adverse outcomes, and ultimately whether measuring frailty could
be useful in managing and preventing fracture.

With more knowledge comes new methods and new questions and with the aid of
my supervisors we’ve tackled the many crossroads and dropped more than a few
ideas.

17






Introduction

” I hope I die before I get old, Talkin' 'bout my geeeeneration”. (P. Townsend)

For most of us, frailty is well recognized and something we’ve encountered in older
relatives or the older population in general. The typical presentation of a thin old
lady with a hunched back slowly walking the pavement we all know, and we
instinctively know that these individuals are fragile. However, while the clinical
presentation of frailty has long been recognized in the geriatric field (Figure 1), it
has been surprisingly difficult when it comes to clearly define what it really is.

Over time the concept of frailty has evolved from the elusiveness of “human
frailties” into a holistic model aiming to quantifiably capture the full spectrum of
age-related changes in the body. With age comes frailty but people age differently
and some become old in a faster pace than others (1), a fact well-known for anyone
that ever attended a class-reunion. This heterogeneity in ageing (biological versus
chronological age) also increases as we age; often a striking difference can be seen
when comparing the physical health of two 80-year-old individuals. Why some
people experience an accelerated physical and cognitive decline is not yet fully
known but is certainly a research field of great importance, considering the
protracted time in dependence and poor quality of life that often ensues.

With advancements in health care and increased social and economic prosperity in
the Western world comes an expected change in the demographics towards a higher
proportion of old and very old; more than one third of the population in Europe is
expected to be over 60 years old by 2050 (2). In a perfect world we could all enjoy
what is referred to as “successful aging”(3, 4) with a long healthy life and only a
short period of decline before our demise (5), but increased longevity does not
automatically lead to prolonged years in good health and some will have to suffer
the discomforts of protracted health problems and disability. In the context of these
forthcoming challenges for society, research into frailty is a vital part of preserving
health and an active life, as long as possible.
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Clinical Presentation In The Frail Individual

v v v v
Extreme fatigue Balance and gait Fluctuating acute confusion Day-to-day Instability
Unexplained weight loss impairment or 'Good’ independent
Frequent infections impaired awareness with days and 'bad’ days,
rapid onset with health care
requiried

Figure 1. Common clinical presentations of fralty (adapted from Clegg et al. 2013. The Lancet (6))

Frailty — overview

Frailty describes a subset of fragile individuals with a higher biological age than
expected. Today the concept has evolved into a dynamic model trying to capture a
multitude of factors that signifies aging, or most importantly premature aging (7).

Although there is not yet a consensus on operationalization of the syndrome, frailty
is often defined as a clinically recognizable state with increased vulnerability,
involving multiple physiological systems and leading to a higher risk of multiple
adverse outcomes. It is associated with accelerated decline, both physical and
cognitive. The progress into frailty is thought to start early in life but early signs
could be difficult to detect and not clinically overt.

In a healthy body most organs and metabolic systems have a reserve capacity to
respond to situations demanding higher load (8, 9), such as infections or even
walking up stairs. However, the capacities of these biological systems dwindle with
age and in the frail individual the physiological reserve capacity is lowered, and
therefore the response to situations with higher demands is compromised.

As a consequence, frail individuals experience a disproportional impact from even
a minor stressor like a urinary tract infection or change in medications, and often
experience a higher impact and a longer time to return to previous state of health
(Figure 2). Stressors are not only internal, external factors like social or mental stress
could lead to vast changes in health (6).

When reserve capacity is depleted, it is no longer possible to regain homeostasis,
and often this is the beginning of the important transition from independent to
dependent living and reflects the change from being in robust good health, to frail,
often via an intermediate or pre-frail state.
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Minor illness
Fracture

STRESSOR

Non-frail
w U

Frail

Independence

Reserve capacity

Dependence

— - Time

Figure 2. Increased risk of dependency for frail individuals (adapted from Clegg et al. 2013. The Lancet)

Frail individuals have a greater deterioration in health in responce to minor stressors and compared to the non-frail.
They also take a longer time to recover their previous state and often a complete return to health is impossible,
potentially leading to a loss of independence.

Prevalence

The true prevalence of frailty is uncertain. The wide variation in reported prevalence
partly reflects different inclusion or exclusion criteria, but also the lack of consensus
definition of the syndrome.

Overall, higher frailty is associated with higher chronological age - women are
generally more frail then men, and African Americans more than Caucasian
populations. In a systematic literature review (21 studies, n=61500, age 65+,) the
reported prevalence ranged from 4.0% to 59% depending on the instruments used
(10), although the studies that used the Fried Frailty Phenotype had a narrower range
of 4.0% to 17%. The weighted average prevalence showed that approximately one
in ten over 65 years were frail (10.7%). For the intermediate state, pre-frailty, this
was four times higher (41.6%). In a white paper from the American Medical
Association the prevalence of frailty in those aged 80 and over was estimated to be
40% (11). Studies in disease-specific cohorts generally showed a higher prevalence,
illustrating the connection between frailty and disease (12-16).

Frailty, disease and mortality

Frailty is strongly associated with mortality, both in a direct pathway but also
indirectly. Death is the ultimate outcome of advancing frailty, and all available
indices predict mortality better than chronological age (17). However, frailty is also
a predictor of many adverse outcomes and diseases that themselves are associated
with mortality (18, 19). The Geroscience hypothesis suggests that aging is a
common risk factor of most chronical diseases, such as CVD, heart failure,
dementia, osteoporosis and fragility fracture, and cancer among others (Figure 3)
(20). Supporting this is the fact that multi-morbidity is more common in the older
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adult than a single disease. Therefore, if there are ways of manipulating fundamental
ageing mechanisms, this could possibly delay the onset of multiple chronical
diseases (20).

Current findings suggest that the gain of treating chronic diseases one at a time is
surprisingly low (21) and there are indications that interventions aiming to slow the
very mechanisms of ageing could be more effective (22, 23). The geroscience
hypothesis is in many ways closely connected to the aetiology of frailty and studies
have shown that, with the holistic objective of frailty, the number of systems with
abnormal measurements is more predictive of frailty then the individual abnormal
system alone. This suggests that failing in multiple systems is an important cause of
frailty, and that it might not be enough to focus on an isolated organ failure to
prevent frailty (22).

Figure 3. The Geroscience hypothesis (reproduced from the American Federation for Aging Research website)
Aging is common risk factor for chronic disease. Hypothetically, therapeutically addressing the physiology of aging could
delay disease appearance or severity.

Frailty — aetiology

The pathophysiology of frailty is closely related that of aging, even though the
definitive aetiology is still a subject for debate. The pace of progression into frailty
is individual - not all individuals become frail - but for some older inividuals this
path is accelerated with premature frailty as a result (1). Seeing that frailty is
overlapping aging but different in terms of progression implies that there is potential
for interventions that slow the pace of aging (24-27).

During the entire life cellular and molecular damage accumulates. The reasons for
this are not entirely known and it has been suggested that genetic and epigenetic
factors combined with external factors such as environmental, nutrition and general
life-style factors contribute (1, 28) (Figure 4). With time, regulatory pathways and
cellular maintenance are affected and the cellular damage accumulates enough to
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impact the function of an organ and ultimately these converge into a failing organ
system. These changes appear globally and affect neuronal, endocrine, muscle and
other systems (6). Eventually a critical limit is reached where the system is no longer
able to counteract temporary changes in health. At this stage frailty becomes overt,
with visible, measurable signs and symptoms typical for the frail individual, such as
slow gait, low energy and exhaustion (29, 30).
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Figure 4. The pathophysiology of frailty (adapted from Clegg et al The Lancet, 2013, with permission)
Genetic and environmental factors contibute to cellular damage, which accumulates and leads to reduced capacity in
higher level systems, which, in conjunction with physical activity and nutritional factors, leads into frailty.

Frailty and sarcopenia

Related to frailty, sarcopenia is the involuntary loss of skeletal muscle tissue and
strength that is associated with age. Showing similarities to frailty in the
pathophysiology there is an overlap between the two syndromes, and sarcopenia is
an important cause of frailty. However, a sarcopenic patient is not automatically
frail and vice versa. Furthermore, frailty encompasses a considerably wider
spectrum of deficits (31). Sarcopenia involves losses to both muscle mass and
muscle strength and the processes leading to this muscle wasting is thought to start
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between 30 and 40 years old. With a suggested linear decline it has been found that
almost half of the mass could be lost by age 80 (32). The changes in skeletal muscle
are characterized by a decline in number and size of muscle fibres. Additionally
there is a change in the quality, with infiltration of fibrous and adipose tissue (33).
The aetiology of sarcopenia is multifactorial, and at a cellular level by of activation
of inflammatory pathways, neuromuscular and hormonal changes (34, 35).

Measuring frailty

While many researchers agree on the multimodality of frailty and that it leads to a
state of lost resilience, there is currently no uniform operational or conceptual
definition of it (36-39). Analogous to this there is still no definite answers to which
physical aspects of the body or “domains” should be included, or the number of
variables necessary to capture frailty. Although it is clear that musculoskeletal
competence is an important inclusion.

A systematic review by de Vries et al. (40) lists eight frailty risk factors, based on
arguments by earlier research and “ample discussions”, judged to be of great
importance:

Mobility, energy
Nutritional status
Physical activity
Strength

Cognition

Mood

Social relations/support

Investigating eight commonly used scales one study found that the majority of these
included deficits in mobility, energy, nutrition, mood, cognition, activities of daily
life (ADL) and self-rated health (41). In another more specific review, including
twenty frailty instruments, 85% included mobility, 70% nutritional status, 42%
physical activity, 40% strength, 40% cognition, 35% mood, 30% energy level, 30%
social relations/support and concludes that the physical domain is represented in all
instruments (40).

Many conceptual models are strongly connected to medical science, emphasising
the estimation of physical losses. Recently there has however been arguments
against this perception of a “human machine” that can be evaluated solely through
physical measures, and an integral approach has been proposed (42). This model
looks at an individual in her context as a whole and stresses the importance that also
psychological and social aspects of life should be included (43). In the other end of
the spectrum of frailty instruments is the more recent development of using only
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circulating biomarkers (44). Whether a wide coverage of domains is better than a
lesser is still an open question and an area for further research.

The variety of data used to conceptualise frailty makes it challenging to compare
results from different studies and hampers the interpretation and generalization of
findings. To ameliorate this, recent attempts to reach consensus has proposed a core
set of frailty data and outcomes to be used in all frailty studies (45).

Frailty instruments

It has been estimated that there are currently more than 50 indices to measure frailty.
The majority of frailty instruments were created by research groups in USA and
Canada (46). These indices are different in many ways and designed in a variety of
settings and specific diseases. They differ in how many domains that are covered
but also the number of variables used, range from only one to 92 variables (17, 47).

For a majority of the highly cited frailty instruments the most common context for
measuring frailty is as a risk factor for adverse outcomes or identifying risk factors
for frailty (48). In such epidemiologic settings it is feasible to use large multi-
variable data, often from questionnaires or medical journals, to assess frailty,
therefore the deficit accumulation index is widely used (6). In other situations, e.g.
clinical decision making or screening, it is more important to do quick assessments
and therefore use fewer variables. For this purpose the FRAIL scale (49), the
Cardiovascular Health Study Frailty Screening Measure (CHSF) (30) and the
Clinical Frailty Scale (CFS) (50), have been widely used. The latter especially was
actualized as a tool of triage during the COVID pandemic.

Despite the abundance of instruments there are two principal models that have been
extensively validated and gained the most usage (51). The frailty phenotype model
(FP) and the deficit accumulation model (FI) are distinctly different in describing
the physiological underpinnings and also the way to operationalise frailty.

Frailty phenotype

The Frailty phenotype model was first described by Fried et al. in the Cardiovascular
Health Study, in the United States (n = 5210, mixed, 65+) (30). This model assumes
the existence of a typical frail phenotype, with traits similar to those generally
observed in clinic.

Fried et al. suggest that frailty has a distinct biological aetiology and offers a unified
theory - “the cycle of frailty”. As a result of dysregulation or decrements in multiple
physical domains, a chain reaction takes place where typical traits of frailty effect
each other, spiralling downwards in declining energetics and reserve - eventually
manifested in the typical frailty phenotype (Figure 5).
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Figure 5. Cycle of frailty (reproduced with permission from Fried et al, J Gerontol A Biol Sci Med Sci, 2001) (30)
The vicious cycle of frailty results from dysregulated energetics and altered physiologic functioning in the five suggested
phenotypic manifestations.

In the frailty phenotype model, disability and comorbidities are related to frailty but
distinct entities; not all frail patients have disabilities and not all disabled are frail.
Furthermore, a single disease or disability does not necessarily make a patient frail.
Fried proposes that this distinction would improve the understanding of the aging
process and also promote development of differentiated treatment strategies (52).
To operationalize frailty typical traits associated with aging and frailty were used,
five criteria in all (30):

Shrinking (unintended weight loss prior year)
Weakness (grip strength)

Poor endurance/exhaustion (self-reported)
Slowness (gait speed)

Low physical activity (Kcals/week)

Based on these, individuals can be categorised into three groups. With deficits in
three or more of the components, frailty was present. 1-2 deficits or alternatively,
no deficits signified pre-fail and robust stages, respectively (30, 53). Currently the
frailty phenotype is the most used instrument for assessing frailty (48).
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The deficit accumulation index

The deficit accumulation index or frailty index was originally developed in the
Canadian Study of Health and Aging (CSHA) by researchers Rockwood and
Mitnitski (17, 54). The frailty index, contrary to the FP, does not give a clear
biological explanation for frailty but rather sees it as the cumulative effect of deficits
in health leading up to a frail state. Behind the index is the seemingly simple
postulate “The more individuals have wrong with them, the higher the likelihood
that they will be frail” (55). Equally simple is the calculation of and index, where
acquired deficits are counted and then divided by the total numbers of variables in
the index. The resulting score ranges from 0.0 to 1.0 with higher score indicating
higher frailty. Different from the FP the frailty index is continuous and does not use
specific cut-offs for defining frailty categories. The FI model does not distinguish
disability and comorbidities, and a vast array of signs, symptoms, diseases,
biomarkers can be used, as they fulfil five specific criteria for a variable (56).

The variable must be associated with health status

Prevalence of the variable must increase with age

It must not saturate too early (e.g., presbyopia is unsuitable)

The deficits must cover a range of systems

For a frailty index to be followed longitudinally, identical variables must
be used at all time points

Furthermore, it has been demonstrated that, as long as these criteria are adhered to,
studies using different Fls show consistent results, even if different deficits and
different number of deficits are used (56). Typically, the FIs show an increase in
frailty of 3% per year, and a sub-maximum limit of 0.67 where more accumulation
of deficits seems incompatible with life. Moreover, the distribution of frailty shows
a typically skewed gamma distribution in tested populations.

There are advantages and disadvantages to both models. The frailty index provides
a simple concept and appears insensitive to the precise composition of the index.
This high flexibility makes it possible to use primary data from diverse cohorts, even
those not originally designed to measure frailty.

The FP has the advantage of being the most used index and therefore is preferable
when comparison to other findings is imperative. It is also simpler to use, but
because of its categorical nature likely less sensible in detecting minor impairments.
This could be an negative aspect in intervention studies, where the progression of
frailty must be followed (57).

27



Frailty and musculoskeletal health

Rationale

There is a close connection between frailty and musculoskeletal health. As
mentioned earlier, musculoskeletal function is one of the most common variables to
be included in the attempts to quantify frailty, and with lost musculoskeletal
competence independence is lost. There are many reasons to study frailty in this
context:

Firstly, frailty and fracture are intricately linked — being frail leads to fracture and
having a fracture leads to being frail. And after even a simple fracture, functional
recovery is poorer in the frail patient (58).

Secondly, there is an urgent need to prevent the occurrence of osteoporosis related
fragility fracture, exemplified by the fact that every day almost 12,000 individuals
in the EU suffer one (almost 500 per hour), often with devastating consequences on
their quality of life (59). Preventing the very first fracture is the ideal, but difficult
to do. Preventing subsequent fractures is more realistic and because of this, it is the
main ambition of the International Osteoporosis Foundation (IOF) (60).

Thirdly, the current strategies using dual-energy x-ray absorptiometry (DXA)
measuring bone density, or the Fracture Risk Assessment Tool (FRAX ®) are not
sufficient to correctly identify all those at risk.

Fourthly, frailty captures age-related deficits in multiple physiological systems
which feed into and are associated with musculoskeletal health directly or indirectly
- bone mineral density (BMD), bone strength, sarcopenia, falls propensity and
ultimately fracture. Apart from these known risk factors it is also possible that frailty
captures novel risk factors not yet considered (Figure 6).

Fifth, frailty status has implications to treatment strategies for both primary and
secondary fracture prevention, e.g. by directing decisions of pharmacological or
non-pharmacological treatment, or immediate or longer acting medications.
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Figure 6. Frailty and the relationship to risk factors for fracture
The combined effect of sub-clincal risk factors poses increased risk for impaired muskuloskeletal health.

Osteoporosis

Definition and epidemiology

Osteoporosis is the most common bone disease (61). Structurally it is characterized
by low bone mass and a disrupted microarchitecture leading to a more fragile tissue
and consequently a higher risk of fracture (Picture 1).

NORMAL BONE OSTEOPOROTIC BONE

Picture 1. Scanning electron micrographs from bone biopsies

Osteoporotic bone has low mineral mass, a lower number of trabeculae and decreased cortical thickness. The
increased porosity makes the bone fragile and susceptibility to fracture. The arrow indicates disconnected bone
(Reproduced from Lindsay R et al. JBMR 1986 with permission (62)).
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In 2019 it was estimated that 25.5 million women and 6.5 million men in the
European Union (including Switzerland and the UK) were suffering from
osteoporosis (59). Worldwide this number is estimated to be over 200 million (61).
Within the EU the estimated prevalence for women aged 50 years or older is 22%
(for men 6.6%) (63). While osteoporosis normally is a “silent” disease the clinical
relevance lies in its outcome — fracture.

Aetiology

The pathophysiological underpinnings of osteoporosis are complex and
multifactorial, with a strong genetic influence (64). Osteoporosis may be primary or
secondary. Primary osteoporosis is typically due to the bone loss associated with
aging or menopausal estrogen depletion; explaining the higher prevalence seen in
women. The causes for secondary osteoporosis are many e.g. disorders in the
endocrine system, hyperparathyroidism or induced by glucocorticoid treatment.
Factors not directly associated with bone metabolism such as celiac disease, eating
disorders (affecting the gastrointestinal tract) and rheumatoid arthritis (autoimmune
disorders) or cancer therapies or changes in the gut microbiome can also induce
osteoporosis (65-67). External factors including smoking, alcohol, nutrition,
lifestyle and environmental factors are important (68, 69) (Table 1).

Table 1. Risk factors for osteoporosis and fragilty fracture

Risk factors for osteoporosis Risk factors for fragility fracture
Old age =
Female sex

Genetic
Premature menopause (gonadal insufficiency)

Low body weight / BMI Low bone density
Physical inactivity =  Falls propensity
Smoking Previous fracture
Alcohol

Dietary (Calcium, vitamin D, etc)
Chronic diseases (e.g. hyperparathyroidism)

Medications (e.g. corticosteroids) .

Diagnosis of osteoporosis

Osteoporosis is diagnosed using dual-energy X-ray absorptiometry (DXA) to
measure bone mineral density (BMD) and calculate the bone mass per unit area
(g/cm2) at the lumbar spine and femoral neck. The result is expressed as T-score,
which describes, in standard deviations (SD), how the BMD compares to a typical
young healthy, same sex population at the peak of their bone mass. A T-score of -
2.5 SD or below at the femoral neck is defined as osteoporosis (Table 2). The
addition of fractures indicates established or severe osteoporosis.
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Table 2. WHO definitions of osteoporosis based on bone mineral density (BMD) measured at femoral neck

Definition Criteria for classification T-score

Normal BMD within 1 SD of the young adult reference population >-1.0
BMD between 1 and 2.5 SD below the young adult

Osteopenia (low BMD) reference population 1.0t0-2.5

Osteoporosis BMD more than 2.5 SD below the young adult reference <25
population

Established osteoporosis BMD more than 2.5 SD below the young adult reference <25

population plus one or multiple fractures -

Despite being the gold standard for diagnosing osteoporosis and fracture risk, DXA
has limitations. A low BMD does indeed increase the risk of fracture, but other
factors, such as estimations of bone quality and strength, cannot be captured.
Therefore, a person with osteoporosis may not necessarily fracture and contrary,
many that fracture do not have BMD that is low enough to indicate osteoporosis.
Other weaknesses of DXA are that individuals with degenerative changes (common
at the spine in the elderly), often have a misleadingly high BMD (70) while
osteomalacia, resulting from malnutrition in the elderly, cannot be differentiated.

Frailty and osteoporosis

To date research on the association between frailty and BMD is sparse, and the
results inconsistent. In part this is related to differences in age, sex and ethnicity of
the examined cohorts, relatively small sample sizes and the use of different
definitions of frailty (71-77). One study in men (age 40-79) which assessed
calcaneal QUS (which reflects bone density and possibly bone quality)
demonstrated a significant association between increasing frailty (across the three
Fried categories) and lower bone strength (78), even with after adjusting for age.

How frailty and bone are linked is not entirely clear although a number of underlying
mechanisms are indicated. With frailty comes less mobility and low physical
activity; this reduced mechanical load leading to reduced bone strength.

Typically for frailty defined by the Frailty Phenotype is a reduced BMI, possibly
reflecting sarcopenia and loss of body fat, leading to altered crosstalk between bone-
adipose and bone-muscle tissue (79, 80). Low-grade inflammation (inflamm-aging)
has often been associated with aging, age-related diseases (including osteoporosis),
hormonal and nutritional insufficiency (6, 81).

Bone development

From birth into puberty and age 20-30 bone growth is rapid and bone mass continues
to increase up to when a maximum or “peak bone mass” is attained. From this point
there is a plateau of relative equilibrium followed by a gradual decline into old age.
For women this decline is accelerated around menopause when estrogen production
declines, while for men the loss in bone mass is less pronounced (Figure 7).
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Through the course of life, the skeleton is an active metabolic tissue in a continual
state of remodeling, with bone formation and resorption. This is performed by
osteoblasts (bone-forming), osteocytes and bone-resorbing osteoclasts, the main cell
types involved in bone remodeling process. During growth remodeling shapes the
bones. In adulthood damage to the bone from daily stress or major injury is repaired.
In an adult, almost 10% of the skeletal mass is remodeled each year leading to a
complete regeneration every 10 years (82).

There are two distinct types of bone. Cortical bone is the outer shell of most bones
and covers the bone marrow. It is a high-density, rigid tissue with slow turnover and
80% of the skeleton is made of this, typically the shaft (diaphysis) of long bones.
Covered by this, especially on the end of long bones (epiphysis) and the vertebrae,
is trabecular or cancellous bone. This is less dense, has a spongy inner network of
trabeculae (pates and bars), is highly vascular and more metabolically active than
cortical bone.

The skeleton has multiple functions; not only does it provide structural support and
mobility, but also produces red and white blood cells, and regulates mineral
homeostasis. Bone also functions as an endocrine organ with complex crosstalk with
other tissues (muscle, fat, liver, among others) and is involved in modulation of
testosterone production and glucose tolerance (83).

The skeleton is not exempt from the physiological changes that comes with ageing
and with cellular changes and the accumulation of senescent cells, the balance of
bone formation and resorption is altered, ultimately leading to a low bone turnover
and reduced bone strength (84).

Peak bone mass
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Figure 7. Bone mass throughout the life cycle (with permission from Linnea Malmgren)

During childhood and adolescense there is a positive bone turnover associated with growth and between the ages of
20-30 peak bone mass is reached. In the years following this bone formation-resorption are in balance but then follows
a gradual loss of bone ranging from 0.5-1% a year, but with a distinct acceleration of loss for women in the
perimenopausal and postmenopausal period.
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Several factors, both external and internal, can affect bone turnover in a negative or
positive way, promoting or inhibiting the activity of bone remodeling cells. In
homeostasis this turnover is balanced, but in diseases like osteoporosis, resorption
exceeds the formation resulting in fragile bone and a higher risk of fractures.

Fragility fracture

Fragile bone due to low bone mass and poor quality, is less able to withstand impact,
and osteoporotic fractures most often result from low energy trauma, typically a fall
on the same level. Fragility fractures are the clinical outcome of osteoporosis and
estimated at 3.5 million fractures per year in Europe alone (63). In Sweden almost
every second woman will suffer a fragility fracture by the age of 80 (85). This means
that over the age of 50, a woman has a fifty percent risk over her lifetime of suffering
a fracture. In a Swedish setting there are about 85-90000 osteoporosis related
fractures every year (86).

The most common fracture sites include the distal radius, proximal humerus, hip,
pelvis and vertebra. Of these hip fracture is the most devastating in terms of
morbidity, disability mortality, and the high societal cost (87, 88). Hip fractures are
painful and surgical intervention and hospitalization are necessary in the majority
of cases. One in five patients die with the following year, often because of
underlying medical conditions and high frailty (89). For survivors there are serious
consequences on quality of life.

These detrimental effects and the importance of age at fracture are demonstrated in
figure 8. A hip fracture sustained between ages 75-80 leads to the highest loss of life-
years of all fractures (90) and, in terms of life quality, the longest extended period of
disabled life (91). This emphasizes why the hip must be a priority for prevention.

Life years
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Figure 8. Years of life lost and years lost due to disability by age for hip fractures in women (reprinted from
Borgstrom (91))

Figure reflecting that most hip fractures occur around age 77, and “years of life lost” peaked at the same age, while
"years lived with disability” peaked at age 81.
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Fracture sites during aging

In the context of aging and increasing frailty, figure 9 illustrates how the incidence
of specific fracture types varies across the age-spectrum, from age 50 and above.

The wrist or distal forearm is the most common site of fracture in perimenopausal
women and typically the first clinical fracture, usually 10-15 years before other sites
(92), and consequently considered an ‘indicator fracture’. In Caucasian women the
incidence increases rapidly between ages 45 and 60, most likely because of rapid
postmenopausal bone loss. In most cases wrist fractures are caused by a fall, forwards
and backwards (93, 94). Because these more often occur in a younger and relative
healthy population it has been difficult to identify strong risk factors (95, 96).

Hip fractures typically occur in frailer individuals and incidence increases with age;
with a steeper rise seen after age 75. In Swedish women the mean age for a hip fracture
is 80 years old. In addition to low BMD, reflecting the higher age, risk factors are
typically impaired balance, postural instability, medications and lower muscle
function (97, 98), factors all common with increasing frailty. This helps explain the
pattern of wrist and hip fractures. Age-related declines influence the speed and
strength of the protective extension of the arm during a fall, and then the energy is
directed to other parts of the body e.g. the hip (99). The variation in hip fracture
incidence between populations is however high and in Scandinavian and North
Americans the rates are nearly seven times higher than in southern Europe (100).

The incidence of radiographically identified vertebral fractures is higher than that of
other osteoporotic fractures, however these are greatly under diagnosed in clinic and
only a third come to specialist attention (101, 102). Vertebral fractures can occur
without trauma, often resulting from daily routine activities. European estimates
suggest that one in eight over age 50 has sustained a vertebral deformity (103). The
incidence increases with age and in the oldest old more than 60% are affected (104)
While difficult to diagnose and sometimes asymptomatic, in cases that are identified,
there is substantial disability from pain and hugely reduced quality of life.
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Figure 9. Age-specific and sex-specific incidence of radiographic vertebral, hip, and distal forearm fractures
(reproduced with permission from from Sambrook et al. 2006. Lancet (101))

Fracture risk

The incidences of fractures have different peaks, one in adolescence and the other
late in life. In young men the fracture incidence is almost double that of women and
fractures typically result from high energy trauma (sports activities, traffic accidents
or falls from hights). The second peak starts around age 50 for women, largely
related to the development of osteoporosis, but almost 20 years later for men (105).

Preventing the occurrence of a first fracture has profound implications for healthy
ageing, as we know that this leads to higher frailty, but most importantly it doubles
the risk of a second fracture (106, 107). Having a vertebral fractures increases the
risk ten-fold for having another fracture at the same site (this is also the case for hip
and wrist fractures) (108). The risk for a subsequent fracture at another site is also
higher - a vertebral fracture gives a three times higher risk for having a hip fracture
and an up to four times higher risk of a wrist fracture (109).

However, primary fracture prevention is notoriously difficult and secondary
prevention, beginning with an initial fracture, is currently the most effective strategy
(110, 111).

Estimating fracture risk using FRAX

The commonly used Fracture Risk Assessment Tool (FRAX™) developed by the
University of Sheffield is used for calculating the probability for a major
osteoporotic or hip fracture. The algorithm uses multiple known risk factors such as
age, BMD, use of corticosteroids and smoking to calculate the absolute 10-year risk
for a fracture (112). FRAX was developed and validated in independent cohorts and

35



has many advantages; it is country specific, inexpensive, easily available and can be
used without BMD, which is important in countries where DXA equipment is
sparse.

There are disadvantages, however. It has been demonstrated that previous falls is
associated with incident fracture independently of FRAX (113), and it has been
argued that the current algorithm may underestimate the fracture risk in individuals
with higher falls propensity (114). In an aging population the risk factors for fracture
change over time and the initially important BMD becomes less predictive and falls
propensity a more prominent risk factor. Thus, there is a risk that FRAX is also less
efficient in this setting. This shortcoming has however recently been acknowledged
and an updated FRAX tool is currently being developed (115). Considering the
shortened life expectancy that comes with age, it also becomes less relevant to make
long-time (i.e. 10 year) predictions.

Frailty and fracture

How frailty is related to fractures is still relatively unexplored in healthy population-
based settings. The current available studies are hampered by the heterogeneity in
frailty criteria and fracture outcomes, therefore, it is difficult to draw definite
conclusions on the importance of frailty from these. In a recent systematic review
and meta-analysis including community-dwelling older men and women (n=96,564,
mean age 75-76) frailty showed a 70% increased odds risk for having a future
fracture of any type. For pre-frail individuals a 30% increase in odds were reported.
(116). Another large-scale systematic review using five studies and included
subjects aged 55 or older (men and women, n=103,783) showed similar results with
higher risk than for those who were robust (HRpwi 1.67; 95% CI (1.46-1.91) and
(HRpre-frait 1.28; 95% CI (1.16-1.40)) (117).

Once a major osteoporotic fracture is sustained there follows an accelerated
development of frailty characteristics (118), and for both sexes mortality is higher
than in general population, and continues to be higher for over 10 years (88). This
is even more pronounced in men that have had a hip fracture. Men typically have
hip fractures at younger ages than women, but even so the early mortality is higher
and their overall health worse, with more comorbidities (119-121). In this context,
there is an arguments that elderly with osteoporosis-related fracture should not be
considered as “average elderly” but rather, as already frail individuals (106).

Timeframes for fracture risk

Knowing that a first fracture leads to another, when this first fracture occurs has
implications for management and treatment. If a woman sustains a fracture at age
50 her next fracture could well be many years away. If this fracture instead occurred
at age 70 the probability is that the next fracture will occur within the next few years.
Since in older populations making long-term (10 year) predictions is less
meaningful, if the older woman also happens to be frail it is likely that her timeframe
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to next fracture will be even shorter (i.e. imminent) and therefore fracture
management needs to be adapted not only to age but also frailty status.

Pharmacological treatment to increase BMD or slow bone loss can reduce the
fracture risk in the 70-year-old woman, but this requires time to achieve full effect
therefore other strategies such as balance or muscular training are likely to be more
effective with more immediate effect.

Falls

Frailty overarches the link between osteoporosis, falls and fracture. In community-
dwelling populations 65 and over, every third person experiences at least one fall
annually and fifteen percent of these falls lead to significant injury (122-124).
Globally, WHO estimates that 37.3 million falls need some form of medical
attention (125). The consequences of falls lead to extensive personal and economic
costs from fractures and disability (126). Aside from this, falls impact on health and
wellbeing through psychosocial consequences, with fallers losing confidence and
acquiring a fear of falling (a risk factor in itself for more falls) leading to less
physical activity and social opportunities, and ultimately isolation and loss of
independence (127)

Frailty becomes particularly relevant when you consider that falls from standing
height are the main cause for fractures in the elderly, and a simple fall is the reason
behind 98% of all hip fractures (128). Hence, preventing falls is critically important
in terms of fracture prevention and frailty prevention.

Why older people start falling is however complex and a combination of
environmental circumstances (e.g. tripping on rugs or slipping on wet floors),
general health status, and pure chance makes it difficult to predict (129). To identify
individuals at risk a number of fall scales have been developed, but so far these have
limited usage and predictability (130, 131).

Since many frailty indices include variables of muscle strength, balance and gait, it
is not surprising that frailty has been associated with falls in several systematic
reviews (123, 132-134). However, the associations vary considerable depending on
study populations, settings and age ranges (123), and the findings are still unclear
when looking at pre-frailty.

The relationship between frailty, falls and fracture is highly complex and difficult
to untangle. Higher frailty leads to falls and falls are often a prerequisite for
sustaining a fracture. On the other hand a previous fall or a fracture are both, by
themselves strong risk factors for future falls and fractures (135). Additionally, a
fall or a fracture leads to higher frailty, which gives more falls — leading into a
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vicious cycle of worsening health, which could be entered through any of these
events (Figure 10).

This cycle can be seen as a point-of-no-return and once in it the chances for successful
intervention, in terms of frailty or fracture, are low. Therefore, in terms of “successful
ageing” it is imperative to not enter the cycle, which means recognising those at risk
and applying timely interventions before an individual can enter.

The model demonstrates
a sequence of evemts
where frailty, falls and
fractures interact
leading to a cycle of
Further falls, fractures,
Faiy  and  overall
worsening health.

FRACTURES FRACTURES

Figure 10. The vicious cycle of frailty-falls-fracture

Visual perception of health

In a clinical situation the visual estimation of general health is often the overall
assessment that guides further investigations (136), but little is known how this
relates to quantitively measured frailty. If a mere brief visual estimation of a
clinically trained health worker would suffice, why go through the often
cumbersome physical assessment of frailty?

The progression of physiological and cellular level changes eventually lead to overt
manifestations of frailty, apparent to the clinician. If these changes have not
accumulated enough to give visual cues the intermediate, pre-frail stage may not be
recognized, and an opportunity to prevent the trajectory into overt frailty may be
missed (137, 138).

The impression of an individual’s overall health is guided by a number of cues, both
visual and contextual, referring to the experience of the observer. Musculoskeletal
fitness is often a distinct sign of frailty, but many other signs could influence. In a
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study by Lauck et al health care professionals (HCPs) rated photographs of
transcatheter aortic valve implantation (TAVI) patients and were then interviewed
on how they formed their impression of frailty. From the emerging theme “looking
at the outside” HCPs referred to posture, stance, body language and body habitus as
important factors. From another theme “Thinking about the inside” inferences about
frailty were based on e.g. facial expressions and grooming (Figure 11) (139). When
general health is assessed in a person-to-person situation it is also likely that subtle
cues like smell and tonal quality of the voice could affect the impression.

Thinking about
the inside

.
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Looking at the = How o
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ASSESSED
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ys NN EEEEEEEEEEEESEEEEEEEREEEEREREnES
.

.

., I AN OVERALL IMPRESSION OF HOW AN INDIVIDUAL LOOKS o
0. .‘

. .
‘SassssssssEEsEEEsEsssssuEEEEnnnnnnnnnnnnt® P

Figure 11. Conceptualisation of the content analysis themes from the interviews with healthcare
professionals to ascertain how they form impressions of frailty (adapted from Lauck et al 2021, with
permission).

Frailty is important to identify as part of healthy ageing, but little is studied of the
reliability of a visual estimation, and only a handful of studies on the subject exists
(136, 139-142). Predominantly performed in specific patient groups, with a large
difference in settings and study design, these results are diverse and sometimes
inconsistent. In community-dwelling populations there are to our knowledge few or
no existing studies. In the OPRA cohort a visual perception of health (VPH) has
previously shown to be associated with mortality over 10 years (143) and also to an
early fall risk (144).
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Rationale for this thesis

When the first plans were made for this thesis in 2017 frailty research was still a
primary interest in the field of geriatrics, but in musculoskeletal research little was
done. Beyond the well-established risk factors for osteoporosis and fragility
fractures there was a notion that there was still a multitude of risk factors that
couldn’t easily be accounted for.

The concept of frailty captures accumulated age-related changes in every
physiological system in the body. Research in other areas has shown deficiencies in
a variety of different systems may be a stronger risk factor for adverse outcomes
than just one individual factor, which goes against the established way of thinking.
Since osteoporosis and fragility fractures are primarily an age-related disease, we
hypothesised that studying it in the context of frailty made sense.

The first and most obvious gap/obstacle was: How do you address frailty in an
established cohort that was designed specifically to investigate osteoporosis and
fracture?

We also believed that the OPRA cohort with its single age participants and long
follow-up time would provide unique information on biological vs chronological
age in relation to frailty and its progression, and also in relation to fracture.

The obvious gap in knowledge was the lack of consistent evidence for the
relationship between frailty, osteoporosis and fragility fracture, a confirmation that
is especially needed to inform clinical management (both prevention and treatment).

Fractures and especially hip fractures have a huge impact on wellbeing in the ‘young
elderly’. These are still active and generally healthy, but the mid-seventies are a
critical junction for future health trajectories and avoiding fracture at this age is
pivotal for maintaining health and successful ageing. So there is absolute need for
data to fill the gap in knowledge on how fracture influences frailty and its
progression and how frailty influences the risk of sustaining a fracture.

Since the OPRA cohort had already sought to explore the concept of frailty with a
visual estimation of general health the next obvious step was see this actually related
to quantified frailty. To put this in context: when the clinicians measure a patient’s
health by just looking, are they making the right judgements? And, what might
happen if these judgements turns out to be wrong? This was a one-of-a-kind study,
since there is nothing in the literature assessing these questions in population-based
studies.
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A1ims

Overall aim of this thesis

This project aimed to investigate how a quantified measurement of frailty is
associated to osteoporosis related adverse outcomes, mortality and a visual
estimation of health in a large cohort of elderly community-dwelling women. The
specific aims were:

L.

To construct a feasible measure of frailty with variables available at
baseline and all follow-up examinations (5 and10-year), and with this:

Determine the distribution of frailty at different time-points and how this
changes over time

a. Determine the progression rate of frailty
b. Explore frailty’s association with mortality over 5 and 10 years?
c. Explore frailty’s association with osteoporosis?

To understand how patterns of frailty and falls propensity interact,
particularly in those who have not yet entered the fall-frailty cycle. To
explore different timeframes of prediction. Specifically, we wanted to:

a. Describe the proportion who are frail at age 75, 80 and 85 and the
number reporting recent falls

b. Determine the association between frailty and risk of recurrent falls

c. Determine if a gradual increase in frailty is associated with the
number of future falls

d. Explore the relationship of frailty to future falls in women with or
without previous falls

4. To explore the association between frailty and fracture, addressing whether

frailty can independently predict fracture and if so which fracture types and
over what time periods. Specifically, we wanted to:

a. Investigate whether a frail person is at increased imminent risk (1
and 2 years) as well as longer term (5-10 years)

b. Explore the association of frailty with different fracture sites
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c. Investigate whether early stages of frailty and progression of frailty
interact with fracture risk

5. To characterize the relationship between a subjective visual perception of
health and objectively measured frailty (previously developed frailty
index). Specifically, we wanted to:

Quantify frailty in women who looked health and unhealthy

b. Determine the correlation between these subjective and objective
measures

c. Determine what proportion of variation in the frailty index is
reflected in the visual perception

d. Explore the implication for mortality when these measures are
concordant or discordant.



Material and Methods

Study population

For this thesis all the included studies used data from the Osteoporosis Prospective
Risk Assessment (OPRA) cohort of 75-year old community-dwelling women.
Women living in Malmé (Sweden) were randomly selected from population
registries and invited on their 75th birthday. A total of 1604 women were invited
during the years 1995-1999 representing one third of the population of 75-year-old
women living in Malmo. This age of participants was decided on because it
represents a period where age-related bone loss is already apparent and osteoporotic
fractures become more frequent. No exclusion criteria were applied.

A total of 1044 women participated in the baseline investigation, representing a
participation rate of 67%. Follow-up investigations were performed at 5 years (age
80, n= 715 attended) and at 10 years (age 85, n= 382 attended). Study design and
reasons for non-attendance shown in Figure 12, and also described in detail (145,
146).

Oct. 2012
1995-1999 Age 75 Age 80 Age 85 Foll P
L. ollow-up for
women invited = — —_— heeereresesesees » p
n=1604 Basel S ol 100 foll FRACTURE &
aseline Sy follow-up W follow-up MORTALITY
n=1044 n=715 n=382
Non-participation due to Non-participation due to Non-participation due to
Illness 152 Death 96 Death 307
Unwillingness 376 Illness 72 Illness 140
Uncontactable 32 Other reasons 130 Other reasons 57
No reason 31 No reason 158

Figure 12. The Osteoporosis Prospective Risk Assessment (OPRA) cohort
Participation at each investigation and reasons for non-attendance

The participants were followed prospectively for fractures and mortality up to
October 2012 (a total follow-up of 15 years; range 13.4-17). At each investigation
anthropometrics, questionnaires on health, nutrition, medication, smoking/alcohol
habits and lifestyle were collected. Additionally, bone mineral density (BMD) and
physical assessments were performed, and blood and urine samples were analysed.
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All procedures performed were in accordance with the ethical standards of the
regional ethical review board in Lund (Dnr: 2014804), adhering to the principles of
the Helsinki Declaration. All women provided written informed consent.

Blood biochemistry

Blood samples were collected (non-fasting; morning) and stored at -80°C. All
analyses were performed at the accredited laboratory in the Department of Clinical
Chemistry, Skane University Hospital, Sweden.

Plasma creatinine (p-Cr) values were IDMS traceable and analysed according to the
current standard in use (147).

C-reactive protein (P-CRP) was measured by routine methods using Roche
Diagnostics (Cobas) (148).

Vitamin D (250HD) was assessed using liquid chromatography mass
spectrophotometry (LC-MS) linked to a High-Performance Liquid Chromatography
(HPLC) system (149).

Frailty Index construction

For construction of a quantified measurement of frailty that could be followed in the
cohort over 10 years, we used principles described by Searle et al. (56). These state
that a variety of signs and symptoms can be used to create a frailty index (FI), as
long as they fulfil five basic criteria, described earlier.

After identifying the variables to include in the index, for continuous variables we
used either clinically relevant cut-points or identified the cut-off values by plotting
the variable against an interim FI to score the deficit (as present/non-present).
Categorical values were converted to binary values (1=deficit present) and
(O=deficit absent); those with more than two categories were scored between 0 and
1 (e.g., high = 1.0; medium = 0.5; low = 0.0).

The Frailty Index was then calculated by dividing the number of deficits present by
the total number of deficits examined, giving a score from 0.0—1.0, where a higher
score indicates a higher frailty status.

It is recommended that an index consist of 30—40 variables. However, since the
availability of suitable data in the OPRA cohort was limited at baseline, our indices
were constructed using the following approach (Figure 13):
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With data collected at the 5-year follow-up (age 80), a “full” 40-variable index was
initially constructed and validated against mortality outcomes. From this index, 10
variables available at time-points (including baseline) were selected and used to
construct a 10-variable index that was also validated against mortality (the ultimate
manifestation of vulnerability and age-related accumulation of deficits).

To ensure a wider coverage of biological domains essential for a measurement of
frailty, additional variables (such as biomarkers) were added as covariates in logistic
regression analysis to identify further variables associated with mortality risk.

From the results of this, a 13-variable index was created that could be compared
longitudinally at all examinations (age 75 to 85) (table 3).

Age 75 Age 80 Age 85
(Baseline) (Syr follow-up) (10yr follow-up)
Step 1.
40-variable 40-variable FI created using data available
index index at 80y and 85y
Step 2.
10-variable 10-variable 10-variable FI derived using data available
index index index at ALL time-points
Step 3. Identification of
additional variables
Step 4.
13-variable 13-variable 13-variable The additional variables added
index index index to create final index

Figure 13. Activity flow for creation of a Frailty Index in OPRA
The final index facilitates comparison longitudinally across 10-years of followup
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Table 3. Components included in the 13-variable frailty index constructed at ages 75, 80, and 85

Variable Measurement Units Scoring or Cut Point

Daily physical activity Categories (1=lowest; 6 highest) Cat 1-3=1; Cat 4=0.5; Cat 5-6=0
Average time outdoors Hours <1h=1;>1h =0

Gait (speed, 2 x 15m) m/s >1.20=1;<1.20=0

Gait (steps taken, 2 x 15m) No. of steps <54 =0; >54 =1

Balance (2 legs, eyes closed) Seconds Failed test=1; passed test=0
Muscle strength (knee)* Nms >213=0; <213 =1

Diabetes Yes/No Yes =1;No=0

Cancer Yes/No Yes=1;No=0

Diseases affecting balance Yes/No Yes=1;No=0

Polypharmacy (>5 medications) Yes/No Yes=1;No=0

Self-estimated fall risk Categories (1=lowest; 5 highest) Cat 1-5: 0.0; 0.25; 0.5; 0.75; 1.0
P-CRP mg/L >=4.21=1;<4.21=0
P-Creatinine umol/L >=82.02=1; <82.02

*Voluntary maximal, isometric muscle strength of the right knee (knee extension at 900) measured using a Biodex
computerized dynamometer

The three indices created (40-, 10- and 13-variable) were tested for correlation.
Based on this, and the association with mortality this 13-variable index was used in
study 1 to follow the progression of frailty and relationship with BMD and mortality
(150).

“Refined” Frailty Index

With the relatively few variables in the original frailty index (150), it was observed
that dichotomizing the continuous variables (56) leads to clustering of individuals
with identical frailty score; especially among the lower scores (i.e. the less frail).
We therefore believed that the FI was not sufficiently discriminative for
investigating pre-frailty in the cohort and therefore had the potential to be improved.

On the basis that dichotomization using set thresholds inevitably leads to a loss of
information and precision (151) we refined the index, and therefore each applicable
variable was reverted to its continuous value and then recalculated to values between
0.0 and 1.0. This refined, non-dichotomous index was used in study/papers 2,3 and
4 (152-154). Six of the original 13 variables were continuous variables and
recalculated (Table 4). The remaining seven variables were used with their original
stratifications.
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Table 4. Components recalculated in the redefined frailty index constructed at ages 75, 80 and 85

No. Variable Measurement Units (range) Scoring* or Cut Point
3 Gait - walking speed (2 x15m) m/s (0.20-2.22)° 1.0-0.0
Gait - walking steps (2 x15m) No. of steps (20-120)? 0.0-1.0
5 Balance (2 legs, eyes closed) Seconds (0-60)? 1.0-0.0
6 Muscle strength (knee extension)® Nms. (80-450)? 1.0-0.0
12 P-CRP mg/L (0.6-50)2 0.0-1.0
13 P-Creatinine umol/L (40-200)? 0.0-1.0

aRange and min/max values in the cohort. ®Voluntary maximal, isometric muscle strength of the right knee (knee
extension at 90°) measured using a Biodex computerized dynamometer.

Recalculation of variables

For each variable, the values signifying the most frail state were scored as one (these
could be the highest or lowest values depending on the variable in question), and
the opposing values (signifying the most robust) in the cohort was scored as zero.
All other values were recalculated to be continuous between one and zero.

As an example of how a variable was re-calculated we look at “Gait - number of
steps taken to walk 2x15 m”. Dichotomized, the cut-points were <54 steps=0 (deficit
absent) and >54 steps=1 (deficit present). Originally, at each visit, number of steps
was recorded as a continuous variable, with values in the cohort ranging from 9 to
160. Taking more steps indicates a shorter stride, hence a more frail state and
therefore a score closer to one. Fewer steps indicate a longer stride, hence a more
robust state and therefore a score closer to zero.

To implement this re-scoring: First, we examined the range of values across the
entire cohort to identify extreme outliers (e.g. number of steps at baseline ranges
21-160). Secondly, the highest (Vmax) and lowest (Vmin) values were set to 1 and 0,
respectively. Thirdly, each participant’s original value (Vorig) was reclassified using
the formula (Vorig—Vimin)/(Vmax—Vmin), for example, using minimum and maximum
values found at baseline, (V2s—V21)/(Viso—V21) = 0.05 as shown in the table below.

For other variables e.g. walking speed (values throughout the cohort ranged from
0.20 to 3.16 and at baseline examination from 0.29 to 2.14), in this case, a lower
values indicate a more frail state, and higher values indicate a more robust state,
therefore an additional step (1-Vieclassified) Was performed as shown in table 5 below.
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Table 5. Examples of recalculation of variables for the redefined fraily index

Original Value

Reclassified Value
(Vorig=V21)/(V160=V21)

New Inverted value
(1 -Vreclassified)

Ntumber of Longer stride 28 0.05 -
steps = more robust 75 0.39 .
(2x15 m) 08 0'55
Shorter stride 110 0.64 -
= more frail 155 0.96 -
Reclassified Value
(Vorig ~Vo0.20)/(V2.14 -Vo.29)
Walking High speed 2.05 0.95 0.05
(szp ede ) = more robust 1.88 0.86 0.14
x15 m
1.35 0.57 0.43
Low speed 0.98 0.37 0.63
= more frail 0.35 0.03 0.97

Values used in these example calculations refer to minimum and maximum values at baseline examination. For the
actual calculations the limits were extracted using values from all examinations.

Validation and testing of the OPRA frailty indices

To be sure that the ‘original’ and ‘refined’ indices were similarly effective we
compared them to each other and to the 40-variable index using correlation analysis
and survival analysis.

We found that the indices had strong statistically significant correlation at both
available timepoints. They were also similar in predicting mortality (Table 6 and 7).

Table 6. Correlation between frailty indices at at ages 75, 80 and 85
*Values are *Spearman’s rho

40-Variable Index 13-Variable Index
75y 80y 85y 75y 80y 85y
. 75y - - - r=0.89 - -
ey |- s - S,
85y - - r=0.81 - - r=0.91
Table 7. Mortality hazard ratios for frail women compared to non-frail women
HR 95%Cl p
40-Variable Index 3.5 25-48 <0.001
13-Variable Index 2.9 21-41 <0.001
13-Variable Indexrefined 3.0 22-41 <0.001

Missing values

How to handle missing values when constructing a frailty index is not clearly
described in the literature. A limit of 5% maximum missing is often considered, but
the variation is extensive with many examples of much higher values. At baseline
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the majority of variables had less than 5% missing values while “self-estimated risk
of falling” and “diseases affecting balance” had 13.5% and 14.9% missing,
respectively. Overall, 80% of cases had valid data for at least 12 out of the 13
variables. At 5-year follow-up this was similar, with only P-CRP (6.3%) and
“Maximum repeated work extensions” (21.4%) having more missing.

To determine if there was any significant impact from “missingness” on the
performance of the frailty index, the effect of missing variables on the predictive
ability was formally assessed. Several indices with different limits on missing value
were created (e.g., a 13-variable index where any individual missing two values was
excluded). Testing these variations showed little difference in the prediction of
mortality; therefore, it was decided to use the indices without excluding limits.

Distribution of frailty

Typical of all frailty indices, the distribution of scores is skewed, approximated by
a gamma density function (155). This distribution was also observed in the indices
constructed in OPRA. Furthermore, as expected the distribution changed over time
towards normality, indicating the expected accumulation of deficits in the cohort
with age (Figure 14). Distributions of mean and median of all indices were
comparable as illustrated in Figure 15 a and b.

A) 40-variable Frailty Index B) 13-variable Frailty Index €) 13-variable,4,.q Frailty Index
40-variable index (age B0} 13-variable index (age 80) 13-variable,emeq index (age 80)
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Figure 14. Frailty index distribution at ages 80 and 85. A) 40-variable index, B) 13-variable index, C) 13-variable
refined index
All three indices were comparable and display the typically skewed distribution common to all frailty indices.
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a) Mean of frailty indices b) Median of frailty indices
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Figure 15 a and b. Distribution, mean and median of the three frailty indices at baseline, 5- and 10-year visit
The three indices were comparable in mean and median values, and increase over time.

Measurement of bone density

Bone mineral density (BMD, g/cm2) measurements were made with a Lunar®
DPX-L scan (Lunar Corporation, Madison, Wisc.,USA) at the femoral neck.
Osteoporosis was defined as having a T-score below -2.5.

Fracture assessment

Incident fractures were prospectively followed until October 2012 (up to 15 years)
through the X-ray files at the Radiology Department, Malmo, Skane University
Hospital. This hospital is the only one treating fractures in the catchment area and
therefore loss to follow-up was very low. Fractures were reported as any fracture,
major osteoporotic fractures (MOFs) as defined by FRAX (i.e. hip, vertebral, distal
radius and proximal humerus) (http://www.shef.ac. uk/FRAX), and hip and
vertebral fracture. Fractures resulting from pathology and high energy were
excluded. Fractures occurring prior to inclusion (specifically, between ages 50 and
75) were also registered (156).

In the older potentially frail population timeframes for fracture are particularly
important for risk assessment and appropriate intervention. Therefore short (1-2
years) and long term (5-10 years) perspectives were examined (Figure 16).
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Age 75 Age 80 Age 85
(Baseline) (5yr follow-up) (10yr follow-up)

Short (1-2 years)

Long (3 years)
>

Long (Ioiearsj
Ll

Short (1-2 vears)

Long (3 Jears)
>

Status Status
Frail / Non-frail Frail / Non-frail

Figure 16. lllustrates the timeframes for fracture risk estimation
Short (1-2 yrs) and long term (5 yrs and 10 yrs) estimates were calculated based on frailty status at age 75 and then
on frailty status at age 80.

Falls assessment

At baseline, 5-year and 10-year follow-up visits participants provided information
on whether they had fallen in the previous 12 months and if they had fallen, how
many times they fell during that period. In the analysis fall outcomes were defined
variously: at least one fall, recurrent falls (i.e., 2 or more falls) and number of falls.

Visual perception of health

At baseline 1004 identically aged women (75yrs) were subjected to a visual
evaluation of general health within the first 15 seconds of sight, here named visual
perception of health (VPH). Women were estimated by two independent healthcare
professionals (nurse, physiotherapist) using an arbitrary scale ranging from 1 to 100,
where “1” represented a very healthy appearance and “100” a very unhealthy
appearance. The correlation between observers was satisfactory (r = 0.51-0.59, p <
0.0001) (157). The observers had no other information beforehand than the name of
the subject. Because of the unique study design i.e. identically aged women, the
observers were essentially deciding if each participant looked older or younger than
their actual age (biological versus chronological age).

Evaluation and results were not discussed among observers during the study. VPH
was analysed as tertiles equating to “good”, “intermediate” and “poor” health. (143,
144, 157).
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Mortality assessment

Information on date of death was collected from the Swedish national population
register. For this thesis mortality was assessed prospectively from age 75 until age
85 or end of study (Study started 1995-97 and ended in October 2012).

Power analyses

The OPRA cohort was initially designed to study fractures and bone density. A
priori power analyses were therefore carried out to determine the sample size needed
to detect differences in BMD and markers of bone turnover. Based on a supposition
of a SD of 0.13 g/cm2 in BMD it was found that 850 individuals gave over 80%
power to detect a 0.056 g/cm?2 difference between equal groups at a 5% significance
level. A baseline sample size of 1000 women was therefore deemed adequate.

For our studies on frailty and fracture, no a priori calculations were performed.
While the incidence of fracture in the general population is well known, this general
population will include both frail and non-frail women. Therefore, it was
problematic to estimate fracture incidence in an unexposed group i.e. non-frail
women, a requirement for power calculations. There is simply no known incidence
for this group. Similarly, post hoc analysis are generally agreed to have limitations
and not recommended (158), but are reported here to give an indication of the power
of this study.

Based on the 5-year incidence of any fracture (19.1%) in non-frail women in the
cohort, our study had >80% power to detect a 1.45 difference in relative risk (RR)
(alpha 5%) between frail and non-frail women. This indicating that the study was
sufficiently powered to detect a true difference. However, with these known
limitations the confidence intervals are a better indication of the reliability of the
associations.

Statistical analyses

Descriptive data are presented as mean with standard deviation (SD) or median with
interquartile range (IQR). Categorical variables are reported as number (n) and
percentage (%).

Analyses were performed using SPSS version 22 (SPSS, Inc., Chicago, IL), JMP
SAS (SAS Institute, Cary, NC, USA) and RStudio v1.2.5042 (159, 160). P values
of < 0.05 were considered nominally significant.
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Study 1

This study explored the distribution of frailty in community-dwelling older women,
the association to death and the association with BMD. The frailty index was used
both as a continuous variable and stratified into quartiles (Q1 = lowest level of
frailty; Q4 = highest level of frailty) and comparisons were done overall or Q1 vs
Q4. To compare how frailty associated to bone related variables and mortality,
quartiles were compared using ANOVA, t-test, Fisher’s exact test, Chi-square or
Kruskal-Wallis test as appropriate.

To calculate the progress of frailty over 10 years the mean values of the whole cohort
were used and averaged as an annual linear progression. Mortality risk was
estimated using Cox proportional hazard regression at 5 years, 10 years or end of
study (October 2012). Hazard ratios (HR) and 95% confidence intervals (95%CI)
were calculated using Q1 (healthiest group) as reference and presented unadjusted.

Study 2

This study investigated how frailty and falls propensity interact. For primary
analysis an empirical cut-off suggested by other studies was used (55, 127) to define
‘non-frail’ (< 0.25) and ‘frail” (> 0.25) groups. Frailty was also analysed in quintiles
to explore the association to number of previous falls or future falls (5 and 10 years).

Falls were defined both as ‘at least one fall’ and ‘recurrent falls’ (i.e., 2 or more falls)
during the previous 12 months. Furthermore, we also analysed the number of falls
stratified into 4 groups (no falls, 1 fall, 2 falls, 3 or more falls). Only participants with
valid data on falls were included (75y n=914; 80y n= 711; 85y n=382).

Binary logistic regression was used to calculate odds ratios (OR) with 95%
confidence intervals, of future falls (5 and 10 years) comparing frail women to non-
frail. This was also performed at age 80 with frailty status reassessed. In a sensitivity
analysis and to distinguish the effect of a previous fall, the same analyses were
performed comparing those with or without a previous fall. Models were unadjusted
and adjusted for vitamin D (25(OH)D), BMI, smoking and previous fractures
(between age 50 and 75).

To explore the association between gradients of baseline frailty (quintiles) and
number of future falls (4 groups) cross-tabulations and Chi-square was used. At age
80 frailty status was reassessed and the same analyses were performed.

Study 3

This study aimed to investigate how frailty status affected timeframes for fracture
risk, fracture types and fracture risk.

Women were categorized as frail or non-frail (FI < 0.25 or > 0.25) and in quartiles
(Q1 least frail; Q4 most frail) to investigate the relation of lower frailty to fracture
risk.
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Fracture risk was assessed over short (1 and 2 years) and long terms (5 and 10 years).
Frailty status was reassessed at age 80 and the relationship re-analysed over the
same timeframes. Fracture risk was defined for any fracture, major osteoporotic
fractures (MOFs), hip and vertebral fracture. Occurrence of a first fracture was used
as primary outcome.

When analysing risk in longitudinal studies of the elderly with high mortality there
is a risk of overestimation because of the competing risk of death. Therefore,
statistical models accounting for competing risk were used, minimizing potential
bias. The probability of fracture was calculated as a cumulative incidence function
(CIF) using Gray’s test to determine significance. For calculations of fracture risk
proportional subdistribution hazard ratios (SHR) and 95% CI for a first fracture were
estimated using a model proposed by Fine and Gray (161). To determine if frailty
independently predicts fracture risk, BMD was included as a covariate.

To estimate the effect of multiple fractures, incidence rates (fractures/1000 person-
years) using all fractures were calculated and compared (incidence rate ratio; IRR)

Study 4

This study explored the relationship between a brief subjective visual estimation of
general health (VPH) and an objective estimation (FI) and examined the
implications on mortality when they are discordant.

The visual perception of health scores were stratified into tertiles
(poor/intermediate/good health). The frailty index (FI) (scored 0.0-1.0) was
stratified into tertiles: ‘frail’ (> 0.22), ‘pre-frail’(0.13—0-21) and ‘non-frail’ (< 0.12).

The association between tertiles of VPH and individual variables in the FI were
tested using Kruskal-Wallis test, Chi-squared and ANOVA, as appropriate.

Correlation between subjective and objective assessments was tested in the cohort
as a whole and in each tertile of VPH using Spearman’s Rho. To test to what degree
the VPH mirrored the variation in the frailty index, linear regression analysis was
performed after logarithmic and square root transformations. The effect of
significant outliers (> 3 SD, n= 5) was tested with or without these included.

Discordance between VPH and FI was defined as being in the opposite tertiles of
VPH and frailty, i.e., visually perceived to be in good health but measured as frail
by frailty index or someone visually in bad health but measured as non-frail.

To test the clinical relevance of both VPH and FI scores, difference in 10-year
mortality between tertiles were explored using Kaplan-Meyer analysis with log-rank
for assessing significance. Cox regression analyses were used to estimate hazard
ratios. To explore the implications of ‘misjudging’ (discordance) cox regression
analysis was performed separately in ‘good’ and ‘poor’ tertiles of VPH.
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Results

Study 1 - Frailty in the OPRA cohort

Context

In the osteoporosis field frailty has not been extensively researched. One hurdle has
been that cohorts designed to specifically address osteoporosis have not been
designed to specifically capture frailty. In the same way, cohorts designed to address
frailty generally lack osteoporosis outcomes. Of existent frailty studies
comparatively few are in older community-dwelling women or designed to provide
long-term data.

To address this, our initial step was to find a way to construct a measure of frailty.
As described in detail in the methods, a 40-variable frailty index was constructed
for 5 and 10-year follow-ups, and from this a 13-variable index was derived that
could be followed across all time-points (Figure 13). The indices were compared by
correlation and validated by association to mortality. From these analyses it was
judged that the indices are valid measurements of frailty.

The next step was to longitudinally investigate frailty, aiming to understand the
distribution of frailty and how this progressed over 10 years. The association
between frailty, mortality and osteoporosis was also investigated.

Methods and subjects

A frailty score (FI) was calculated for participants from the OPRA cohort at ages 75
(n=1044), 80 (n=715) and 85 (n=392). For analyses this score was used both as a
continuous variable and stratified into quartiles (Q1 =lowest level of frailty; Q4 =
highest level of frailty). For survival analyses, hazard ratios (HR) and 95%
confidence intervals (95% CI) were estimated using Cox proportional hazard
regression with the healthiest quartile (Q1) as the reference category. Time to death
was 5 years and 10 years.
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Results

Characteristics of the OPRA cohort

Table 8 shows the most relevant characteristics of the OPRA cohort at ages 75, 80
and 85. It can be seen how all the components of the frailty index, apart from p-
CRP, gets “worse” over time. At baseline 53.7% of the women were living alone,
91.7% had been married, 85.3% had had children and 73.2 % were living in a one
level apartment or house.

Table 8. Key clinical characteristics of the OPRA cohort at age 75, 80 and 85
All the components of the FI except P-CRP change to a “worse” state with age.

Age 75 Age 80 Age 85
(Baseline) (5 year) (10 year)

Variable n=1044 n=715 n=382

Mean SD Mean SD Mean SD

orN°  or% orN°  or% orN°  or%
Age (y) 752  (0.2) 80.2 (0.2) 852 (0.1)
Height (cm) 160.5 (5.7) 159.2 (5.8) 158.3 (5.8)
Weight (kg) 67.8 (11.7) 66.0 (11.6) 63.95 (10.9)
BMI (kg/m?) 263 (4.2) 26.1  (4.2) 255 (4.0)
Frailty Index 0.17  (0.17) 0.24 (0.18) 0.32 (0.19)
Variables in the FI
Daily activity' 0.06 (0.19) 0.11  (0.23) 0.20 (0.26)
Average time outdoors (hrs) 273 (1.33) 1.84 (0.87) 1.66 (0.78)
Gait - Speed 2 x 15m (m/s) 131 (0.30) 1.20 (0.33) 110 (0.32)
Gait - Steps taken, 2 x 15m 49.4 (9.8) 53.6 (11.7) 55.8 (12.3)
Balance (2 legs, eyes closed)(s)* 57.8 (10.6) 54.8 (14.6) 52.1  (17.5)
Balance (N°. failing 60s test) 47  (4.6%) 91 (12.7%) 75  (20.3%)
Muscle strength? (nms) 2679 (79.5) 2473 (71.2) 218.3 (63.6)
Diabetes/Cancer (%) 219  (21.0%) 178  (24.9%) 91 (24.1%)
Disease affecting balance (%) 201  (22.6%) 256  (35.8%) 184  (48.2%)
Self-estimated fall risk
Low (categories 1-2) 681  (75.4%) 491 (62.1%) 240 (63.8%)
Medium (category 3) 126 (14.0%) 129  (18.9%) 94  (25.0%)
High (categories 4-5) 98 (10.6%) 61  (8.9%) 42 (11.2%)
Polypharmacy? (%) 210  (20.1%) 175 (24.5%) 165  (43.2%)
P-CRP (mg/L) 3.9 (6.8) 3.7 (5.1) 34 (5.8)
P-Creatinine (umol/L) 69.9 (0.60) 743  (19.9) 822 (1.20)

Mean (SD) unless otherwise stated. 'Daily activity calculated from the frailty threshold categories; ?Voluntary maximal
isometric muscle strength of the right knee (knee extension at 900) measured using a Biodex computerized
dynamometer; *Five or more medications; *not used in index.

Frailty, prevalence and progression

Frailty increased with age and those who survived and attended at 5-year visit had
in retrospect been less frail at baseline than the non-attenders (mean FI 0.13 vs 0.25)

56



(Figure 17). In non-attenders a similar difference was seen for those still alive and
those that died during the five years (mean FI 0.23 vs 0.30). The same pattern was
seen when comparing mean frailty at 10-year visit to 5-year visit. Initial baseline
frailty score was lowest in those who attended 10-year follow-up (mean FI1 0.11)

Overall, the typical characteristics of the frail 75-year-old women, based on the
descriptives from studies 1, 2 and 3, demonstrate that frail women had more
previous falls and fractures, lower education, more were current or previous
smokers and used glucocorticoids and bisphosphonates, as summarised in Figure
18.

ATTENDED BASELINE
. (n=1044)
Baseline
(75\/) Frailty index at age 75 = 0.17
ALIVE (n=224)
ATTENDED 5-YEAR VISIT DID NOT ATTEND Fl at age 75 = 0.23
c o (n=715) (n=329)
-year visit _| T (sl
(80\/) Flatage 80=0.24 Flatage 75=0.25 r- DEAD (n=105)
Flatage 75=0.13 | Fl at age 75 = 0.30
-
ALIVE (n=241)
ATTENDED 10-YEAR VISIT DID NOT ATTEND Fl at age 80=0.28
(n=382) (n=357) Fl at age 75=0.15
10-year visit FR——
Y Frailty index at age 85 =0.32 Fl at age 80 =0.30 r DEAD (n=116)
(85y) Flatage75-0.06 J| |
Flatage 80=0.19 Fl at age 80 = 0.35

Flatage 75=0.11 \ Flatage75=020

Figure 17. Frailty index across participation at each visit
Mean frailty index is reported for attendees and those who were non-attenders, dead or alive.
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Figure 18. General characteristics of frail women in the OPRA cohort at age 75

Prevalence and progression of frailty

With a frail state defined as FI >0.25, 23.5% of the women were already frail at
baseline. After 5 years the prevalence increased to 39.3% and after 10 years more
than half of the women were frail (56.8%) (study 2).

For 75-year-old women the mean frailty index was 0.17 and this was almost doubled
at age 85 (0.32). Over 10 years this approximated an annual progression of 6—7%
(Figure 19, see also fig. 15 a and b).
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0
Baseline 5-year visit 10-year visit
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Figure 19. Frailty index in the OPRA cohort at ages 75, 80 and 85 years of age
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The progression towards higher frailty is further illustrated in Figure 20 where
women were stratified in quartiles by their frailty status at baseline. After 10 years,
only 4.7% of the women remained in the least frail quartile.
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Figure 20. Ageing and the progression of frailty over time
At baseline the distribution of quartiles of frailty are identical (25%). Over 10 years the proportion of “most frail”
individuals increases substantially while the proportion “least frail” diminishes. The same thresholds are used at every
timepoint ( 13-variable refined <0.02; 0.03 — 0.12; 0.13 — 0.27; = 0.28) (n=1044, 715, 382).

7} Q1 (Leastfrail, FI <0.11)

5-year visit 10-year visit
Age 80 Age 85
% per quartile % per quartile

To determine how frailty dispersed over time we defined a group of “super robust”
women (FI 0.0-0.1). Over time their proportion diminished, from 48% initially,
dropping to 25% at age 80 and 14% at age 85. Over 10 years of study, only 11% of
these initially super robust women, remained unaffected (Figure 21).
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Figure 21. Frailty and change of frailty over time in older women assessed at baseline, 5-year and 10-year
follow-up, tracking progression in those most robust at baseline (hatched area)

The three histograms show the distribution of frailty index scores at each visit (baseline, 5 years,10 years). The index
is presented in decentiles (0.0-1.0). The hatched area in the histogram on the left hand side represents the LEAST
frail women at baseline, and their progression towards increasing frailty over the course of the study (center panel
80y; right hand side panel 85y).

Change in frailty

By definition frailty is a dynamic state and ageing generally leads to higher frailty,
but a reversal is possible. In OPRA the majority of women progressed towards a
frailer state, but for a small minority their frailty index did not increase. From
baseline to 5-year follow-up 32.4% had a FI which increased by 0.10 units or more,
compared to only 2.2% whose FI decreased by 0.10 or more. Between 5 and 10-
year follow-up the changes were similar with 39.1% and 3.6% respectively (Figure
22 aand b).

a) Change in frailty between ages 75 and 80 b) Change in frailty between ages 80 and 85

Frailty index at 80y
Frailty index at 85y

Frailty index at 75y Frailty index at 80y

Figure 22. Change in frailty over 5-year time-windows between a) 75y to 80y and b) 80y to 85y
Dots around the zero-line have experienced little or no change since baseline follow-up. Dotted lines indicate change
upwards or downwards of 0.1 and 0.2 frailty index points.
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Mortality

The women that died during the first 5-year time-window (75-80y) also had the
highest average frailty score at baseline (n=105; mean 0.30, median 0.29) which
was approximately the same as the mean frailty index of women at age 85 (Figure
23). Mortality was substantially higher among those in the highest quartile (Q4)
compared to the lowest (Q1) based on baseline FI. After 10 years almost half of
these had died compared to only one sixth of the least frail (49.1% vs 17.2%; p
<0.001). Expressed as risk, these frail women had more than three times higher risk
of dying within 5 years (Q4 vs Q1; HRunagj 3.26 [1.86-5.73]; p <0.001). The pattern
was similar in a 10-year perspective (HRynagj 3.58 [2.55-5.03]; p < 0.001).

Q1 (Least frail)
Q2

Q3

Q4 (Most frail)

Cumulative Survival

Time (y) from baseline (age 75)

Figure 23. Kaplan Meier analysis showing cumulative survival based on quartiles of frailty at age 75.
Mortality was highest in Q4, the highest quartile of frailty compared to the lowest. At 10 years mortality was also
higher in Q3. The corresponding mortality risk over the first five years (75-80y) and second five years (80-85y) was
highest in the frailest women.

Frailty association with BMD

The proportion of women with osteoporosis increased with age; at baseline, 28.1%
were osteoporotic rising to 49.0% after 10 years. At age 75, BMD was 0.773 g/cm?
(SD 0.131) in the least frail compared to 0.759 (SD 0.150) in the frailest, but not
statistically different. However, with adjustment for BMI (which is strongly
associated to BMD), the association was significant (overall; p=0.0006 and Q1 vs
Q4 p=0.0003). At age 80 the pattern was similar across the quartiles of frailty, but
at age 85 no difference was seen, even after adjusting for BMI.

Conclusion

In a cohort designed to assess osteoporosis risk, we showed that is possible to use the
variables available to construct an informative frailty index. Frailty increases with age
and only one in ten older women escaped the progression of frailty. As expected,
being frail was associated with increased mortality, and also with low bone density.
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Study 2 - Frailty and falls

Context

Falls are a leading cause of morbidity and fracture. A previous fall is a major risk
factor for having more falls, and with more falls comes higher frailty. Study 2
addressed some of the gaps in understanding of how patterns of frailty and falls
interact, particularly in those who have not yet entered the falls-frailty cycle.

Methods and subjects

For these analyses the number with information on falls was, at age 75 (n=914) and
age 80 (n=704) and 85 (n=371). Information on falls was self-reported and included
having had a recent fall (in the previous 12m) and the number of times in this period.
Fall outcomes analysed were “at least one fall” and “recurrent falls” (i.e., 2 or more
falls). These analyses used the refined frailty index and women were stratified into
groups of non-frail (<0.25) and frail (=0.25) and also divided into quintiles.

Results

Falls incidence

The overall incidence of women reporting having fallen at least once increased at
each successive follow-up; from 28.4%, to 31.0% and, at age 85, 44.7%, as did the
incidence of recurrent falls which almost doubles from age 75-85 (14.7%; 17.6%;
26.4%.). See Figure 24.

Age 75 Age 80 Age 85
4+
4+
3+ 3+
No falis 3tfalls 4+ falls No falls 3tfalls 4+falls No falls 3tfalls 4+ falls
716% | 28.4% 14.7% | 7.55% | 3.17% 69.0% | 31.0% 176% | 8.10% | 4.55% 55.2% | 44.7% | 26.4% 13.2% | 4.58%
100% (n=914) 100% (n=704) 700% (=371)

Figure 24. Proportional representation of women who reported no falls, a single fall, or multiple falls in the
previous 12 months at each of the three visits (ages 75, 80 and 85)

With advancing age the proportion of women falling increases and the green area, representing non-fallers, shrinks.
The fallers are represented with deepening shades of red. At each visit the proportion who had fallen once or more in
the previous 12 months increased from 28.4% to 31% to 44.7%. Multiple fallers increase over time as the proportion
falling increases.
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Frailty and previous and future falls

Being frail at age 75 was associated with having sustained more falls in the recent
pasti.e. previous 12 months. Already one third (32.6%) of women in the frail group
had already suffered recurrent falls during this period and this was almost four times
more common than in the non-frail group (8.9%).

Tracking the fall pattern of these women that were frail at age 75, we saw that they
continue to have more recurrent falls over 5 and 10 years (Figure 25). Analogue to
this, baseline frailty was a significant predictor of recurrent falls (ORsyr 2.55 (1.62-
3.99); ORjgyr 3.04 (1.63-5.67)). When frailty status was reassessed at age 80 the
results were similar (data not shown).

LEGEND

I:l Recurrent (2 or more) falls |:| None or 1 fall

232%
10-yr follow-up 76.8% 47.9%
85yrs - 20
N=371 521%
149%
85.1% 30.8%
5-yr follow-up 69.2%
80yrs
N=704
8%
91.1%
326%!
Baseline 67.4%
75yrs
N=914
NON-FRAIL women FRAIL women
FI=0.13 (median 75y) FI=0.32 (median 75y)
(0.01-0.24) (0.25-0.74)

Figure 25. Proportional representation of non-frail and frail women women reporting recurrent falls at at each
of the three visits (ages 75, 80 and 85) based on frailty status at age 75.

Women are defined as frail (= 0.25) or non-frail (< 0.25) at baseline and we show the proportion at each visit who
reported recurrent falls in the previous 12 months. Among FRAIL women, proportionally more reported recurrent falls,
compared to non-frail (32.6 vs. 8.9 at 75 y; 30.8 vs. 14.9 at 80 y; 47.9 vs. 23.2 at 85 y). Width of the frail segments
narrows with successive visits, reflecting the proportionally higher loss-to-death and nonattendancein the most frail

Impact of grades of frailty on number of falls

Level of baseline frailty (in quintiles) corresponded with the number of falls and
there was an almost stepwise increase from Q1 (least frail) to Q5 (most frail),
proportionally in the number of falls, both in retrospect (prior to inclusion in the
study at 75) and prospectively.

At age 75, women in the highest frailty quintile already had a high proportion
(20.2%) who reported multiple falls. In the highest frailty quintile at age 80, 15.7%
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had sustained 3 or more falls, compared to only 5.7% in the lowest quintile
(p=0.001). At age 85, more than one-quarter of women in the highest frailty quintile
had sustained 3 or more falls (26.7% vs. 4.0%; p=0.012) (Figure 26).

PRIOR FALLS Falls sustained at Age 80 Falls sustained at Age 85
(in the 12m prior to inclusion in study) (in the previous 12m) (in the previous 12m)
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Figure 26. The level of frailty at baseline (age 75) and proportion of prior and future falls

The number of reported falls were stratified into four group (no falls, 1 fall, 2 falls and 3 or more falls). The proportions
of these groups were examined in each quintile of frailty, both prior to baseline examination and prospectively after 5
years.

Impact of frailty in women with or without prior falls

To evaluate the independent effect of frailty in women with no history of falls,
women were grouped into fallers and non-faller.

For those with no fall history at 75y, frailty was a strong predictor of recurrent falls
[ORsyr 3.06 (1.59-5.89)] and much more so than for women who already had a fall
history [ORsyr 1.02 (0.51-2.06)]. However, with reassessment at age 80, frail
women in both groups fell more, and the difference was only significant in women
with a previous fall.

The combination of being both frail and a faller conferred a significantly higher risk
of recurrent falls within 5-years compared to robust (non-faller, non-frail) women
(age 75: ORsyr 4.54 (2.35-8.71); age 80: ORsy 5.82 (2.79-12.56)).

Conclusion

This population-based cohort of identically aged elderly women highlighted that
frailty plays a significant role in the actiology of falls and the reciprocal increase in
falls propensity and frailty status. Being frail is a significant predictor of recurrent
falls. Interestingly, frailty is a particularly strong predictor of future falls in women
who have not yet experienced a fall.
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Study 3 - Frailty and fractures

Context

Osteoporosis related fractures are common and preventing them is an important
aspect of successful aging.

In study 3 we wanted to explore the association between frailty and fracture,
addressing the knowledge gaps including whether frailty can independently predict
fracture and if so which fracture types and over what time periods. Specifically, we
investigated whether a frail person was at increased short-term risk i.e., over 1 and
2 years as well as longer term (5-10 years).

In older individuals, hip fracture is of predominant interest, but other fracture types
were also explored since these may precede a hip fracture. Furthermore, we
investigated if early stages of frailty and progression of frailty interact with fracture
risk.

Methods and subjects

For these analyses the number with information on fractures was, at age 75 (n=1044)
and age 80 (n=715) and 85 (n=382).

Frailty was analysed as frail (>0.25) and non-frail (<0.25) categories and in quartiles
(Q1 least frail; Q4 most frail). Frailty status was assessed at age 75 and reassessed
at age 80. The fractures assessed were any, hip, major osteoporotic fractures (MOF)
and vertebral fractures. Fracture status was examined in relation to baseline frailty
in short (1 and 2 years) and long (5 and 10 years) time-windows, from age 75 and
then from age 80 (Figure 16). Fracture risk used models accounting for the
competing risk of death.

Results

At baseline almost one quarter (23.5%, n=245) of the women were classified as frail
(F1>0.25) and these had higher BMI and more glucocorticoid/bisphosphonate use.
These frail women had also suffered more previous fractures and falls (p>0.05)
(Figure 18). In total 524 (50.2%) women suffered at least one fracture during the
total study period (13-17 years) and a quarter 268 (25.7%) women had had two or
more fractures at any site.

Frailty at age 75 and short- and long-term fracture risk

Frail women at 75y had a three times higher risk for experiencing a hip fracture
during the next two years (Table 9). Proportionally, 4.5% fractured compared with
1.5% of non-frail women (p<0.05). Looking at major osteoporotic fractures the risk
was doubled in the same 2-year timeframe (10.6% vs. 5.8%; frail vs. non-frail).
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Adjusting for BMD did not alter these results. In frail, but not the non-frail women,
smoking further increased the risk of early fractures (data not shown).

In the 5-year perspective frailty continued to associate with increased fracture risk;
with frail women having double the risk of a hip fracture. Overall, a greater proportion
of frail women had at least one fracture at any site (24.9% vs. 19.1%, p=0.051).

Table 9. Relative risk of fracture for frail women across timeframes of 1-, 2- and 5-years based on being frail at
A) age 75 and B) age 80

A) Frail at age 75 1-year risk 2-year risk 5-year risk
SHR*  95% ClI SHR  95% ClI SHR  95% ClI

Any 1.65 (0.87-2.76) 1.70  (1.11-2.60) 1.38 (1.02-1.86)
Major osteoporotic 1.71  (0.90 - 3.25) 1.89 (1.17-3.06) 1.38  (0.99-1.93)
Hip 3.94 (1.20-12.9) 3.04 (1.34-6.88) 2.03 (1.13-3.63)
Vertebral 1.19 (0.38-3.74) 1.88 (0.79-4.46) 1.83 (1.10-3.04)
B) Frail at age 80

Any 1.85 (0.95-3.59) 159 (1.02-2.48) 152 (1.13-2.04)
Major osteoporotic 1.89 (0.93-3.83) 1.79  (1.12-2.86) 153 (1.12-2.09)
Hip 543 (1.13-26.2) 20 (0.91-4.39) 148 (0.90-2.44)
Vertebral 1.86 (0.57-6.09) 143 (0.63-3.24) 1.97  (1.21-3.21)

*Subdistribution hazard ratios (reference category non-frail). Frailty status was assessed at each age (75 and 80).

When analysing the cumulative incidence of any fracture, the trajectories of frail
and non-frail women at age 75 differed, with the greatest difference observed at 2
to 5 years. The probability of a fracture continued to be elevated after this but across
the extended observation period baseline frailty did not discriminate the probability
of fracturing, as can be seen by comparable slopes (Figure 27 a).
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Figure 27. Cumulative incidence of any fracture stratified by frailty status at a) age 75 and b) age 80

For a woman who is frail at age 75 the the greatest difference in fracture trajectory is apparent at 2-5 yrs. Differences
in cumulative incidence rates are calculated in the presence of the competing risk of death. For a woman who is frail
at age 80 the probability of fracture is higher for the remaining lifetime. Frail (FI 2 25) and non-frail (FI< 0.25F1I).
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Frailty at age 80 and short- and long-term fracture risk

For women aged 80, the short-term association between frailty and fracture was
similar in terms of MOF and any fracture (table 1B). Frail women had an elevated
risk of hip fracture through the first year but the proportion who fractured was low
(2.5% of frail vs. 0.5% of non-frail; p=0.017). After 2 years the hip fracture risk was
elevated but not statistically significant.

In the 5-year perspective frailty was less predictive of hip fractures but continued to
be associated with a higher risk of any fracture and MOF. For frail women the risk
of a vertebral fracture was also doubled. Adjustment for BMD did not change the
results. Looking at the incidence trajectories when frailty status was reassessed at
age 80 (Figure 27 b) frail women again had a higher probability of an early fracture
(any fracture) which continued to be elevated up to 10 years (essentially the
remaining lifetime).

Grades of frailty and fracture risk

When stratifying participants frailty in quartiles we saw a clear stepwise association
between increasing frailty and the 10-year probability of a first fracture of any type
(Q4 to Q1, p=0.03) (Figure 28 a). For a fracture of any type (minor or major), the
most frail accumulated their fractures more rapidly — while for the least frail the
accumulation was slower, and it took another 2.5 years to reach the same incidence
(10%). For hip fracture this difference was even more pronounced — the least frail
women took almost five years longer to reach the same incidence (5%) (Figure 28
b). This highlights that frail women are highly at risk, beyond what is expected for
their chronological age. As the figure demonstrates, fracture-free time was longer
among the least frail women.
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Figure 28. Cumulative incidence of a) any fracture and b) hip fracture, stratified by quartiles of frailty at age 75
The least frail women (Q1) remain fracture free for longer compared to the most frail (Q4) women. This equates to 2.5
years (any fracture) and 4.7 years (hip fracture). Differences are calculated in the presence of the competing risk of
death.*Frailty quartiles Q1 (FI < 0.11), Q2 (FI 0.12-0.16), Q3 (FI 0.17-0.24), and Q4 (FI = 25).
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Conclusion

For 75-year-old women being frail is a risk factor for fractures in the very near
future, within 12-24 months. The risk is most marked for hip fractures and is higher
regardless of bone density. Frail women continue to be at higher risk over
subsequent years, but frailty status needs to be reassessed regularly since health
status can rapidly change with advancing age, which influences fracture risk.

Study 4 - Frailty and the visual perception of health

Context

In clinic, a subjective visual estimation of a patient’s general health often guides
interventions, yet little is known of how this assessment relates to objectively
measured frailty This study aimed to characterise the relationship between the
subjective “clinical eye” with a quantitative measure of health i.e. a frailty index.
Few studies of this type are available in the literature, and most involve specific
patient groups. Furthermore, we examined the conditions under which these
measures were concordant or discordant and what the implications were for
mortality.

Methods and subjects

At baseline participants were subjected to a visual estimation of general health
(VPH). Data on both VPH and FI was available for 1004 participants. Scores were
used both as continuous variables in linear regression analysis and in tertiles
defining groups who looked to be in “Poor”, “Intermediate” and “Good” health
(VPH), and for frailty as tertiles equivalent to “Frail” (FI>0.22), “Pre-frail” (0.13-
0.21) and “Robust” (<0.12).

Results

Women in the poor tertile had the highest frailty index (median 0.22; mean 0.25)
and also the widest range in values (FI 0.02-0.66). Using an empirical cut-off for
defining frail (FI >0.25) almost 40% in the poor VPH tertile were classified as frail,
compared to only 9% of women perceived to be in the good VPH tertile were
actually frail.

VPH correlated with frailty but was strongest in those looking unhealthy (rs~=0.424,
p<0.001) and weakest in those looking healthy (r:=0.129, p=0.021). Women with
poor VPH had higher BMI, poorer visual acuity and had reported more previous
falls and fractures (Table 10).
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Table 10. General characteristics of the OPRA participants overall and stratified by visual perception of health

tertiles
Visual Perception of Health (VPH) tertile

OVERALL GOOD INTERMED POOR

(n=1004) (n=365) (n=311) (n=328)
VPH Range (0-100) 29.4-98.9 29.4-474 47.4 - 50.1 50.4 - 98.9
Frailty Index (median, IQR) 0.16 (0.13) 0.12 (0.10) 0.15(0.12) 0.22 (0.16)
Frailty Index (Mean, SD) 0.19 (0.11) 0.14 (0.07) 0.18 (0.09) 0.25 (0.13)
Frailty Index (Range 0.00-1.00) (0.01-0.66) (0.01-0.40) (0.01-0.53) (0.02-0.66)
Proportion Frail (FI >0.25) % (n) 223 (22.2%) 33 (9.0%) 60 (19.3%) 130 (39.6%)

Mean (SD) Mean (SD) Mean (SD) Mean (SD)
BMI (kg/m?) 26.3 (4.19) 24.9 (3.13) 26.7 (4.06) 27.5 (4.85)
Height (cm) 160 (5.8) 161 (5.4) 160 (5.8) 160 (6.1)
Body weight (kg) 67.7 (11.5) 64.6 (8.9) 68.5(11.0) 70.9 (13.5)
Visual acuity (average both eyes) 0.50 (0.22) 0.54 (0.22) 0.51 (0.21) 0.46 (0.23)

n (%) n (%) n (%) n (%)

Smoker (current/previous) 334 (33.6) 122 (33.5) 95 (31.0) 117 (36.2)
Alcohol (each week) 174 (17.5) 91 (25.0) 48 (15.6) 35(10.9)
Education (elementary school level) 546 (54.5) 170 (46.4) 182 (58.9) 194 (59.1)
Fallen in previous 12 months 250 (28.2) 76 (23.1) 74 (25.1) 100 (38.3)
Any fracture between ages 50-75 367 (37.0) 124 (34.3) 101 (33.0) 142 (44.0)
Surgery within last 5 years 218 (23.6) 64 (19.0) 64 (21.8) 90 (30.9)

Concordance and discordance between VPH and FI

Figure 29 shows the distribution of frailty scores within the good and the poor VPH
tertile. In the “Poor” and “Good” tertiles of VPH approximately 50% also belonged
to the reciprocal frailty tertiles, while 16% were discordant i.e. visually perceived
to be in good health but measured as frail by the frailty index or vice versa. In those
allocated as good VPH, no one had a FI above 0.40.
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Figure 29. Distribution of frailty scores within the poor and good tertiles of Visual Perception of Health.

The green area represents agreement been the subjective visual estimate and measured frailty status. The red area
represents disagreement i.e. how the individual looks does not reflect their measured frailty status. By ‘eyeballing’ it is
easiest to correctly judge an individuals health if they look to be in very obviously good health or very poor health, but

pre-frail can’t be identified.

VPH and the components of the frailty index

To understand which factors in the frailty index that contributed to the visual
perception of health we analysed the individual components of the frailty index
within the tertiles of VPH. The majority of the frailty index variables showed an
association to VPH (11/13) with overall better musculoskeletal performance (gait,
strength and balance) in those perceived in good health and conversely for those in

bad health.

Mortality outcomes for subjective and objectively measured health

Poor health, regardless of whether subjective (VPH) or objective (FI), was
associated with increased 10-year mortality, but the discriminative abilities differed.
In those that visually looked to be in good or intermediate health there was no
difference in mortality. By contrast, in the reciprocal tertiles of FI discrimination
was seen; where pre-frail women had a higher risk of mortality than non-frail

(Figure 30 a and b).
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Figure 30 a and b. Ten-year mortality stratified by tertiles of a) visual perception of health and b) frailty index
Individuals who were classified into the tertiles ‘poor VPH’ * or ‘frail’ had an associated higher 10-year mortality. As can
been seen in b) only by objectively measuring frailty is it possible to see that those who are pre-frail also have an
associated higher mortality.

Looking at the possible long-term implications of discordance between the two
scores, women appearing to be in good health but were quantifiably pre-frail had a
higher mortality than those non-frail (log rank test; p=0.015). However, frail women
(n=58) in this group did not significantly differ from non-frail. Conversely, in the
group of women that appeared to be in poor health, being objectively non-frail was
associated with a lower mortality risk (HR 0.57 (0.34-0.95)).

Conclusion

A brief ‘snap-shot’ estimation of general health was associated with quantified
frailty, predominantly in women looking unhealthy. When estimating good or poor
health, every second time the observer’s classification agreed with the classification
of a frailty index.

Although a mere eye-balling recognizes frailty fairly well, in one in six women these
classifications were diametrically opposite. One implication of this was that women
that looked as in poor health but were in fact measured non-frail or pre-frail, had
lower 10-year mortality.

Pre-frailty cannot be captured by a subjective visual estimation. To capture this
clinically important sub-group quantitative assessments of frailty are advisable.
Finding pre-frail individuals in those looking healthy could pinpoint a group with a
steeper trajectory into frailty, and in need for intervention.
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Discussion

With increased age comes increased risk of age-related conditions, in this instance
osteoporosis related fragility fractures. But above and beyond chronological age,
this thesis investigates how taking biological age into consideration could add to our
understanding of musculoskeletal adverse outcomes.

Construction of a frailty index

Frailty in the context of osteoporosis and musculoskeletal health is still in its
infancy. An instrumental gap in knowledge addressed was “Can a measurement of
frailty be created in a cohort that was not originally designed to address frailty?”

The most widely used operationalization by Fried (30) could not be used because of
the lack of “weight loss” and “exhaustion” variables, therefore a deficit
accumulation index (FI) less dependent on specific variables was created (56). A FI
is recommended to include 30-40 variables, but this study showed that a 13-variable
index (available at all three ages) was comparable to a 40-variable index. Validation
confirmed similar distribution of the index values cross sectionally, similar
accumulation over time, and an almost identical association to mortality. With a
high correlation and close similarities, this demonstrated that the smaller index
indeed captured the same construct, equivalent to a more extensive FI. The wider
implication from this is that it opens up the field for future research in frailty in other
existing osteoporosis cohorts.

In the literature there are many operationalizations of frailty and the number of
variables used range from one single to 92 (17, 47). When reflecting on the sufficient
number of variables needed to capture frailty, it is important to point out that many
variables interconnect, and a deficit in one variable often affects others. When
somebody has problems with arthritis this will also affect their ability to tie their
shoelaces or lead to lesser time spent outdoors, and somebody with advanced colon
cancer would answer “yes” to a question about weight loss. No single variable is an
independent entity, therefore, for a specific domain and if there are no available
variables in the data set, other variables in other domains can still capture this. A
notable example of using few variables that interconnect (but still captures a wider
picture) would be the frequently used Fried frailty phenotype, comprising of only
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five variables (30). In the extreme end is also handgrip strength, which is frequently
used alone as a proxy for frailty.

There are pros and cons for using many or few variables. Using an
operationalization requiring many variables can be problematic; many frailty
indices depend on self-reported data. This is very convenient when studying cohorts
but could be a weakness in terms of accuracy and potential bias. The Fried Frailty
Phenotype and even more the Clinical Frailty Scale (162), developed for purely
clinical settings, are on the other hand simple to use, but might lack the ability to
detect minor impairments, making them too crude to sufficiently detect pre-frailty.

Frailty in community-dwelling older women

The true population prevalence of frailty is difficult to pinpoint. A systematic review
suggests that among community-dwelling older populations the range is between
4.0 — 59.1% (10). In the OPRA cohort the prevalence of frailty doubled over 10
years - from one of four women at age 75 to more than half of the women at age 85.
One similar study in a mixed Dutch population (75+) (163) showed a somewhat
slower accumulation with a doubling of the number of deficits over 12.5 years.
These findings together indicate that a fast progression takes place after age 75 and
highlights the definite need to address and prevent the development of frailty even
before this age. Due to the single-age design of the OPRA cohort, there are few
comparable studies that can capture this precise age-specific change in prevalence.
In the longer term this data could provide important information for future health
care policies.

There was a linear increase of frailty by 6-7 % per year, which was higher compared
to two other studies (17, 56). Knowing that the progress of frailty reaches a critical
state where the physical reserve capacity is too low to respond to a stressor, it is
reasonable to believe that frailty accelerates in a population once a threshold has
been passed. This acceleration into frailty is however not homogenous. In study 1
the progression of a least frail category (0.0-0.1) at baseline was tracked. Here we
saw that these women diverged over time and followed different trajectories into
frailty. After 5 years half of these women had not progressed to a worse state of
health, but after 10 years only around 10% had managed to maintain their initial
health and escape frailty. What factors that determine this “super group” was beyond
the scope of this thesis but poses interesting questions for further research.

Mortality was not surprisingly highest in the frailest (up to 3 times higher) but pre-
frail women also had a higher risk. Frailty increments lead to gradually higher
mortality demonstrating the sensitivity and utility of the frailty index. The strong
association to mortality and incapacity was further demonstrated when comparing
groups that survived to those who died or couldn’t attend. Those 75-year-olds who
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died within 5 years of baseline had a mean FI equivalent to women 10-years older,
this indicates that their biological age at age 75 was equivalent to a woman aged 85.
Those who were still alive five years after baseline but unable to participate in the
study were biologically only 5-years older than their attending counterparts.

The osteoporotic patient is assumed to be more frail, therefore, we hypothesized that
the frailest women would have lower bone density. This was also the case, but only
after adjustment for BMI. Interestingly BMI was higher in those with higher frailty,
indicative of an accumulation of conditions resulting in an overall decreased health
status and reduced activity. The most typical patient with osteoporosis often has a
small frame and low body fat, but this study demonstrates that bone health should
be considered in women with higher body weight, because if they are frail they are
likely to have lower than expected bone density.

Frailty and falls

In the elderly falls are common, but what makes someone “a faller”? To understand
patterns and propensity to fall, this study investigated frailty, falls and their
interaction.

Estimates of falls propensity that relate to age are instrumental for understanding
associated injuries, where fractures are perhaps the most relevant. In OPRA falls
incidence increased between 75 y and 85 y (from one-third to almost half), with the
most drastic change between 80 and 85. These changes also affected the number of
falls women had. In other mixed-age studies this precise change was difficult to
capture (127, 164, 165). In the National health and Aging Trends Study fall rates
from 29 - 38% were reported in a slightly younger population including men, but
among those 85-89 years old rates were 42%, which was similar to our findings
(166).

A primary interest was to study frailty in relation to recurrent falls rather than the
arbitrary nature of a single fall, on the assumption that frequent falling stems from
age-related intrinsic changes and failure of multiple physiologic systems, potentially
captured by frailty.

For 75-year-old women, being frail was a significant risk factor for frequent falls
for more or less the rest of their life. This provides long-term evidence far beyond
the one-to-3-year perspectives of previous studies (30, 134, 164, 167, 168). Such
women are in a dangerous falls-frailty cycle which is difficult to depart from, and
therefore these findings emphasize the importance of not entering this cycle to
maintain a good quality of life.

A previous fall is a strong risk factor for future falls (169), and a high falls propensity
may well be a good indicator of high frailty. This mutuality was also apparent at all
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investigations in our study; those with highest frailty also had had most falls in the
previous year.

To dissect the contribution of frailty, its effect on future falls was examined in
women with or without previous falls. Fallers and non-fallers had distinctly different
future-falls pattern and the impact of frailty varied with age. At age 75 frailty was
an important risk factor for women without a history of previous falls, conferring a
three times higher odds for recurring falls in the future. For those that already had a
history, the fall was more of a proxy for frailty than the index, and the FI was less
predictive. We speculate that this is a consequence of having entered the falls-frailty
cycle and the high correlation between falls and frailty. Interestingly and conversely,
at age 80 frailty was a similarly important risk factor but for women with a history
of falls. The falls-frailty relationship is complex and almost impossible to fully
dissect since other major factors contribute. In a mixed-sex population (mean 70.1y)
one study showed how frailty was more predictive in non-fallers, but in another
only-female study (mean 69.4y) the opposite was reported (168, 170); implying that
risk factors could be both age and gender-specific.

One important objective of frailty research is identifying individuals before they
become frail. Our study demonstrates that a stepwise increase in frailty associates
with an increasing number of falls, both at age 80 and 85. These findings
demonstrates that even lesser frailty is important in terms of the risk of future falls
- implying that careful assessment of frailty in the elderly would be beneficial for
fall prevention and possibly forestall the cycle of frailty and falls.

Frailty and fractures

Fractures play an important role in the transition from independence to dependency,
but still today it is notoriously difficult to predict who will fracture. The role of
frailty as a risk factor is little investigated and this study aimed to add further
knowledge.

In accordance with previous findings (171, 172), frailty was associated with a higher
risk of fractures. An important clinical feature that was identified in the study was
that that the elevated risk was present already within the following 12-24 months.
At age 75 frail women had a 2 to 4 times higher risk of a hip fracture than non-frail,
already within the first year. Within two years the risk of having a major
osteoporotic fracture (MOF) and indeed any type of fracture was also almost
doubled, independently of BMD status. At age 80 frail women were at high risk of
sustaining a fracture of any type within the short-term, but not specifically hip
fracture.
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In terms for understanding risk for hip fracture we know that risk increases as age
increases. But being frail confers a risk that goes beyond what is expected for
chronological age, particularly in the early seventies. By the ninth decade everyone
has become more frail and the associated fracture risk is similar. Another study finds
similar results where the association between frailty and hip fracture is lost in
participants aged 65 or older (173). Whether this is explained by the wide age range,
a transition to less physical activity, impaired mobility, or that the impact of frailty
manifests differently (174) is unclear.

As age increases risk factors for fracture accumulate and health can rapidly change.
Since frailty progresses at different trajectories and is dynamic it is most meaningful
to use over short time windows. Its value deflates over long durations. We saw that
over five years a higher fracture risk persisted, but over 10 years both frail and non-
frail women were similarly at risk. Long-term projections are therefore less
meaningful and the value of assessing frailty status lies in its relationship to
immediate fracture risk. Therefore, it needs to be reassessed regularly. This is
illustrated by the fact that when frailty was reassessed at age 80, it was again
predictive of short-term fracture risk. Even if other studies suggests long-term
associations with fracture (164, 173, 175, 176) the immediate implications of being
frail are considerably more important, given the relatively short remaining life time
in the elderly.

With age more fractures accumulate in the population but frailty status will affect
the rate of accumulation. In the most frail group, we saw that the incidence for any
fracture was also higher. Essentially this means that for the group of most robust
women it takes two and a half years longer to accumulate the same number of
fractures as frail women. Looking at hip fractures this delay was even longer, almost
5 years. To put this in a more clinical context, this means that for a hip fracture,
within 2 years 5% of frail 75-year-old women will have had a hip fracture, while for
non-frail women it would take 7 years to reach the same incidence. This important
evidence could be acquired because of the unique single-age design of the study and
demonstrates that frailty assessment provides valuable information about fracture
risk that goes beyond chronological age alone.

This study corroborates that frailty leads to fracture, and that fractures leads to
higher frailty (177), highlighting just how critical the musculoskeletal component is
within frailty since fractures leads to functional decline. Fracture prevention,
primary or secondary can influence the trajectory of frailty. In OPRA, even women
who had suffered a fracture prior to the age of 75, but thereafter managed to remain
fracture free for 10 years, could have the same frailty trajectory as women that never
fractured. This finding advocates the benefits of secondary prevention. Based on the
data from this study, clinically it is essential to initiate interventions with immediate
effect (preventing falls through home environment adjustments, initiate medication
reconciliation and balance training etc.) (178, 179) in conjunction with
antiosteoporosis medication, which have a longer time to take effect.
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Frailty and the visual perception of health

In clinic situations a mere “eye-balling” often serves as an estimation of a patient’s
health. Quantifying frailty status, on the other hand can be time consuming. We tried
to answer the questions: “Do these two approaches capture the same thing?” and
“when is relevant to perform a frailty assessment?”.

In women estimated visually to be in good or poor health, more than half were also
correctly classified as quantitatively non-frail or frail. However, the visual
assessment (VPH) was not fully reliable with as many as 1 in 6 women incorrectly
judged. The relevance of this is that women who appear on the surface to be in good
health could already be frail or pre-frail and on the verge of a trajectory into frailty.
A similar poor reliability has also been shown in other studies, although these were
performed in specific patient groups rather than in a population-based study (139,
141, 142).

Overall, there was a moderate correlation between VPH and FI but stronger in those
that looked in poor health i.e., presumably because of displaying more visual cues.
Examining the separate components of the frailty index to understand which are the
most important visual cues, VPH was associated to almost every variable,
particularly walking ability, muscle strength and balance. Previous falls and
fracture, which affect walking ability and balance, were more common in those that
looked most obviously in poor health. This association between visual perception
and mobility is also reported in other studies, with the strongest visual cue being the
use of mobility aids (139, 140, 142). Although these may be the most obvious signs
of frailty numerous other signs influence judgement, including overall presentation,
general coherence, facial expression, and perhaps even smell. Interestingly VPH
also associated with inflammation, polypharmacy and diabetes which indicates the
importance of the “clinical eye” in making assumptions from all possible cues.

Previous studies, including in the OPRA cohort, have shown that a subjective health
assessment predicts mortality (136, 140, 143, 180). In the current study, being frail
or looking in poor health were both associated with higher 10-year mortality, but
only the FI could discriminate a pre-frail group whose mortality risk was also higher.

Misjudgement of health had clinical implications, women appearing to be in good
health but who were quantifiably pre-frail had a higher mortality than might
otherwise be expected from a visual estimation alone. The reverse side of this was
that there were also women who looked to be in poor health but actually measured
as non-frail, whose mortality risk was lower than expected from a visual estimation.

This study showed that “eye-balling” reflects frailty fairly well and undoubtedly
provides valuable complimentary information. However, the findings from this
study together indicate that an objective measurement of frailty has the sensitivity
to identify women with a worse outlook, but also better outlook, which could have

77



implications for treatment strategies, for overall health and for fracture
management.

Clinical implications

This thesis makes an important contribution to the field of frailty and
musculoskeletal research, describing the clinical consequences of frailty in a
representative, relatively healthy population of women on the verge of old age. 75-
years is a pivotal age where many experience a transition from an independent to a
dependent life. Maintaining musculoskeletal health is a vital for preventing
dependency and in a broader sense a key factor for a successful ageing. This thesis
demonstrates that frailty, both overt but also earlier stages, is strongly associated
with musculoskeletal health, both in terms of falls propensity and fracture risk.
While frailty assessment is becoming increasingly common in clinic, and especially
so during the recent COVID pandemic, this thesis supports that frailty, affecting
many aspects of health, should be part of the standard examinations in the older
population.

e Interms of falls, even early stages frailty are important to detect, since they
are associated with a higher number of future falls. Therefore, the sensitivity
of subjectively measured frailty could be utilised in falls prevention and
possibly avert the cycle of frailty and falls.

e Frail women are at higher risk of fragility fracture, particularly hip fractures
already within the coming two years. This means that interventions that
have immediate effect (preventing falls) have an even higher priority and
should be implemented alongside antiosteoporosis medication.

e A quick visual estimation can give valuable information of an individual’s
general health, but is less efficient when declines have just begun and are
not yet visible. Assessing frailty could help in finding individuals that are
in need of early interventions, to stop or delay the trajectory into frailty.

e Frailty should be evaluated as a part of the general practitioner’s routine
because it is a feasible assessment of general health that, better than separate
single diagnoses, prognosticates healthy aging and future adverse events.

e Frailty is better indicator of “true” age than chronological age and therefore
an important consideration in clinical decision-making e.g. whether a new
medication or a surgical procedure is likely to be tolerated.
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Strengths and limitations

Strengths

The primary strength of the studies lies in the OPRA cohort itself; the relatively
large scale and the extensive follow-up time, more than 15 years, allowed
investigation of frailty and musculoskeletal outcomes in different timeframes, from
the old to the very old. With re-assessments after 5 and 10 years the consistency of
associations over time could be tested and changes in frailty status with advancing
age followed. Thus, offering a long-term viewpoint on the significance of frailty for
successful aging.

Another strength of the OPRA cohort is that the participants are randomly selected
community-dwelling older women. Covering one third of all 75-year-old women in
Malmo at the time of inclusion this provides a representative cross section of women
in a pivotal phase where harmful changes, including falls and fractures, accumulate
at higher rates. Thus, the findings from our studies provide essential data for
prevention strategies aiming to reduce the impact and consequences of frailty.
Furthermore, the unique identical-age design of the cohort enabled us to separate
the frailty component (biological age) from the chronological age, and thereby avoid
age-adjustments.

Additionally, we show that a meaningful frailty index can be constructed from a
cohort not necessarily designed for the purpose. Using available data, we created an
index with the same discriminatory ability as a larger more comprehensive frailty
index. This could potentially be applied to other cohorts with similar limitations and
therefore beneficial to future research in osteoporosis.

A common problem in longitudinal studies of the elderly is the competing risk of
death. To minimize the potential for bias or overestimation we used statistical
models to account for this.

Limitations

There are also limitations to acknowledge. One potential weakness in the
construction of the OPRA-specific frailty index is that it was applied to the same
population that it was derived from, and that it has not been validated externally.
However, the subsequent refined index we created used variables but without
dichotomization thereby making it less dependent on derived thresholds. Since these
indices are highly correlated this could be considered a pseudo-validation.

Although our frailty index used fewer variables than the recommended 30-40, we
demonstrated that the 13-variable index correlated highly and was almost identical
in predicting mortality. The is due to a high interrelationship between variables,
where a single variable captures almost the same construct as multiple other
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variables. The frailty index was also strongly associated with a number of deficits
in ADL and IADL, commonly utilized in larger frailty indices.

Lately there have been calls to include social and psychological factor to capture
the vulnerability of an individual in its full context. Such data was not available in
the OPRA cohort because it was not designed to specifically address frailty. Even if
these factors were not directly measured, the frailty index showed a clear association

with variables e.g. “life satisfaction”, “experience of mental stress or disease” or
“feeling of deterioration in health”, available at follow-ups.

Potential sources of bias need to be considered: in longitudinal studies of older
persons there is an inherent difficulty with loss to follow-up and therefore a potential
selection bias of healthier participants remaining in the study (181). This was also
apparent in our studies with those continuing in the study being less frail than those
who were lost. The reduced number of participants could potentially lead to a loss
of power; however, for outcomes like falls and fractures the incidence increases with
age and therefore the study is likely to be sufficiently powered.

When using self-reported data there is a risk for recall bias. With falls there is a
danger that the participants cannot sufficiently remember how many falls they have
had. Although we employed a 12-month time-window, deemed as a sufficient
period to accurately recall, an even shorter timeframe might have increased
reliability (182).

As for all studies, caution should be exercised in terms of extrapolating the results
outside the population of elderly women studied. The results may not be directly
applicable to younger women, men or other ethnicities. In addition, the diversity of
frailty instruments and operationalisations used in the literature makes direct
comparison with other studies difficult. The results are in general agreement, but it
illustrates the need for a consensus on frailty should be defined and measured.
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Conclusions

This thesis investigated how a multi-component measurement of frailty is associated
to musculoskeletal outcomes in elderly community-dwelling women. We showed

that:

It is feasible to construct a frailty index from standard data collected in a
typical osteoporosis cohort.

At age 75 frailty progresses at around 6-7% every year and only 1 in 10 of
robust women maintained their healthy status over 10 years. Frailty was
associated with a higher mortality, both in a short and long perspectives.

Frailty is key-player in the aetiology of falls and the reciprocal relationship
leads to a falls-frailty cycle with recurrent falls and increasing frailty over
the remaining lifetime.

Frailty increases fracture risk beyond what could be expected by age alone.
In a two-year perspective frail women have an elevated risk of hip and
major osteoporotic fractures.

A visual estimation of health can identify the most or least frail and could
provide complementary information on health. It is however less accurate
than an objective frailty assessment in finding pre-frail individuals.

A frail individual risks low bone density, falls and fractures. Identifying individuals
before they pass a threshold of depleted reserve, from which it is difficult to recover,
requires a holistic approach - one part of which should be maintaining
musculoskeletal integrity.
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Future perspectives

Frailty — Interventions

Worldwide, people are living longer, and in every country there is an expected
change in demography towards an even older population. By 2050 the number of
persons aged 80 years or older is estimated to reach over 400 million (183). With
vast social, economic and personal consequences, preventing frailty is a critical
issue. Frailty is thought of as a dynamic condition, with changes to the worse but
also to the better (something that is also seen in our studies). Therefore, intervention
would be possible, at least in theory. Many studies exist, with different strategies
and settings, but also with very mixed results.

Exercise is probably the most explored intervention which is reasonable considering
the close connection of frailty to decreased mobility. Most studies are small with
very specific interventions and outcomes, and reviews and meta-analyses provides
the clearest overview.

In a systematic review using nine randomized control studies (n=1067 older people,
71.8% women, mean age 82.3) de Labra et al examined the effect of strength
training, multicomponent exercise and physical comprehensive training in frail
older adults (184). The longest intervention lasted one year but the majority less
than 6 months. The frequency of the training varied from 2-5 times a week. A
positive effect from exercises on falls was found in 3 of 5 studies. The effect was
less decisive on balance performance, with only one third of the studies showing an
effect. The majority (5/7) of studies saw an effect on muscle strength, and one study
reported an association to becoming less frail (using a Fried score). The review
summarises that a decisive conclusion about the optimal program remains unclear.

Another meta-analysis by de Vries et al including non-frail and pre-frail elderly and
focusing patients with problems with mobility, disability and/or multi-morbidity,
showed that physical exercise had a positive effect on mobility and physical
functioning (185), and that high-intensity exercise could be more effective than low-
intensity. One important consideration is whether the effect of exercise is sustained
after the intervention has ended. This is less studied, and de Vries finds only one
study, using a personalised approach, that showed significant effects 6 months after
(186).
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This question of a sustained effect is addressed in a Cochrane review on mobility
training (187). Treacy et al looks at frail community-dwelling elderly (65+) and
evaluates the effect of mobility training on two outcomes: function and mobility.
Training improved the level of mobility during the intervention, and the effects were
maintained 6 months after completion. For function the results were less clear and
most likely not sustained. The training had uncertain or no effect on adverse
outcomes such as admission to nursing care facilities, and no effect on falls and
mortality.

Poor nutritional status has often been mentioned as key element of developing
frailty. This is especially true when frailty is defined by the phenotypic frailty of
Fried et al (30), describing a vicious cycle of dysregulated energetics leading into
frailty. The resulting typical “shrinking” in the elderly is not fully understood and
many changes such as muscle wasting (sarcopenia), changed dietary intake and
metabolic/inflammatory changes could be involved (188). As nutrition poses a
clearly modifiable risk factor it has been the subject of many studies, but studies
focusing on interventions and frailty outcomes are fewer.

In a review by Manal et al (189) the effectiveness of nutritional interventions on
older adults with frailty was reported (n= 2216; frail and pre-frail). Twenty-four
studies (16 RCTs) were used that reported the outcome of the trial as changes in
frailty or frailty indicators. Four groups of interventions were identified: specific
nutritional supplements, fortifications of daily food with protein, nutritional
counselling/education, and supplementation of micronutrients (Vit D, Omega 3 and
multivitamin). Studies using energy supplements showed significant improvements
in frailty indicators, while counselling/nutritional advice was ineffective. In general,
modifications by supplements or improved diet intake improved strength and
walking speed of pre-frail and frail older adults in the majority of studies. Studies
that combined nutrition with exercise showed a stronger effect from exercise,
suggesting a combination of the two may be the most effective intervention (190).

Other possible interventions have been suggested including lifestyle and
behavioural changes (191), cognitive health maintenance and perhaps most
interesting, individually tailored interventions (192). From systematic reviews we
have seen that results vary greatly and no single intervention seems effective for all.
Many of the suggested interventions are general in character and often include the
above-mentioned strategies. However, with these results there is some doubt over
how effectively these interventions target the sources of frailty, and one reason for
this could lie in how we define a frail person.

With a great number of frailty scales containing vastly different variables it is
apparent that frail individuals have heterogeneous deficits defining them as frail. To
give an example, the frequently used Fried operationalisation of frailty uses five
typical traits or manifestations: slowness, weakness, exhaustion, weight loss and
low physical activity. If someone is deficient in three of these, they will be counted
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as being frail. However, the physiological underpinnings of these traits can be very
diverse e.g. reasons for low physical activity could be a fracture, neurological
problems, heart failure or a number of other ailments (Figure 31). This is also true
for other manifestations. Therefore, the underlying physiological problems or
pathophysiological profile will not be the same for all frail and it is possible that
interventions will miss the target, or at worst, even be harmful. Moving from a
disease-specific towards a holistic view on human health, there might also be a need
for frailty research to take a personalised approach on interventions.

Figure 31. The five manifestations of frailty in the Phenotypic frailty (FP) model suggested by Fried et al.
A deficiency in a manifistation could have different physiological explanations and consequently require different
interventions.

Pre-frailty

Pre-frailty denotes an intermediate state of accumulated age-related deficits that
portends clinically identifiable frailty (193). The pathophysiology of pre-frailty is
not yet clearly understood (194) but often described as an early stage in the
continuum of extrinsic and intrinsic changes in the whole body, that eventually leads
up to frailty. While difficult to correctly assess, the global prevalence of pre-frailty
has been estimated at 42% in community-dwelling adults aged 65 or more (195).

This early stage of frailty could be clinically silent. Detecting it is however
important, especially in a still healthy and independent population, because pre-
frailty is a primary contributor to the trajectory into overt frailty (137, 138), and the
pre-frail have a more than double the risk than non-frail of becoming frail (30).
Current thinking also suggests that interventions for the reversal of frailty would be
more effective in the pre-frail, rather than in those that are already frail (196-198).
Because of less disability in the pre-frail group, it is also possible that these could
be submitted to more rigorous interventions.

Pre-frailty is also a risk factor for other adverse events. In the current thesis the focus
was not explicitly investigating pre-frailty as a risk. However, during the course of
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research it became gradually clearer that this state is also important and poses a
higher risk to many outcomes, when compared to robust women. In the studies we
found that only moderately frail women (Quartile 2) had double the risk of a
vertebral fracture over 10 years; that pre-frail women had a higher number of future
falls and also a higher mortality. We also saw that quantified pre-frail women had
higher mortality in a group of women that visually appeared to be healthy, and that
a visual inspection wouldn’t sufficiently capture pre-frailty.

How do we find pre-frail individuals? The answer is not straight forward, and it is
possible that current frailty scores are not sensible enough. The Fried phenotypic
frailty uses five physical trait and when a deficit is present in one or two of these an
individual is considered pre-frail. Considering the categorical nature of this method,
plus the above-mentioned reasoning on different pathophysiological profiles, it is
unlikely that this would suffice to capture the small and sometimes silent changes
of pre-frailty. A better option would be the deficit accumulation index or frailty
index, which creates a continuous scale where earlier changes could be captured.
However, most frailty indices rely on visible signs and symptoms of frailty so
invisible signs would not be found. Another more interesting approach is the use of
biomarkers, that has the potential to detect age-related cellular changes already at
an early age, before any organ dysfunction is detectable (29) (Figure 32). There are
a number of potential advantages using biomarkers such as simplicity (if only using
blood sample), high potential for early screening, providing “cleaner” data by
avoiding often biased self-reported data and a potential use of big data analytics.
Depending on for what purpose frailty is assessed, there are of course also
disadvantages. When assessing the needs and risks of an older population already
on the verge of frailty, where social and psychological factors are important, it is
unlikely that biomarkers would add anything.

Only few studies have been performed in this field and there is still great uncertainty
on which biomarkers would reflect frailty. Howlett et al showed that a frailty index
based on standard laboratory data could find older adults with higher mortality risk
(199). Mitnitski et al combined biomarkers of cellular ageing, haematology,
immunosenescence and inflammation that could discriminate a higher mortality risk
over seven years (44). However, a combination of the bio-FI and a standard-FI
provided the best discriminative ability. Research is also currently being done in the
“omics” field (200), and in our own research group we have identified 8 pro-
inflammatory proteins in the OPRA cohort, highly interesting for continued
investigation (Mitchell et al, in revision). From my own point of view this area poses
one of the most interesting and promising aspects of frailty, and in the future I hope
there will be possibilities to gain further knowledge.
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Figure 32. Biomarkers of frailty has a potential to detect biological ageing before overt signs and symptoms.
The figure suggests how age-related cellular damage accumulate over time in different body systems - eventually
leading to organ dysfunction and overt signs of frailty.

86



Svensk sammanfattning

Alla aldras olika. Det dr ndgot som var och en litt kan observera, badde pa andra och
kanske dven nir man tittar pa sig sjélv. For kliniker inom vérden dr detta vélkéant
och man har linge sett att det finns en sérskild grupp gamla som ar skropligare och
blir mycket sdmre &dn andra om de drabbas av en infektion, ramlar eller ndgot annat
stressande. Dessa gamla repar sig inte lika bra som andra, utan forblir daliga. Hos
yngre ménniskor finns en slags reservkapacitet i véra organ for att mota
pafrestningar, men i denna grupp menar man att den inte ldngre racker till. Dessa
bendmns ofta som skdra, och inom forskningen anvdnder man det engelska
begreppet “frail” eller “frailty” nir man ténker sig det som ndgot métbart. Nar man
miter frailty forsoker man fa en bild av tillstdndet i alla delar av kroppen. Pa det
viset kan man siga att frailty ar ett holistiskt matt pa vart biologiska aldrande.

Det har visat sig att frailty ar en viktig riskfaktor for manga olika sjukdomar och
dven dod. Darfor dr det viktigt att vi kan miéta det pa nagot sitt sd att vi kan hitta
dem som &r i behov av hjilp. Men hur man méter detta rader det stor oenighet om:
visa forskare menar att méta handstyrkan rdcker, medan andra anvinder en stor
méngd variabler.

Denna avhandling bestar av fyra delar och &r forst och framst gjord for att undersoka
vilken betydelse frailty har for frakturer och fall, men den vill ocksa underséka hur
véar visuella uppfattning av en persons hélsa forhéller sig till den uppmaétta
skorheten. Visar de samma sak och om inte, finns det en risk att vi missbedémer
hilsotillstandet? Om de miter samma sak varfor behover vi da méta frailty?

Dessa samband ville vi undersoka i en kohort med 75-ariga kvinnor frin Malmé
som f0ljts 1 tio &r. Detta &r en viktig dlder da bade antalet frakturer och frailty okar.
Som det ser ut idag ar det svart att forutsdga vilka som riskerar att ramla och fa en
fraktur och darfor behovs mer forskning.

I den forsta studien visade vi hur man kunde skapa ett frailty index (FI) som gick att
folja under dessa tio &r. Genom att méta detta kunde vi se att graden av frailty var
starkt kopplad till risken att d6. Vi visade ocksa hur frailty utvecklades olika fort
hos dessa kvinnor och att bara en av tio kvinnor som var vildigt friska som 75-
aringar var lika friska efter 10 ar.
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Den andra studien visade att de kvinnor som var skoéra hade mycket storre risk att
falla 1 framtiden, och om man &r skor och har fallit, dr risken stor att man kommer
att fortsétta falla under 1 stort sett resten av livet.

Den tredje studien visade vi att frailty &r en riskfaktor for frakturer. Om man é&r skor
har man néstan tre ganger sa hog risk for att fa en fraktur de narmast 1-2 aren, &n
den som inte dr skor. Den allra storst risken har man for att fa en hoftfraktur, och
detta var oberoende av vilken bentithet man hade.

I den fjdrde studien tittade vi p@ hur en kort visuell uppskattning av hélsan “det
kliniska 6gat” forholl sig till den uppskattning som vi méitte med vér frailty index.
Vi sdg att badda matten kunde forutsdga en hogre risk for dod. Hos dem som sag ut
att vara i bra hélsa kunde vi dock visa, om man métte med vart frailty index, att det
fanns en grupp som hade storre risk att d6. Darfor tror vi att vart index ar battre pa
att fanga upp sma fordndringar i hilsan som man kanske inte kan se.

Sammantaget visar vi att den som é&r skor riskerar att ha ldgre bentéthet, flera fall
och frakturer d4n vad som kan férvdntas om man bara tittar pd den kronologiska
aldern. Eftersom benskorhet och skorhetsfrakturer ar starkt relaterade till lder tror
vi att uppskattningar av frailty kan vara viktiga hjalpmedel for att fa en hélsosam
alderdom.
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Abstract

Summary In community dwelling, 75-year-old women followed 10 years, a frailty index was created at each of three visits.
Frailty score increased by ~6—7% annually. A higher frailty score was equivalent to being 5-10 years chronologically older.
Frailty was associated with low bone density and higher risk of dying.

Introduction To understand the distribution of frailty among a population-based sample of older community-dwelling women,
progression over 10 years, and association with mortality and osteoporosis.

Methods The study is performed in a cohort designed to investigate osteoporosis. The OPRA cohort consists of 75-year-old
women, n = 1044 at baseline, and follow-up at age 80 and 85. A frailty index (scored from 0.0—1.0) based on deficits in health
across multiple domains was created at all time-points; outcomes were mortality up to 15 years and femoral neck bone density.
Results At baseline, the proportion least frail, i.e., most robust (FI 0.0-0.1) constituted 48%, dropping to 25 and 14% at age 80
and 85. On average, over 10 years, the annual linear frailty score progression was approximately 6—7%. Among the least frail,
11% remained robust over 10 years. A higher frailty score was equivalent to being 5 to 10 years older. Mortality was substantially
higher in the highest quartile compared to the lowest based on baseline frailty score; after 10 years, 48.7% had died vs 17.2%
(p=1.7%10""*). Mortality risk over the first 5 years was highest in the frailest (Q4 vs Q1; HRpagj 3.26 [1.86-5.73]; p < 0.001)
and continued to be elevated at 10 years (HR ypqq; 3.58 [2.55-5.03]; p < 0.001). Frailty was associated with BMD after adjusting
for BMI (overall p = 0.006; Q1 vs Q4 p=0.003).

Conclusions The frailty index was highly predictive of mortality showing a threefold increased risk of death in the frailest both in
a shorter and longer perspective. Only one in ten older women escaped progression after 10 years. Frailty and osteoporosis were
associated.

Keywords Bone density - Community-dwelling - Frailty - Mortality - Women

Introduction outcomes [2] and institutionalization [3]. Frailty encompasses

the functional decline in multiple physiological systems,

The expected demographic change towards an increasingly
elderly population [1] indicates the importance of understand-
ing frailty and the clinical implications of frailty for successful
aging. Frailty has become central in geriatric medicine, con-
tributing as it does to a higher risk for many adverse health
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among others, neurodegeneration, sarcopenia, and cognitive
changes [4-6]. However, perhaps the most dramatic declines,
in terms of function and structure, are in the musculoskeletal
system, affecting balance, mobility, disability, and ultimately
the ability to live independently. In the field of osteoporosis,
research into frailty is still not a major focus, despite being
potentially highly relevant since the most severe fractures oc-
cur in the old, hip fractures in particular. The few studies
available suggest an association with osteoporosis outcomes
[7-12].

Frailty as a concept has been most extensively studied in
order to understand factors associated with rapid decline in
health status ultimately leading to death, and in addition iden-
tify targets for intervention [13, 14]. However, a gap in
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knowledge still exists since comparatively few frailty studies
are designed to provide long-term data on older community-
dwelling women [15], especially its pattern of progression.
Furthermore, despite the prevalence of osteoporosis and its
consequences in older populations, cohorts designed to
specifically address osteoporosis may not have sufficient
data to adequately capture frailty. Likewise, cohorts de-
signed to address frailty or other conditions may lack
osteoporosis outcomes.

To address this, an initial step is to longitudinally investi-
gate frailty in a large population-based osteoporosis cohort of
older women. To this end, using the Osteoporosis Risk
Assessment study (OPRA) of women all aged 75 years at
inclusion with reassessment at ages 80 and 85, the purpose
of this initial study is to understand the distribution of frailty
among older community-dwelling women and progression
rate over 10 years, but also potential prediction of mortality
and osteoporosis.

Materials and methods
Subjects
In this study, we investigate 75-year-old community-dwelling

women (the OPRA cohort) [16]. The cohort was randomly
selected from population registries and women invited on their

75th birthday. No exclusion criteria were applied. A total of
1044 women participated in the baseline investigation be-
tween 1995 and 1999, representing a participation rate of
67%. Reasons for non-attendance have previously been de-
tailed [17]. Follow-up investigations were performed at 5 years
(age 80, n=715 attended) and at 10 years (age 85, n=382
attended). Similarly, reasons for non-attendance have been
detailed [18] (Fig. 1).

The participants were extensively investigated at each visit.
A questionnaire provided information on lifestyle (education,
work, physical activity, smoking, and alcohol), health (medi-
cations, surgery, injuries, other diseases, food/nutrition, and
hormonal function) falls, and fractures. The questionnaire
was revised at follow-up to include supplemental information
and events over the intervening 5 years. Self-estimated risk
of falling was assessed using a Likert scale with 5 as
the highest risk.

Physical assessment included balance (modified Romberg
method), gait speed, and number of steps (30-m walk, 2 x
15 m with one turn) and thigh muscle strength (Biodex
Medical Systems®, v4.5.0, Biodex Corporation, Shirley,
N.Y., USA) as previously described [19]. Biochemical
markers (CRP and creatinine) were assayed as described
[18,20]. BMD was measured using dual-energy x-ray absorp-
tiometry (DXA) (GE Lunar, Madison, WI) [19] and the same
machine used throughout. In this study, femoral neck BMD is
used with osteoporosis being defined as a T-score below —2.5.
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s N
Flatage 75=0.25 | DEAD (n=105) |
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Fig. 1 Frailty across participation at each visit; frailty index reported for attendees and non-attendees, dead or alive
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Precision of DXA was assessed by duplicate measurements on
healthy individuals (precision error was 0.009-0.010 g/cm2 at
FN). No drifts in phantom measured results were observed
[21].

Mortality as date of death was acquired in October 2012,
from the Swedish National Population Register (individuals
still alive were a maximum 91.5 years of age).

Participants provided written informed consent, and the
regional ethical review board at Lund University approved
the study, which was performed according to the principles
of the Helsinki Declaration.

Study-specific frailty index

Being an osteoporosis cohort, we were unable to define frailty
according to the most commonly used frailty phenotype
[5]. Instead, using the principles of Searle et al. [22],
we followed a stepwise process to construct an index
with available data that allowed us to capture frailty across
all assessment points.

As described in detail below, the final frailty index (FI)
used in these analyses consists of 13 variables at all visits
(Table 1). Covering a number of physiological domains,
e.g., mobility, strength, co-ordination, and poly-medication,
the index represents, for each OPRA participant, the number
of “deficits in health.” The FI was calculated by dividing the
number of deficits present by the total number of deficits
examined, giving a score from 0.0-1.0, where a higher score
indicates a higher frailty status. Where an individual had miss-
ing information for a particular variable, the total deficits were
reduced by one.

To score variables (deficit present/non-present), we used
either clinically relevant cut-points or identified the cut-off
values by plotting the variable against an interim FI [22].
Categorical values were converted to binary values 1 (=deficit
present) and 0 (=deficit absent); those with more than two
categories were scored between 0 and 1 (e.g., high = 1.0; me-
dium =0.5; low =0.0). To estimate cut-points of continuous
data for dichotomization, curve estimation regression was per-
formed, plotting potential frailty index variables against an
intermediate frailty index. The resulting categories were then
tested for differences in survival using Cox proportional haz-
ard regression [22].

Frailty index development, construction, and validation

Searle et al. [22] recommend an index consisting of 30-40
variables. Since the availability of suitable data was limited
at baseline, we constructed the index using the following
approach.

Using data collected at the 5-year follow-up (age 80), a 40-
variable index was first constructed, then to validate the meth-
od, prediction of mortality risk was tested using Cox regres-
sion (mortality risk HR 3.5 [95% CI, 2.5-4.8]). In the next
step, the 40 variables were reduced to 10, considering avail-
ability at all time-points, and a 10-variable index was con-
structed (using data at age 80) and found equally predictive
of mortality (HR 3.1 [2.4-3.9]). In an additional step, to en-
sure a wider coverage of biological domains essential for a
measurement of frailty, additional variables (such as bio-
markers) were added as covariates in logistic regression anal-
ysis to identify further variables associated with mortality risk.

Table 1 Components included in

the OPRA-specific Frailty Index OPRA-specific Frailty Index

Measurement units Scoring or cut point

constructed at ages 75, 80, and 85
Daily physical activity

Categories 1-6 (1 = lowest; Cat 1-3=1;cat4=0.5;

6 highest) cat 5-6=0

2 Average time spent outdoors Hours <lh=1;>21h=0

3 Gait—walking speed for 2 x 15 m m/s >120=1;<1.20=0

4 Gait—steps taken walking 2 x 15m  No. of steps <54=0;>54=1

5 Balance (2 legs, eyes closed) Seconds Failed test= 1; passed test=0

6 Muscle strength—knee extension* Nms >213=0;<213=1

7 Diabetes Yes/No Yes=1;No=0

8 Cancer Yes/No Yes=1; No=0

9 Diseases affecting balance Yes/No Yes=1; No=0

10 Polypharmacy, using 5 or more Yes/No Yes=1;No=0

medications

11 Self-estimated risk of falling Categories 1-5 (1 =lowest; Cat 1-5: 0.0; 0.25; 0.5; 0.75; 1.0
5 highest)

12 P-CRP mg/L >=421=1;<421=0

13 P-creatinine umol/L >=82.02=1;<82.02

*Voluntary maximal, isometric muscle strength of the right knee (knee extension at 90°) measured using a Biodex
computerized dynamometer
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This resulted in the creation of a 15-variable index, which
could be compared longitudinally across the complete dura-
tion of follow-up (full details available on request). For the
purpose of the present analyses, the BMD variables was sub-
sequently removed from the index, since it is the study out-
come, as was BMI due to its strong correlation to BMD.
Correlation between the 40- and 13-variable indices was high
(Spearman’s * = 0.846). All indices were equivalently predic-
tive of mortality.

Statistical analyses

Descriptive statistics are reported as mean and standard devi-
ation (SD), median, and IQR or frequency and percentage.

The frailty index, which shows a typically positively
skewed (gamma) distribution [22], was used both as a
continuous variable and stratified into quartiles (Q1=
lowest level of frailty; Q4 =highest level of frailty).
Statistical comparisons were calculated overall or for Q1
vs Q4 as appropriate.

Annual linear progression of frailty over 10 years was cal-
culated as the average, based on mean values of the whole

Table 2

cohort. For mortality, hazard ratios (HR) and 95% confidence
intervals (95% CI) were estimated using Cox proportional
hazard regression with the healthiest quartile (Q1) as the ref-
erence category. Time to death was 5 years, 10 years, or until
end of study (i.e., October 2012). HRs are presented
unadjusted.

For osteoporosis, differences in T-score between the frailty
categories were estimated using the non-parametric Kruskal
Wallis test.

Analyses were performed using SPSS version 22 (SPSS,
Inc., Chicago, IL) and JMP SAS (SAS Institute, Cary, NC,
USA). p values of < 0.05 were considered nominally significant.

Results

Characteristics of the OPRA cohort, including frailty score
components at ages 75, 80, and 85, are presented in Table 2.
In general, the frailest women typically had poorer gait, bal-
ance and muscle strength, the highest CRP, more frequent
polypharmacy, and the lowest albumin (a proxy for nutritional
status) levels (data not shown).

Key clinical characteristics of the OPRA cohort at age 75, 80, and 85

All variables at 75 years

Age 75 (baseline) n = 1044

Age 80 (5 year) n=715 Age 85 (10 year) n=382

Mean or No. SD or % Mean or No. SD or % Mean or No. SD or %
Age (years) 75.2 0.2) 80.2 0.2) 85.2 0.1)
Height (cm) 160.5 (5.7 159.2 (5.8) 158.3 (5.8)
Weight (kg) 67.8 (11.7) 66.0 (11.6) 63.95 (10.9)
BMI (kg/m?) 26.3 4.2) 26.1 4.2) 25.5 (4.0
OPRA-specific Frailty Score 0.17 (0.17) 0.24 (0.18) 0.32 (0.19)
Distribution of FI components
Daily activity' 0.06 (0.19) 0.11 (0.23) 0.20 (0.26)
Average time spent outdoors (hours) 2.73 (1.33) 1.84 (0.87) 1.66 (0.78)
Gait—walking speed for 2 x 15 m (m/s) 1.31 (0.30) 1.20 (0.33) 1.10 (0.32)
Gait—steps taken walking 2 x 15 m 494 9.8 53.6 (11.7) 55.8 (12.3)
Balance (2 legs, eyes closed)(s)* 57.8 (10.6) 54.8 (14.6) 52.1 (17.5)
Balance (No. failing 60-s test) 47 (4.6%) 91 (12.7%) 75 (20.3%)
Muscle strength” (nms) 267.9 (79.5) 2473 (71.2) 2183 (63.6)
Diabetes/cancer (%) 219 (21.0%) 178 (24.9%) 91 (24.1%)
Disease affecting balance (%) 201 (22.6%) 256 (35.8%) 184 (48.2%)
Self-estimated risk of falling (catl-5)
Low (1-2) 681 (75.4%) 491 (62.1%) 240 (63.8%)
Medium (3) 126 (14.0%) 129 (18.9%) 94 (25.0%)
High (4-5) 98 (10.6%) 61 (8.9%) 42 (11.2%)
Polypharmacy® (%) 210 (20.1%) 175 (24.5%) 165 (43.2%)
P-CRP (mg/L) 39 (6.8) 37 (5.1 34 (5.8)
P-creatinine (umol/L) 69.9 (0.60) 74.3 (19.9) 822 (1.20)

Mean (SD) unless otherwise stated. ' Daily activity calculated from the frailty threshold categories; ? voluntary maximal isometric muscle strength of the
right knee (knee extension at 90°) measured using a Biodex computerized dynamometer; ° five or more medications; *not used in index
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Progression of frailty

Over 10 years of follow-up, mean frailty increased giving an
approximate annual linear frailty score progression of 6-7%
(Table 2, Fig. 1). At baseline, the proportion scoring least frail
(FI 0.0-0.1), i.e., most robust, constituted 48% of the cohort. At
age 80 and 85, that proportion dropped to 25 and 14%, respec-
tively. Among those rated least frail at age 75, although they
progressed in frailty, the majority only reached intermediate levels
(FI10.2-0.6). As many as 11% had no change in frailty status and
remained robust during the 10 years. Figure 2 illustrates the pro-
gression towards increased frailty among the participants.

Mortality

Those who died during the first 5-year period had the highest
average frailty scores at baseline (n = 105; mean FI 0.30, median
0.29); approximately similar to the mean FI at age 85. The same
trend was observed tracing those who attended the 5-year visit
and comparing their frailty score at the 10-year follow-up (Fig. 1).
Mortality was substantially higher in the highest quartile of
frailty compared to the lowest based on their baseline frailty
score; after 10 years, 49.1% had died compared to 17.2% (p =
8.4 x 107"%). At 10 years, mortality was also higher in Q3 and
70% of those dead contained in Q3—Q4 (Table 3). The corre-
sponding mortality risk over the first 5 years was highest in the

frailest women (Q4 vs QI; HRypaqj 3.26 [1.86-5.73];
»<0.001) and continued to be elevated at 10 years (HRypaqj
3.58[2.55-5.03]; < 0.001) (Fig. 3). At age 85, only the least
frail (i.e., most robust) had 2-3 times lower mortality, com-
pared to the other quartiles.

Participation

Study participation may serve as an indicator of societal par-
ticipation. Women who were alive but did not attend 5-year
follow-up at age 80 were more frail at baseline than those who
attended again (mean FI 0.23, median 0.19 vs F10.13, median
0.09). Further demonstrating the applicability of this frailty
index in a long-term perspective, initial baseline frailty score
was lowest in those who attended 10-year follow-up (F10.11,
median 0.08), and increased stepwise in those who were alive
but did not attend (FI 0.15, median 0.10) and those who had
died (FI 0.20, median 0.18) (Fig. 1).

Osteoporosis and frailty

Aging is associated with osteoporosis and since this cohort
was specifically designed for this purpose, we tested the asso-
ciation between frailty and osteoporosis. The proportion with
osteoporosis increased with age as expected in the population
overall; at baseline, 28.1% were osteoporotic rising to 49.0%
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Table 3  Frailty by quartiles at age 75, 80, and 85 and distribution of mortality and bone mineral density
Low frailty Frailty (Q2) Frailty (Q3) Highly frail p value® p value
Q1) Q4) overall Q1 vs Q4
All variables at 75 years (n = 1044) n=261 n=254 n=262 n=267
OPRA-specific Frailty Index (range) 0.00-0.02 0.03-0.12 0.13-0.27 0.28-0.88
No. dead at 5 years (age 80 follow-up) (%) 18 (6.9) 11 (4.3) 21 (8.0) 55 (20.6) 5x10°'1° 1.1x107°
No. dead at 10 years (age 85 follow-up) (%) 45 (17.2) 49 (19.3) 84 (32.1) 131 (49.1) 1x107° 84x107"
BMD—Femoral neck g/em® 0.773 (0.131) ~ 0.770 (0.136) ~ 0.756 (0.136) ~ 0.759 (0.150)  0.460 0.280
Bone density—femoral neck T-score —1.72 (1.09) —-1.75(1.13) —1.86 (1.14) —1.84 (1.25) 0.460 0.280
Osteoporosis—FN T-score <— 2.5 (1/%) 61 (24.6) 69 (28.3) 74 (30.3) 62 (29.4) 0.516 0.290
All variables at 80 years (n=715) n=196 n=158 n=187 n=174
OPRA-specific Frailty Index (range) 0.00-0.10 0.11-0.22 0.23-0.38 0.39-0.85
No. dead at 5 years (age 85 follow-up) n (%) 14 (7.1) 17 (10.8) 32(17.1) 53 (30.5) <0.001 9.8x1077
No. dead at end of study (%) 64 (32.7) 55 (34.8) 97 (51.9) 115 (66.1) 2x107" 1x107"°
BMD—femoral neck g/cm® 0.720 (0.114)  0.713(0.123) ~ 0.714(0.126) ~ 0.702 (0.153)  0.652 0.221
Bone density—femoral neck T-score —2.17(0.95) —2.23(1.03) —2.22 (1.05) -2.31(1.27) 0.652 0.221
Osteoporosis—FN T-score <—2.5 (1/%) 74 (38.3) 68 (44.2) 81 (45.8) 75 (47.5) 0.323 0.103
All variables at 85 years (n=382) n=102 n=95 n=100 n=_85
OPRA -specific Frailty Index (range) 0.00-0.17 0.18-0.31 0.32-0.46 0.47-0.83
No. dead at end of study (%) 14 (13.7) 27 (28.4) 27(27.0) 37(43.5) 12x10%  6x107°
BMD—femoral neck g/em® 0.699 (0.128)  0.700 (0.145)  0.662 (0.125)  0.699 (0.148)  0.154 0.974
Bone density—femoral neck T-score —2.34(1.06) —2.34(1.21) —2.65(1.04) —2.34(1.23) 0.154 0.974
Osteoporosis—FN T-score <—2.5 (/%) 50 (49.5) 42 (45.7) 53 (55.8) 35(44.3) 0412 0.548

Reported values are means, unless otherwise stated. # p values calculated by ANOVA, 1 test, Fisher’s exact test, or Chi-square as appropriate

after 10 years. Atage 75, femoral neck BMD was 0.773 g/cm?
(SD 0.131) in the least frail compared to 0.759 (SD 0.150) in
the frailest, and not statistically different. After adjustment for
BMI, BMD was significantly associated with frailty (overall;

p=0.0006 and Q1 vs Q4 p =0.0003). The pattern was similar
at age 80, while femoral neck BMD at age 85 was similar
across frailty quartiles (Table 3), adjustment for BMI did not
result in a statistically significant difference (data not shown).
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Discussion

In this study, we show how frailty is distributed in a
population-based cohort of older community-dwelling wom-
en where the majority are still in relatively good health at age
75. We also show the progression of frailty with advancing
age, noteworthy being the pattern of change among those
initially least frail, while the higher mortality among the most
frail is as expected. Our findings highlight the possibility of,
and also the value of, estimating overall health in older people
by objectively evaluating frailty as part of prognosticating
healthy aging and future adverse events.

How to best measure frailty is widely discussed and many
instruments have been suggested [4, 23]. Our frailty index was
developed according to the fairly simple philosophy of “The
more individuals have wrong with them, the higher the likeli-
hood that they will be frail” suggested by Rockwood and
Mitnitski; meaning that these “wrongs” or deficits will mirror
impaired and aging-associated processes at a cellular level,
and that more deficits within different physiological systems
are reflecting the generalized syndrome considered essential
for frailty [6, 22, 24]. Our cohort was designed to assess os-
teoporosis risk in older women and not for estimating frailty;
however, we show that is possible to use the variables avail-
able to construct an informative frailty index highly predictive
of mortality. In accordance with the stated principles, the
method allows for a varying number and types of variables
to be used as long as they follow the basic rules [22].

Approximately half of the women were in the least frail
category (FI 0.0-0.1) (i.e., were most robust) at age 75. Five
years later, this was halved and at age 85 halved again as
deficits accumulate. Frailty increased by 6 to 7% per year,
which is higher than in some studies, most likely because
we are assessing same-aged individuals as they age while
other studies compare the difference by chronological year
[22, 24-26]. Furthermore, recognizing frailty as a state where
reserve capabilities are reduced, it is reasonable to assume
that, once a threshold has been passed, frailty evolves at a
faster pace. Such a threshold has not yet been defined, but
our data indicate a clinical cut-off of approximately 0.27.
Given our data describing the pattern of progression over
many years in older women and given that frailty is consid-
ered dynamic and hence potentially reversible, our findings
highlight the need to observe frailty status together with ad-
vancing age to ensure timely interventions. Currently, the ev-
idence supporting interventions to reverse or minimize the rate
of decline are varied but most rely on nutrition and training
[27-31].

Mortality was highest in the most frail; at age 75 and during
the following 5 years half of all those dead were among the
frailest and the risk of dying more than three times that of the
least frail. But those in the next quartile (Q3) also had a higher
mortality over 10 years, suggesting their pre-frailty status. The

same pattern was apparent when frailty was assessed at age
80. In contrast, and mirroring the age-related shift towards
increased frailty, at age 85, all but the most robust (i.e., least
frail) had a 2-3 times higher mortality. One interpretation of
this is that it is most useful to identify signs of frailty at earlier
ages to allow for appropriate intervention. To put this into
perspective, those who died within 5 years of baseline (be-
tween age 75 and 80) had a mean FI equivalent to someone
10 years older, i.e., comparable to those attending at age 85,
meaning they were 10 years more frail. Those who did not
attend the 5-year follow-up had a baseline FI similar to those
attended at age 80, suggesting they were 5 years more frail.

The osteoporotic patient is assumed to be more frail.
Therefore, we hypothesized that the frailest women would
have lower bone density and a higher proportion with osteo-
porosis. This was the case, but after adjustment for BMI.
Frailty in relation to bone density is only addressed in a few
studies and with inconsistent results as a consequence of small
sample, diverse populations, and frailty definitions [32, 33],
yet frailty is very relevant to osteoporosis since its clinical
outcome of fracture encompasses a wider spectrum than
BMD alone (which we are addressing in another study).
Furthermore, an additional observation among these
community-dwelling women is that BMI was higher in those
with higher frailty, indicative of an accumulation of conditions
resulting in an overall decreased health status and reduced
activity. This also suggests that assessment of bone should
not be overlooked in women with higher body weight, but
overall poor health status.

Limitations and strengths

Firstly, one potential limitation is that our frailty index was
derived and applied in the same population and external val-
idation of the index has not been performed. While validation
would be valuable, this is however, part of the problem in the
emerging field of frailty and mirrors the lack of consensus and
inconsistency across studies in terms of collected information.
Further to this, making direct comparison with other studies is
difficult; however, in our index, the cut-off for frailty coin-
cides with the lower limit of Q4 and while a consensus thresh-
old is lacking; this is close to the empirical cut-off point of >
0.25 for a frailty index based on accumulated deficits as de-
scribed by Rockwood [6].

Secondly, our index has fewer variables than the sugges-
tion of 30-40; however, in its development, we demonstrate a
very high correlation and an almost identical ability to predict
mortality between a 40-item index and the 13-item index used
in this study. This most likely reflects the high inter-
relationship between the included variables, whereby one var-
iable can capture and substitute multiple variables. It can also
be argued that this high redundancy between variables is an
advantage as it indicates the possibility to use simpler
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constructs and facilitate use. Thirdly, due to constraints from
the original study design and subsequent lack of information
in certain domains, data on social and mental factors are un-
fortunately not included. Fourth, being a longitudinal study of
older persons, there is an inherent problem of loss to follow-up
and a potential bias of healthy participants. Indeed, we also
show that those continuing in the study are less frail, and with
regard to mortality, this is not problematic, but a loss of power
may occur for other outcomes, although the descriptive infor-
mation is still robust. Fifth, caution should be exercised in
terms of generalizing the findings to other populations such
as younger women or other ethnicities.

Strengths of this study include that the participants are 75-
year-old community-dwelling rather than institutionalized
women, representing a pivotal period for continued healthy
aging or deteriorating health. The fact that all women were
at the same age at inclusion is advantageous as it minimizes
the influence of chronological age on accumulated health def-
icits. Another strength is the provision of longitudinal data for
up to 15 years allowing us to quantitatively assess change in
frailty status with advancing age. Additionally, we demon-
strate that it is possible to develop a meaningful frailty index
from available data and with the same discriminatory ability as
a more comprehensive, larger item index. This is important
since research on frailty in relation to osteoporosis is still in its
infancy but potentially beneficial for future research. Taken
together, this study contributes with data on frailty in average-
ly healthy older women including tracking over time and its
association to bone health.

In conclusion, the relevance of this study lies in demon-
strating the pattern of frailty longitudinally in older
community-dwelling women and its association to mortality
up to 15 years. Frailty was associated with a threefold in-
creased risk of death in both a short and longer perspective
with a higher frailty score being equivalent to being chrono-
logically five to 10 years older. Conversely, only one in ten
older women escaped progression of frailty. In addition,
higher frailty is associated with osteoporosis, despite the fact
that the frailest individuals may have a higher BMI.
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Abstract

Background Frailty captures the age-related declines in health leading to increased vulnerability, including falls which
are commonplace in older women. The relationship between frailty and falls is complex, with one leading to the other in a
vicious cycle.

Aims This study addresses the gap in understanding how patterns of frailty and falls propensity interact, particularly in those
who have not yet entered the falls-frailty cycle.

Methods The Osteoporosis Risk Assessment cohort consists of 1044 community-dwelling women aged 75, with 10 years of
follow-up. Investigations were performed and a frailty index constructed at baseline, 5 and 10 years. Falls were self-reported
for each previous 12 months. Analysis was two-directional, firstly based on frailty status and second, based on falls status.
Recurrent falls was the primary outcome.

Results Baseline frailty was a significant predictor of recurrent falls after 5 and 10 years [(OR 2.55 (1.62-3.99); 3.04
(1.63-5.67)]. Among women who had no history of falls at age 75, frailty was a stronger predictor of falls at 5 years [OR
3.06 (1.59-5.89)] than among women who had previously fallen.

Discussion Frailty is significantly associated with recurrent falls and most pronounced in those who are frail but have not
yet fallen.

Conclusions This suggests that frailty should be an integral part of falls-risk assessment to improve identification of those
at risk of becoming fallers.

Keywords Frailty - Falls - Women - Community-dwelling

Introduction

Frailty, the age-related decline in reserve capacity and resil-
ience, is associated with a multitude of adverse outcomes
[1]. Deficits in musculoskeletal health contributes to frailty
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with gait problems, weakness, reduced reaction time and
balance, factors also leading to falls risk [2, 3]. The conse-
quences of falls leads to extensive costs from injuries and
fractures, disability and nursing home placement [4]. Given
the demographic shift towards an older population and antic-
ipated high care burden, frailty is a research priority.

The relationship between frailty and falls is demonstrated
by observations that in community-dwelling populations
aged 65 and over, every third person experiences at least
one fall annually; fifteen percent leading to significant injury
[5-7]. In those over 80, the proportion increases to every
second person. Causes of falling are complex and the combi-
nation of general health status, environmental circumstances
and chance makes prediction difficult [8]. Fall specific scales
have been developed; however, their predictive ability is lim-
ited and the clinical utilization neither consistent or wide-
spread [9, 10].
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Assessment of frailty may capture the multi-factorial
aspects of falls propensity. Since an important objective is
identifying individuals before they become frail, this opens
the possibility to capture an elevated falls risk before it man-
ifests clinically.

Previous falls are important predictors of future falls [3];
however, the correlation between frailty and falls is also high
[11, 12], although difficult to untangle as they are reciprocal.
This ‘vicious cycle’ of functional decline with frailty leading
to falls, greater frailty and more falls, makes it imperative to
understand if and how frailty affects those who have not yet
suffered a fall compared to those already in the falls-frailty
cycle. Regardless if frailty precedes falls or vice versa, inter-
ventions, whether physical or nutritional, are more likely
to be effective before a point-of-no-return is reached [13].

A clear picture of the frailty—falls relationship is diffi-
cult to obtain, not least due to differences in study design
and frailty and falls measures. Most studies utilize a cat-
egorical frailty definition [1]; however, this could hamper
assessment of a gradually higher frailty and its association
to falls. Therefore, the ambition of this study was to create
a continuous deficit accumulation frailty index [14] with
which to investigate this relationship.

An additional gap-in-knowledge is the time frame of pre-
diction; 3 months to 5 years is well studied [6, 15], while
little is known in a longer perspective. This is an important
aspect since maintaining a good quality of life during aging
is related to not entering the frailty—falls cycle. In a previous
study we followed the progression of frailty over 10 years in
the Osteoporosis Risk Assessment (OPRA) cohort and its
association with osteoporosis [16].

In the present study the overall aim is to understand frailty
and its relationship to fall propensity in short and longer
perspectives. Seventy-five is a pivotal age at which most are
still physically active and relatively healthy; therefore, the
consequences of a fall, especially if a fracture results, often
marks the beginning of a more dependent state.

Our specific aims were to (1) describe the proportion
who are frail at age 75, 80 and 85 and the number reporting
recent falls, (2) determine the association between frailty and
risk of recurrent falls, (3) determine if a gradual increase in
frailty is associated with the number of future falls and (4)
explore the relationship of frailty to future falls in women
with or without previous falls.

Materials and methods
Subjects
The OPRA cohort consists of 75-year-old community-dwell-

ing women (75.2+0.2) as described in detail [17]. N=1044
attended baseline. Detailed follow-up investigations
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including questionnaires, physical and falls assessment were
performed at 5 years (n="715, age 80.2+0.2) and 10 years
(n=382, age 85+0.1) [18, 19].

Participants provided written informed consent. The
regional ethical review board in Lund approved the study
(Dnr:2014804), which was performed according to the Hel-
sinki Declaration principles.

Frailty index

We constructed a frailty index [16, 17] adhering to the prin-
ciples of Searle et al. [20]. Briefly, the index includes thir-
teen variables covering a number of physiological domains
(daily physical activity, time spent out-doors, walking speed,
number of steps taken, balance, muscle strength, diabetes,
cancer, diseases affecting balance, self-reported fall risk,
polypharmacy, CRP and creatinine). The index represents
the number of ‘deficits in health’ (scored 0.0-1.0); a higher
score indicating higher frailty.

Since some variables in the index are dichotomized, loss-
of-discrimination is possible (due to many individuals hav-
ing identical values), therefore, as a refinement we reclassi-
fied each applicable variable as continuous between 0.0 and
1.0, i.e., providing a range. For example, “number of steps
taken to walk 30 m”. Dichotomized, cut-points were
< 54steps=0 or > 54 steps = 1. Reclassifying this as a con-
tinuous variable, fewer steps indicates a longer stride, hence
a healthier state and a score closer to zero. To implement this
we examined the range of values across the entire cohort (in
this case 21-160) and, after excluding extreme outliers, the
highest (V,,,,) and lowest (V,;,) values were set to 1 and 0,
respectively. The original values (V) were then reclassified
SN f )

To test how this 13-variable index related to a more typi-
cal index comprising dichotomized variables, we compared
it to a 40-variable frailty index that had been created for
the two follow-up visits [16]. The refined 13-variable index
was highly correlated to the full 40-variable index (r=0.80)
and distributions were comparable (5 years: 0.24 vs. 0.23,
median0-21 vs. 0.21; 10 years: 0.27 vs. 0.29 0.26 vs.
0.27).

We used an empirical cutoff > 0.25 to define frail indi-
viduals. This is suggested by others [21, 22] and supported
through calculations in our cohort; plotting differences in
10-year mortality using 0.02 increments, the beginning of
a steeper slope in the curve occurs at approximately 0.25.

> median

Falls

At baseline, 5-year and 10-year follow-up visits participants
provided information on whether they had fallen in the pre-
vious 12 months and if they had fallen, how many times they
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fell during that period. In the analysis we define falls vari-
ously: at least one fall, recurrent falls (i.e., 2 or more falls)
during the previous 12 months, the rationale being that mul-
tiple falls are more likely due to a frail disposition, mirroring
a “falling-phenotype”. We also define women as ‘fallers’ and
‘non-fallers” and we use ‘number of falls’. Only participants
with valid data on falls were included (75 y n=914; 80y
n=711; 85y n=382).

Statistical analyses

Descriptives are reported as mean (SD), median (IQR) and
frequency (%). Comparisons of demographic characteristics,
overall and between frail/non-frail categories, used Student’s
T test and Chi square. The frailty index showed a typical
skewed distribution at all timepoints [14] (tending towards
normality at 10-year follow-up); non-parametric analyses
were performed when appropriate.

Frailty was analysed primarily as ‘non-frail’ (<0.25);
“frail’ (> 0.25). To facilitate comparison with other stud-
ies, frailty was also used as a continuous variable in 0.01
increments. To explore a gradual increase in frailty, frailty
quintiles were created.

To explore the relationship between frailty, at least one
fall and recurrent falls, odds ratios (OR) with 95% confi-
dence intervals were calculated using binary logistic regres-
sion, with adjustment for 25(OH)D, BMI, smoking and pre-
vious fractures (between 50 and 75 y) also performed.

To explore the relationship between frailty and falls sta-
tus, we defined ‘fallers’ as those reporting at least one fall
during the 12 months prior to baseline. We combined this
with frailty status to give four groups (faller/frail; faller/non-
frail; non-faller/frail; non-faller/non-frail); compared using
cross tabulation, Chi square and regression analysis.

To explore the association between frailty at baseline
(75 y) and number of future falls at 5-year follow-up, four
groups were used (no falls, 1 fall, 2 falls, 3 or more falls).
The same groups were used for comparison of frailty at age

80 and number of future falls at the next 5-year follow-up
(85 y). Frailty was also binned into equal-sized quintiles
and compared using cross tabulation. Only individuals who
participated and had fall data at follow-up were included.

Analyses were performed using SPSS v25 and JMP
(SAS Institute, USA). P <0.05 was considered nominally
significant.

Results

Table 1 presents key clinical characteristics of the OPRA
cohort at ages 75, 80 and 85. Table 2 presents key base-
line characteristics of frail and non-frail women. The
prevalence of frailty increased from 23.5% at baseline to
39.3% and 56.8% at 5 and 10-year follow-up, respectively.
This is reflected in the median frailty score increasing with
age; baseline 0.16 (;.,,0.19) and 0.21 (;,.,,0.24) and 0.27
(mean0-29) at the 5- and 10-year follow-up.

The overall incidence of women reporting falls at each
visit is illustrated in Fig. 1. At baseline, the proportion
reporting at least one fall was 28.4% (n=260), increasing
to 31.0% (n=218) and 44.7% (n=166) at subsequent vis-
its. A similar pattern is seen for recurrent falls; incidence
almost doubles from age 75-85 (14.7%; 17.6%; 26.4%).
Online_Resource _Figure 1 shows frailty score in relation
to fall status at each visit.

Based on frailty status at 75, Fig. 2 illustrates the propor-
tion of women who did or did not report recurrent falls in the
previous 12-month period at 75, 80 and 85. At age 75, recur-
rent falls were almost four times more common among frail
compared to non-frail women (32.6% vs. 8.9%; p<0.001).
Frail women continued to report recurrent falls across fol-
low-up (5y 30.8% vs. 14.9%; 10y 47.9% vs. 23.2%, both
p<0.001).

Baseline frailty was a significant predictor of recurrent
falls. Calculating falls odds risk in relation to frailty sta-
tus showed that being frail at age 75 was associated with

Table 1 Key clinical characteristics of the OPRA cohort at age 75, 80 and 85

All variables at 75 y Age 75 (Baseline) n=1044 Age 80 (5 years) n=715 Age 85 (10 years) n=382
Mean SD Mean SD Mean SD
Age (y) 752 0.2) 80.2 (0.2) 85.2 (0.1)
Height (cm) 160.5 5.7) 159.2 (5.8) 158.3 (5.8)
Weight (kg) 67.8 (11.7) 66.0 (11.6) 63.95 (10.9)
BMI (kg/m?) 26.3 “4.2) 26.1 “4.2) 25.5 4.0)
S-25(OH)D (nmol/L) 62 (19) 78 (30) 79 (26)
Femoral Neck (T-score) —-1.8 (1.1 —-22 (1.1) —-24 (1.1)
Median IQR Median IQR Median IQR
Frailty index (FI) 0.16 (0.14) 0.21 (0.17) 0.27 (0.20)

@ Springer



Aging Clinical and Experimental Research

Table 2 Baseline characteristics of frail and non-frail women

All variables at 75 y Non-frail (<0.25) Frail (>0.25) All Women
n=799 n=245 n=1044
Median IQR Median IQR Median IQR
Frailty index (FI) 0.14 (0.09) 0.32 (0.49) 0.16 (0.73)
Mean SD Mean SD Mean SD
BMI (Kg/m?) 26.0 (3.88) 27.0 (5.05) 26.3 (4.19)
S-25(OH)D (nmol/L) 63.1 (18.9) 57.7 (20.4) 61.8 (19.4)
No (%) No (%) No (%)
Falls in previous 12 months (n=914)
1 fall 84 (12.2) 42 (19.0) 126 (13.8)
2 or more falls 62 8.9) 72 (32.6) 134 (14.7)
No falls 547 (78.9) 107 (48.4) 654 (62.6)
Prior fractures
Any (50-75y) 278 35.1) 105 (43.9) 383 (37.1)
Major osteoporotic (5075 y) 187 (23.6) 53 (22.2) 240 (23.3)
Education
Lower education 587 (73.6) 185 (76.4) 772 (74.2)
Higher education 211 (26.4) 58 (23.9) 269 (25.8)
Smoking
Non-smoker 535 (67.6) 144 (59.8) 679 (65.7)
Previous 150 (18.9) 59 (24.5) 209 (20.2)
Current 107 (13.5) 38 (15.8) 145 (14.0)
Alcohol
Abstainer 141 (17.8) 61 (25.6) 202 (19.6)
A few times a month 489 (61.2) 140 (58.8) 629 (60.9)
Weekly 149 (18.8) 31 (13.0 180 (17.4)
Almost daily 15 (1.9) 6 (2.5) 21 (2.0)

increased falls risk up to 5 and 10 years; recurrent falls were
2.5-3 times more likely in frail vs. non-frail women [OR
2.55 (CI 1.62-3.99); 3.04 (1.63-5.67)] (Online_Resource_
Table 1). Similar results were also observed assessing the
relationship between frailty status at age 80 and fall risk after
5 years (85 years), with a two times higher OR compared to
non-frail women.

At age 75 an increment of 0.01 in the index significantly
increased the odds for at least one fall (1.04, 1.03-1.06) and
recurrent falls (1.05, 1.03—1.07) after 5 years. Similarly, after
10-year follow-up (1.04, 1.01-1.07 and 1.07, 1.04-1.10; all
p<0.001). Increase in frailty at age 80, was similarly asso-
ciated with an increased risk of falls after 5 years (1.04,
1.02-1.07, p<0.001).

To understand how gradations of frailty associate with
number of falls, we used frailty quintiles and four fall groups
(Table 3). Already at baseline, the increment is stepwise
between increasing frailty and number of falls, particularly
pronounced for women having 2 and 3 or more falls within
the 12 months prior to study inclusion.
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For the association between baseline frailty and future
falls at age 80 and 85 the pattern is similar. With increas-
ing frailty, the proportion of women falling increases,
almost stepwise. In the highest frailty quintile, 15.7% had
3 or more falls at age 80, compared to 5.7% in the lowest
quintile. After 10 years, more than one-quarter of women
in the highest quintile sustained 3 or more falls (26.7%
vs. 4.0%).

The association between frailty at age 80 and future falls
at age 85 follows a similar pattern.

We combined and grouped women into fallers and non-
fallers, investigating how frailty status affected their future-
falls pattern. Among fallers at age 75, regardless of frailty
status, approximately half had fallen at least once and one-
third had recurrent falls at 5 years (Table 4). However, with
reassessment at age 80, fallers who were also frail, fell more.
Apart from a generally higher incidence at this age, frail
women reported higher fall rates than non-frail, for at least
one fall (76.9% vs. 57.3%) and recurrent falls (57.1% vs.
32.4%).
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Age 75 Age 80 Age 85
4+
4+ 4+
3+ 3+
3+
No falls 3+ falls 4+ falls No falls S+ falls | 4+ falls No falls 3+falls | 4+ falls
71.6% | 28.4% 14.7% | 7.55% | 3.17% 69.0% | 31.0% | 17.6% | 8.10% | 4.55% 55.2% | 44.7% | 264% | 13.2% | 4.58%
100% (n=914) 100% (n=704) 700% (n=371)

Fig. 1 Proportion of women attending each visit who reported none,
one or multiple falls in the previous 12 months. This figure shows
how, with advancing age the proportion of women falling increases.
At each visit (ages 75, 80 and 85) the proportion of women report-
ing haven fallen once or more in the previous 12 months increases

from 28.4 to 31% to 44.7%. The green area represents non-fallers and
shrinks as the proportion of women reporting falls increases. The
fallers are represented with deepening shades of red to illustrate the
multiple fallers; these increase over time as the proportion falling
increases. Missing falls data: 75 y (n=130); 80 y (n=282)

Fig.2 Proportion of non-frail LEGEND
and frail women women report- D Recurrent (2 or more) falls I:] None or 1 fall
ing recurrent falls at all visits
based on frailty status at age r
75. Women are defined as frail 23.2%
(>0.25) or non-frail (<0.25) 10-yr follow-up 76.8% 47.9%
at baseline and we show the 85yrs - =31 o/"
proportion at each visit who N=371 B
reported recurrent falls in the
previous 12 months. Among L
FRAIL women, proportionally [ 14.9%
more reported recurrent falls, 85.1% 30.8%
compared to non-frail (32.6 5-yr follow-up 69.2%
vs. 8.9 at 75 y; 30.8 vs. 14.9 80yrs
at 80y; 47.9 vs. 23.2 at 85 y). N=704
Width of the frail segments
narrows with successive visits, r 0%
reflecting the proportionally 91.1% 32.6%
higher loss-to-death and non- Baseline 67l 40/:
attendance in the most frail 75yrs ’
N=914
NON-FRAIL women FRAIL women
FI=0.13 (median 75y) FI=0.32 (median 75y)
(0.01-0.24) (0.25-0.74)

In a 10-year perspective (but not 5 years), women
who were fallers and frail at age 75 were more likely to
have recurrent falls at age 85 than their non-frail counter-
parts [2.92 (1.08-7.91)] (Table 4). Fallers at age 80 who
were also frail had an increased risk for at least one fall
[2.48 (1.03-5.95)] and for recurrent falls at age 85 [2.78
(1.21-6.41)].

Among non-fallers, frailty significantly impacts future falls.
For non-fallers but frail at age 75, at least one fall and recur-
rent falls were both more frequent at age 80 (37.3% frail vs.
24.4% non-frail; 27.6% vs. 11.1%) (Table 4). The trend was
similar, for women at age 80 and falls reported at 85. Estimat-
ing the risk, women who were non-fallers and frail at age 75
were three times more likely to have recurrent falls at age 80
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Table 3 Gradients of frailty and number of women reporting none, one or multiple falls in different time perspectives. Frailty in quintiles at age
75 and falls” prior to baseline, 5 and 10 years; frailty at age 80 and falls” at 5 years

Frailty age 75 and incidence of women falling immediately prior to baseline*

Frailty score at 75 y No falls age 75 1 fall age 75 2 falls age 75 3 or more falls

age 75
<0.10 167 (89.8) 14 (7.5) 5 2.7 0 (0.0)
0.11-0.14 145 (79.7) 19 (10.4) 12 (6.6) 6 (3.3)
0.15-0.19 134 (74.0) 27 (14.9) 12 (6.6) 8 4.4)
0.20-0.27 117 (66.1) 30 (16.9) 13 (7.3) 17 9.6)
0.28+ 91 (48.4) 36 (19.1) 23 (12.2) 38 (20.2)

Frailty age 75 and incidence of women falling after 5 years**

Frailty score at 75 y

No falls age 80

1 fall age 80

2 falls age 80

3 or more falls

age 80
<0.10 111 (79.3) 11 (7.9) 10 (7.1) 8 5.7
0.11-0.12 105 (73.9) 17 (12.0) 11 (1.7 9 (6.3)
0.13-0.17 95 (68.1) 28 (19.9) 12 (8.5) 5 3.5)
0.18-0.24 96 (68.1) 18 (12.8) 14 9.9) 13 .2)
0.25+ 78 (55.7) 20 (14.3) 20 (14.3) 22 15.7)
Frailty age 75 and incidence of women falling after 10 years**
Frailty score at 75 y No falls age 85 1 fall age 85 2 falls age 85 3 or more falls

age 85
<0.09 50 (66.7) 13 (17.3) 9 (12.0) 3 (4.0)
0.10-0.11 45 (60.8) 15 (20.3) 8 (10.8) 6 8.1
0.12-0.15 41 (56.2) 17 (23.3) 10 (13.7) 5 (6.8)
0.16-0.21 31 (41.9) 17 (23.0) 11 (14.9) 15 (20.3)
0.22+ 38 (50.7) 6 (8.0) 11 (14.7) 20 (26.7)
Frailty age 80 and incidence of women falling after 5 years***
Frailty score at 80 y NO FALLS age 85 1 fall age 85 2 falls age 85 3 or more falls

age 8y
<0.11 47 (68.1) 9 (13.0) 8 (11.6) 5 (7.2)
0.12-0.16 38 (54.3) 16 (22.9) 10 (14.3) 6 (8.6)
0.17-0.21 40 (58.0) 13 (18.8) 11 (15.9) 5 (7.2)
0.22-0.28 32 45.7) 18 (25.7) 9 (12.9) 11 15.7)
0.29+ 30 (43.5) 10 (14.5) 10 (14.5) 19 (27.5)

#Falls occurring during the previous 12 months prior to each visit. Reported values, number(%). Chi-squared overall: *p <0.001; **p=0.001;

*kkp=0.012

[3.06 (1.59-5.89)] (Table 4). At age 80, the 5-year association
between frailty and recurrent falls was, however, also non-

significant [1.71 (0.88-3.31)].

The combination of being both frail and faller conferred a
significantly higher risk of recurrent falls within 5 years com-
pared to robust (non-faller, non-frail) women (age 75: 4.54,
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2.35-8.71; age 80: 5.82, 2.79-12.56) in regression analysis
using all four groups.
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Table4 Combined fall-frailty status and the relationship with frequenc

y and odds risk of future falls in different time perspectives. Fall-frailty

status at age 75 and falls* at 5 and 10 years; fall-frailty status at age 80 and falls at 5 years

Combined falls-frailty and PROPORTION reporting falls*

Atleast 1 fall at 80 y

Recurrent falls at 80 y

Fall-frailty status at 75 y No(%) n=631" P’ No (%) n=625" P’
1. Faller and Frail 27 (54.0) Group 18 (36.0)
2. Faller and Non-Frail 53 (47.3) 1v2 0.432 39 (35.5) 0.947
3. Non-faller and Frail 22 (37.3) 3v4 0.035 16 (27.6) 0.0014
4. Non-faller and Non-Frail 100 (24.4) 1v4 <0.0001 45 (11.1) <0.0001
At least 1 fall at 85 y* Recurrent falls at 85 y

Fall-frailty status at 80 y No (%) n=358" P No(%) n=347* P’
1. Faller and Frail 30 (76.9) Group 20 (57.1)
2. Faller and Non-Frail 43 (57.3) 1v2 0.039 23(32.4) 0.015
3. Non-Faller and Frail 31 (48.4) 3v4 0.116 18 (28.1) 0.112
4. Non-Faller and Non-Frail 67 (37.2) 1v4 <0.0001 33 (18.6) <0.0001
Combined falls-frailty and ODDS RISK of future falls

At least 1 fall* Recurrent falls*

OR (CI 95%) OR,; (C195%) OR (CI95%) OR,; (C195%)

FALLER and Frail at 75 y

Risk of falling, 5 years (80 years) 1.31 (0.67-2.55)
Risk of falling, 10 years (85 years) 1.39 (0.51-3.82)
NON-Faller and Frail at 75 y
Risk of falling, 5 years (80 years) 1.84 (1.04-3.27)
Risk of falling, 10 years (85 years) 0.92 (0.37-2.30)
FALLER and Frail at 80 years®
Risk of falling, 5 years (85 years)
NON-Faller and Frail at 80 years®

Risk of falling, 5 years (85 years)

2.48 (1.03-5.95)

1.58 (0.89-2.82)

1.14 (0.56-2.32)
1.48 (0.49-0.46)

1.02 (0.51-2.06)
2.92 (1.08-7.91)

0.83 (0.39-1.76)
2.99 (1.03-8.67)

1.95 (1.08-3.54)
0.88 (0.33-2.35)

3.06 (1.59-5.89)
1.33 (0.46-3.86)

3.24 (1.62-6.45)
1.60 (0.53-4.82)

3.11 (1.10-8.78) 2.78 (1.21-6.41) 3.54 (1.37-9.12)

1.54 (0.83-2.87) 1.71 (0.88-3.31) 1.91 (0.94-3.87)

#Falls occurring during the previous 12 months prior to each visit
“Number of total cases with complete data

YBased on women age 80 and falls reported in the previous 12 months

*p values, Chi-squared. Odds ratios (OR) use non-frail category as reference. ORgjygeq for BMI, 25(OH)D, fractures, smoking

Discussion

This study shows that in women, being frail at age 75 is
a significant risk factor for recurrent falls both in five and
10-year perspectives. Frailty is a particularly strong pre-
dictor of future falls in women who have not yet experi-
enced a fall, suggesting that if someone is frail, this is a
time to intervene to avoid falls and fall-related injuries. In
contrast, for women who have already experienced falls,
frailty is secondary to prediction, most likely since they
are already in the frailty—falls cycle.

The falls incidence increased between 75 y and 85 y
(from one-third to almost half), with the most drastic change
between 80 and 85, when the number of individuals falling

increases, as does the number of falls. This precise change
is difficult to capture in other studies [11, 22, 23]. Fall rates
from 28.7 to 37.5% are observed in the National Health and
Aging Trends Study, and while this is for somewhat younger
ages including men, the 42.4% for age group 85-89 is con-
sistent with our findings [24]. Age-related estimates of falls
propensity are a foundation for understanding associated
injuries; fractures being among the most important, although
not part of this report.

The primary interest of this study is on recurrent falls as a
sign of cumulative intrinsic age-related falls propensity. This
is based on the assumption that frequent falling stems from
failure of multiple physiologic systems, potentially captured
by frailty, in contrast with the more arbitrary nature of one
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fall which may be accidental. To facilitate comparison with
the existing literature, however, we also report ‘any fall’.

The reciprocity between frailty and falls is a major chal-
lenge to aging. With frailty increasing at each assessment
age, those with the highest frailty had more falls in the pre-
vious year; and if highly frail, a higher incidence of future
falls was also more likely.

Most studies find association between frailty and falls [1,
11, 15, 25, 26], although the relationship is unclear at the
less-pronounced stages of frailty, reflecting the complexity
in defining the transition from robust to pre-frail and frail.
The strength of the association also varies depending on the
age ranges, sex and setting of the studied populations [6].
An advantage in our setting is the single-age inclusion and
duration of follow-up, which allows us to combine frailty
and falls history to improve understanding of the interaction,
albeit by 5-year increments. Hence, frailty has a long-term
impact on falls, far beyond the one-to-3-year perspectives of
existing studies, with women frail at age 75 having a contin-
ued higher falls propensity after 10 years compared to their
non-frail counterparts.

A previous fall is a strong risk factor for future falls [3]
which others have either adjusted for or performed subgroup
analyses [25, 27]. To dissect the respective contribution
from previous falls and frailty on the risk of future falls, we
combined participants into fallers and non-fallers with or
without frailty. Fallers and non-fallers have a distinctly dif-
ferent future-falls pattern. At age 75 frailty appears to be an
important risk factor for women without a history of previ-
ous falls but not for women with falls. Conversely, at older
ages frailty is a risk factor among fallers though not among
non-fallers. We speculate that this is a consequence of the
frailty—falls—frailty cycle and an indication of accumulated
frailty with age. This is also obvious from the very different
frailty score between frail and non-frail non-fallers at age
75 which is reflected in a higher recurrent falls risk after
5 years among the frail. Also, when reassessing frailty at
age 80, the frailty score has a more normal distribution; the
higher mean possibly reducing predictivity. One exisiting
study of a mixed-sex population (mean 70.1 y) also reports
that frailty is a stronger predictor in non-fallers, but another
all-female survey (mean 69.4 y) reports the opposite [25,
28]; a likely explanation being that risk factors are both sex
and age-specific.

As a way of understanding the transition to greater frailty
and the association with falls, we examined initial frailty as a
gradient, demonstrating a stepwise gradient in frailty quan-
tifiable as an increasing number of falls at age 80 and 85.
Although these women represent a relatively healthy susbset
(having all survived 10 years and predominantly ‘non-frail’
or ‘pre-frail’), nevertheless differences in frailty are mir-
rored in the high proportion of recurrent fallers. This implies
that a careful assessment of frailty in the elderly might be
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beneficial for fall prevention and possibly forestall the cycle
of frailty and falls.

Strengths of this study include first that the participants
are community-dwelling, older women of average health, at
a pivotal phase, where detrimental changes accumulate at
a higher rate. Therefore, this study also provides informa-
tion essential for prevention strategies to reduce the impact
and consequences of frailty. Second, since all women were
identically aged at inclusion, confounding from chronologi-
cal age is reduced and age-adjustment unnecessary. Third,
the availability of data for 10 years and beyond allows us
to assess fall risk with increasing frailty, providing a long-
term perspective on the consequences of frailty for success-
ful aging.

Limitations of the study are also acknowledged. First, for
direct comparison to other studies use of the most widely
used phenotypic definition of frailty by Fried et al. [1] would
be preferable. However, since the cohort was designed to
investigate bone health, not general health, in aging, this was
impossible. Instead, following the rules of Searle et al. [20]
we developed a frailty index which performs well [16, 17].
Second, one of the variables included in the index was ‘self-
estimated fall risk’, since the index was constructed for use
with multiple outcomes. However, this did not appreciably
affect the results, without it associations were a little lower
but still significant. Third, there is a risk for recall bias, since
falls were self-reported. A 12-month period was decided to
be an acceptable recall period, since the times between fol-
low-up visits were long. It has, however, been suggested that
a narrower time frame increases internal validity and that
participants should be questioned about the past month [29]
and the results should be interpreted with this in mind. In
retrospect a design involving mailing post-cards or frequent
telephone calls could potentially have decreased the risk of
bias. Further to this, exact fall dates were not collected hence
it is impossible to determine how many falls directly resulted
in fracture or injury. Fall outcome was, however, beyond
the scope of this study. Cognitive function and whether it
affected fall recall was not specifically tested in the cohort.
Fourth, longitudinal studies following older people have an
inherent limitation of loss-to-follow-up, mainly because of
morbidity, relocation or mortality. Among survivors, rea-
sons for non-attendance in OPRA are described in detail
elsewhere [19, 30] but briefly at 5-year follow-up this was
primarily due to illness (31%), while other reasons included
moving to a senior home, moving abroad, social reasons,
mobility problems (16%). The remainder did not specify
a reason. At 10-year follow-up illness accounted for 56%
of those not attending, moving or other reasons (21%). We
acknowledge that the length of follow-up and high age of
the participants reduces the number of participants at each
follow-up, an inherent problem in all stuch studies. However,
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since the incidence of falls increases with age the study is
sufficiently powered.

In this population-based cohort of identically aged elderly
women, frailty plays a significant role in the etiology of falls,
most pronounced in those who are frail but have not yet
reported a fall. It also emphasizes the connectivity between
frailty and falls and the reciprocal increase in falls propen-
sity and frailty status. These findings could be important
in formulating prevention strategies, since it indicates that
frailty assessment should be initiated early on.
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Abstract

Summary Frailty reflects an accelerated health decline. Frailty is a consequence of fracture and contributes to fracture. Greater
frailty was associated with higher fracture risk. Frail women were at immediate risk (within 24 months) of a hip or major fracture.
Fracture prevention could be improved by considering frailty status.

Introduction Frailty encompasses the functional decline in multiple systems, particularly the musculoskeletal system. Frailty can
be a consequence of and contribute to fracture, leading to a cycle of further fractures and greater frailty. This study investigates
this association, specifically time frames for risk, associated fracture types, and how grade of frailty affects risk.

Methods The study is performed in the OPRA cohort of 1044, 75-year-old women. A frailty index was created at baseline and 5
and 10 years. Women were categorized as frail or nonfrail and in quartiles (Q1 least frail; Q4 most frail). Fracture risk was assessed
over short (1 and 2 years) and long terms (5 and 10 years). Fracture risk was defined for any fracture, major osteoporotic fractures
(MOFs), and hip and vertebral fracture, using models including bone mineral density (BMD) and death as a competing risk.
Results For women aged 75, frailty was associated with higher risk of fracture within 2 years (Hip SHR ;. 3.16 (1.34-7.47)) and
MOF (2 years SHR,q;. 1.88 (1.12-3.16)). The increased risk continued for up to 5 years (Hip SHR,q;. 2.02 (1.07-3.82)); (MOF
SHR,;. 1.43 (0.99-2.05)). Grade of frailty was associated with increased 10-year probability of fracture (» = 0.03). Frailty
predicted fracture independently of BMD. For women aged 80, frailty was similarly associated with fracture.

Conclusion Frail elderly women are at immediate risk of fracture, regardless of bone density and continue to be at risk over
subsequent years compared to identically aged nonfrail women. Incorporating regular frailty assessment into fracture manage-
ment could improve identification of women at high fracture risk.

Keywords BMD - Community dwelling - Fracture - Frailty - Women

Introduction

Osteoporosis, which causes low bone mass and
microarchitectural deterioration, is responsible for 3.5 million
fractures annually in Europe [1]. These fragility fractures oc-
cur typically at the hip, wrist, and vertebra and are a significant
cause of disability, pain, and reduced quality of life [2].
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Fractures are also associated with mortality [3, 4]. In addition
to the personal toll, they account for increased health care
costs, particularly after hip fracture [5].

As a consequence of aging, and the inevitable functional
decline in the musculoskeletal system, almost every second,
woman in Sweden will suffer a fracture by the age of 80 [4].
Since demography changes towards an elderly population [6],
the 50% lifetime fracture risk for women over the age of 50
makes prevention of osteoporotic fracture not only a challenge
but a must.

@ Springer
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One way to identify individuals at high risk of osteoporotic
fracture could be frailty. Frailty encompasses the functional
decline in multiple physiological systems, with perhaps the
most dramatic changes in the musculoskeletal system [7, 8].
Frailty is both a consequence of and a contributing factor to
fracture. Consequently, this association can lead to a vicious
cycle of further fractures and greater frailty [9, 10] and a wide
range of adverse outcomes [8].

Fracture prevention, whether primary or secondary, is an
important aspect for successful aging [11], and one of the most
significant obstacles is the difficulty in correctly identifying
those at high risk of fracture [4]. Of the standard tools, neither
bone density measurements nor fracture risk assessment by
FRAX can fully capture and adequately identify all those at
risk. In particular, there are limitations when applied in the
very old [12]. With these limitations, new aids to im-
prove risk assessment are needed; one such possibility
is to evaluate frailty.

Although earlier studies have investigated frailty and frac-
ture [13, 14], few have been performed in cohorts specifically
designed to address osteoporosis-related outcomes. The
knowledge gaps include whether frailty can independently
predict fracture and if so which fracture types and over what
time periods. In older individuals, hip fracture is the predom-
inant fracture of interest, but can other types of fractures be
predicted by frailty since these might precede a hip fracture?
Furthermore, with advancing age, it is not known how frailty
and fracture interact.

We have previously followed the progression of frailty
over 10 years and reported that frailty is associated with oste-
oporosis, falls, and mortality in a population of community-
dwelling elderly women [15, 16]. In the present study, the
overall aim was to explore the association between frailty
and fracture. Firstly, we investigated the time frame over
which a frail person is at increased risk, focusing on imminent
risk, i.e., over 1 and 2 years and longer term, over 5 and 10
years. Secondly, we investigated if frailty is independently
predictive of specific fracture types with advancing age.
Thirdly, we investigated if early stages of frailty and progres-
sion interact with fracture risk. Ultimately, this knowledge
may contribute to the understanding of how frailty assessment
can serve as an integral part in fracture prevention protocols.

Materials and methods

Subjects

The Osteoporosis Prospective Risk Assessment (OPRA) co-
hort is an observational study designed to study risk factors
related to bone health. Community-dwelling women, 75 years

old (75.2 + 0.2 years), were randomly selected, without exclu-
sion criteria, from the population register for Malmo, Sweden

@ Springer

[17]. Of those invited, 1044 attended baseline investigation
(1995-1999), 67% attendance rate. At follow-up, 715
attended (age 80.2 + 0.2) at 5 years and 382 (age 85 + 0.1)
at 10 years. Reasons for nonparticipation have been previous-
ly described in full [18].

At each visit, detailed investigations were performed: phys-
ical assessment (balance, gait, and muscle strength), bio-
markers, and measurements of femoral neck bone mineral
density (BMD) together with questionnaires to capture infor-
mation related to lifestyle, health, and other risk factors
[15, 17].

Using the unique personal identification number allocated
to every Swedish citizen, date of death was acquired from the
Swedish National Population Register (October 2012, when
the maximum age of those women still alive was 91.5 years).

All procedures performed were in accordance with the eth-
ical standards of the regional ethical review board in Lund
(Dnr: 2014804), and the study was performed according to
the principles of the Helsinki Declaration. All women provid-
ed written informed consent.

Assessment of frailty

A deficit accumulation frailty index (FI) was constructed ad-
hering to the principles suggested by Searle et al. [19], i.e., all
variables were associated with health, increased with age, did
not saturate too early, and covered a wide range of domains.
Briefly, all continuous and categorical variables were
reclassified into the range 0.0 and 1.0 and then summed and
divided by the numbers of variables included (Online
Resource 1). The thirteen variable index, including treatment
of missing values, has been described previously [16]. The
index represents “deficits in health,” where a higher score
indicates higher frailty. The index of frailty was calculated
for each age (75, 80, and 85). An empirical threshold of >
0.25 was used to define frail individuals [16, 20, 21].

Fractures

Incident fractures were prospectively followed until October
2012 (up to 15 years) through the X-ray files at the Radiology
Department, Malmo, Skane University Hospital [18].
Information loss during follow-up was exceptionally low
since the Department of Orthopaedics is the sole unit treating
fractures in the catchment area. Fractures resulting from pa-
thology and high energy were excluded. Fractures occurring
prior to inclusion (specifically, between ages 50 and 75) were
also registered [22].

Statistical analyses

Descriptives for continuous variables are reported as mean
and standard deviation (SD) or median and interquartile range
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(IQ) where appropriate. Categorical variables are reported as
number (n) and percentage (%).

Frailty was analyzed as categories “frail” (= 0.25) or
“nonfrail” (< 0.25) and in quartiles (Q1 least frail; Q4 most
frail) to visualize progression of frailty and changes in fracture
risk. Fractures are reported as any fracture, major osteoporotic
fractures (MOFs) as defined by FRAX (http://www.shef.ac.
uk/FRAX), and hip and vertebral fracture.

The temporal association between frailty and fracture was
explored in different time frames. From age 75, we estimated
short-term (1 and 2 years) fracture risk (i.e., frailty at age 75
and incident fractures between ages 75-76 and 75-77) and
long-term (5 or 10 years) risk (fractures between ages 75-80
and 75-85). To evaluate this association in the very old, we
then “reset” baseline and, based on frailty at age 80, estimated
fracture risk over the same time frames.

Demographic characteristics of frail/nonfrail women were
compared using Student’s T-test and chi-square or Mann—
Whitney U test for nonparametric distributions.

Fracture incidence was defined as the number of women
sustaining at least one fracture during the specified time frame.
Incidence rate is presented as number of fractures per 1000
person-years, calculated using all registered fractures.
Incidence rate ratios (IRRs) with 95% confidence intervals
(95% CI) were estimated by Poisson distribution to compare
fracture rates between frail/nonfrail women.

To investigate the association between frailty and fracture
with death as a competing event, we estimated the probability
of fracture, calculated as a cumulative incidence function
(CIF) with Gray’s test to assess statistical significance. To
predict fracture risk, we used the model proposed by Fine
and Gray [23] estimating proportional subdistribution hazard
ratios (SHR) and 95% CI for a first fracture. To determine if
frailty independently predicts fracture risk, BMD was includ-
ed as a covariate. Subgroup analysis further assessed the ad-
ditive effect of smoking.

The study is estimated to have > 80% power to detect a
1.45 difference in relative risk (RR) for any fracture (alpha
5%), between frail and nonfrail women. This is based on the
5-year incidence of any fracture (19.1%) in nonfrail women
from the cohort. However, acknowledging the limitations of
post hoc power calculations [24], confidence intervals indicate
the reliability of the associations. Analyses were performed
using SPSS v25 and RStudio v1.2.5042 [25, 26]. p < 0.05
was considered nominally significant.

Results

The characteristics of the OPRA cohort have been reported in
detail previously [15], while those relevant to this study are
shown in Table 1. On inclusion in the study at age 75, the
median FI of the population was 0.16 (range 0.01-0.74).

Almost one quarter (23.5%, n = 245) of the women were
classified as frail (FI > 0.25). For women having sustained a
fracture prior to baseline, about half of the individual variables
comprising the FI differed between frail and nonfrail women,
predominantly those related to musculoskeletal function,
while there was no difference in disease incidence or bio-
markers. Frail women had higher BMI, higher bisphosphonate
and glucocorticoid usage, and more previous fracture and falls
(p <0.05).

At the end of the study (October 2012), half of the women
(50.2%, n = 524) had sustained at least one fracture, and a
quarter (25.7%, n = 268) had two or more fractures. Hip fracture
occurred in 18.7% (n = 195) of the population and 20.5% (n =
214) had at least one vertebral fracture. The total fracture inci-
dence increased regardless of frailty status over the observation
period; between 75 and 80 (n = 214), the incidence of a first
fracture was 20.5% and between 80 and 85 (n = 177) 24.8%.

The fracture incidence rate per 1000 person-years was
higher among women who were frail at age 75, for any frac-
ture (109.0 vs. 80.8; p < 0.01) and MOF (80.1 vs. 64.0; p <
0.01); reflected in an increased risk (IRRs 1.35 and 1.25),
respectively. Hip fracture did not differ (23.1 vs. 18.0;
p = 0.13).

The distribution of fracture types in frail and nonfrail wom-
en is shown in Online Resource 2.

Frailty at age 75 and short- and long-term fracture
risk

Since age is an important factor for the elderly, we firstly
investigate the short-term time frame and risk within the first
2 years. For a 75-year-old woman who is frail, the risk of hip
fracture is elevated already within the first year compared to
identically aged, nonfrail women (SHR 3.94, (1.20-12.9)).
This is reflected in the proportion of women who fractured
(2.4% vs. 0.6%; p = 0.014) (Table 2A and Supplementary
Table 2). Adjustment for BMD did not significantly alter this
association (SHRgg;. 3.75 (1.11-12.71)). The risk of hip frac-
ture continued to be elevated at two years (SHR 3.04 (1.34—
6.88)). Indeed, the proportion of frail women who fractured
was more than doubled compared to nonfrail (4.5% vs. 1.8%;
p=0.005). The frail also had a higher risk of any fracture and
MOF within the first 2 years, SHR 1.70 (1.11-2.60) and 1.89
(1.17-3.06), respectively (Table 2A and Fig. 1a). Adjusting
for BMD did not change these results. Being a current smoker
and frail further increased the risk of fracture (Any HR 2.51
(1.15-5.48); MOF HR 2.89 (1.24-6.76); Hip HR 3.70 (1.04—
13.1) compared to non-smoking frail women) while not ap-
parent for the nonfrail. The proportion fractured were 13.1%
vs. 7.9% (p = 0.014) for any fracture and 10.6% vs. 5.8%; (p =
0.009) for MOF (Online Resource 3).

In the 5-year perspective, frailty continues to associate with
fracture (Table 2A and Table 3A). For hip fracture, the frail
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Table 1 Characteristics of

nonfrail and frail women at age 75 All variables at 75 years Nonfrail (< 0.25) Frail (= 0.25)

n=799 n =245

Mean SD Mean SD
Frailty index (FI) 0.14 (0.05) 0.36 (0.10)
BMI (kg/mz) 26.0 (3.88) 27.0 (5.05)
Femoral Neck BMD (g/cmz) 0.764 (0.114) 0.770 (0.152)
Femoral Neck (T-score) - 1.80 (1.12) -1.76 (1.27)

No. (%) No. (%)
Current smoker 107 (13.5) 38 (15.8)
Bisphosphonate user 20 2.5) 13 (5.3)
Glucocorticoid user® 49 6.1) 29 (11.9)
No. of women with prior fractures between 50 and 75 n="792 n=239
At least one fracture 278 (35.1) 105 (43.9)
Major osteoporotic fracture 174 (22.0) 51 (21.3)
Hip 9 (L.1) 5 2.1)
Radius 146 (18.4) 41 (17.2)
No. of women who fell in previous 12 months® n =693 n=221
At least one fall 146 (21.1) 114 (51.6)
No falls 547 (78.9) 107 (48.4)
Deceased at end of study (2012) 414 (51.8) 184 (75.1)
Deceased after 10 years 190 (23.8) 117 (47.8)

@ Current or previous use for > 3 months

® Self-reported

75-year-old is at twice the risk compared to the nonfrail, even
accounting for competing mortality (SHR 2.03 (1.13-3.64))
and similarly for incidence rate 17.5 vs. 8.1 per 1000 person-
years. Overall, a greater proportion of frail women had at least
one fracture at any site (24.9% vs. 19.1; p = 0.051), a higher
fracture incidence rate (78.1 vs. 55.5 per 1000 person-years),
and a higher risk even accounting for competing mortality.
Vertebral fractures were more frequent in the frail (9.4% vs.
5.3%; p = 0.019), and risk was higher (SHR 1.83 (1.10—

3.04)). With adjustment for BMD, the risk estimate just
crossed below significance level (SHR,q;. 1.75 (0.99-3.10)).
In the same time frame, the IRR was almost doubled for ver-
tebral fractures (1.79 (1.14-2.76)) (Table 3A).

For a woman who is frail at age 75, compared to the
nonfrail, the cumulative incidence trajectories differ, with
the greatest difference at 2 to 5 years (Fig. 1a). In a 10-year
perspective, the probability of fracture continues to be elevat-
ed, although, with the extended observation period and

Table 2 Relative risk of fracture

for frail women across time 1-year risk 2-year risk 5-year risk

frames of 1, 2, and 5 years based

on being frail at (A) age 75 and SHR* 95% CI SHR 95% CI1 SHR 95% CI

(B) age 80
(A) Frail at age 75
Any 1.55 (0.87-2.76) 1.70 (1.11-2.60) 1.38 (1.02-1.86)
Major osteoporotic 1.71 (0.90-3.25) 1.89 (1.17-3.06) 1.38 (0.99-1.93)
Hip 3.94 (1.20-12.9) 3.04 (1.34-6.88) 2.03 (1.13-3.63)
Vertebral 1.19 (0.38-3.74) 1.88 (0.79-4.46) 1.83 (1.10-3.04)
(B) Frail at age 80
Any 1.85 (0.95-3.59) 1.59 (1.02-2.48) 1.52 (1.13-2.04)
Major osteoporotic 1.89 (0.93-3.83) 1.79 (1.12-2.86) 1.53 (1.12-2.09)
Hip 543 (1.13-26.2) 20 (0.91-4.39) 1.48 (0.90-2.44)
Vertebral 1.86 (0.57-6.09) 143 (0.63-3.24) 1.97 (1.21-3.21)

# Subdistribution hazard ratios with reference category nonfrail. Frailty status was assessed at beginning of each

period calculated (ages 75 and 80)
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Fig. 1 Cumulative incidence of any fracture stratified by frailty status at a age 75 and b age 80, calculated in the presence of the competing risk of death.
Differences in cumulative incidence rates between frail and nonfrail categories were tested using Gray’s test

advancing age, baseline frailty status does not discriminate the
probability of fracturing as is obvious by the comparable
slopes.

Grade of frailty and fracture risk

Quartiles were used to further categorize frailty; (Q1 range <
0.11; Q2 0.12-0.16; Q3 0.17-0.24; Q4 > 0.25). There was a
clear stepwise association between increasing frailty and the 10-
year probability of a first fracture of any type (Q4 to Q1 (Gray’s
p =0.03)) (Fig. 2a). For vertebral fractures, a significant differ-
ence was seen already between Q1 and Q2 (p = 0.005).

The time difference in fracture accumulation between the
least frail and most frail (Q1 and Q4) is 2.5 years for any
fracture and 4.7 years for hip fracture, i.e., the fracture free
time is longer in the least frail (Fig. 2a, b).

Frailty at age 80 and short- and long-term fracture
risk

For an 80-year-old woman who is frail, the risk of hip fracture
is also elevated (SHR 5.43 (1.13-26.2)), although the propor-
tion who fractured during this first year was low (2.5% vs.
0.5%; p=0.017) (Table 2B). The risk continued to be elevated
at 2 years; hip fracture (SHR 2.0 (0.91-4.39)) while not
reaching statistical significance, any fracture (SHR 1.59
(1.02-2.48)) and MOF (SHR 1.79 (1.12-2.86)).

In the 5-year perspective, although frailty is less predictive
for hip fracture (SHR 1.48 (0.90-2.44)), it continues to be
associated with a higher risk of any fracture (SHR 1.52
(1.13-2.04)), MOF (SHR 1.53 (1.12-2.09)) and for vertebral

fractures (SHR 1.97 (1.21-3.21)). Adjusting for BMD did not
change the results.

The incidence trajectories for women who were frail and
nonfrail at age 80 are illustrated in Fig. 1b. The probability of
any fracture continues to be elevated for up to 10 years in the
frail compared to the nonfrail.

Fracture leads to frailty

Having analyzed how frailty influences the risk of future frac-
ture, we next investigated how a prior fracture, from age 50 to
the baseline investigation, influenced frailty at age 75. Prior to
the baseline, 37.1% (n = 383) of the women reported a fracture
between ages 50 and 75. The mean frailty score was signifi-
cantly higher compared to those with no prior fracture (0.21
vs. 0.18, p < 0.01). Furthermore, women with a fracture be-
tween ages 50 and 75 and in both later age intervals (75-80
and 80-85) were more frail compared to those who remain
fracture free throughout, from ages 50 to 85 (0.38 vs. 0.27, p =
0.038). On the other hand, among those with a prior fracture,
but no new fractures up to the age of 85, the frailty score was
equivalent to those never experienced a fracture (0.27 vs.
0.27) (Fig. 3).

Discussion
This study of 75-year-old community-dwelling women indi-
cated that frailty is an important, clinically feasible way to

identify individuals at high fracture risk. Going beyond tradi-
tional risk factors such as BMD, frailty assessment takes a
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Fig. 2 Cumulative incidence of a any fracture and b hip fracture,
stratified by quartiles of frailty at age 75, calculated in the presence of
the competing risk of death. Differences in cumulative incidence rates
between Q1 and Q4 was tested using Gray’s test. The graphs show that

much needed holistic approach to capturing fracture risk,
making it a useful complement to existing assessment tools.
Frailty is associated with fracture, and this study highlights
that being frail presents a high risk of fracturing within the
next 12-24 months. At entry into the study, frail women at the

Baseline (75y)
Fl=0.19*

AT LEAST ONE
PREVIOUS FRACTURE

Fl=0.21
n=383

NO PREVIOUS
FRACTURES

FI=0.18
n=648

Fig. 3 Flowchart demonstrating how frailty score is affected by having
had a fracture (at least one fracture of any type). At baseline, women were
stratified based on whether they had at least one previous fracture

5-year follow-up (80y)
Fl=0.24*

Hip fracture
Q1vs Q4 (at 10-year) p = 0.085
2 Q4
-2
- Q3
Q4 Q1 g
4.7 years

10%

Probability of hip fracture (%)

5% incidence
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0%
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among the least frail (Q1), fracture accumulation occurs between 2.5 (any
fracture) and 4.7 years (hip fracture) later, i.e., they remain fracture free
for longer compared to the most frail women (Q4). “Frailty quartiles Q1
(£0.11), Q2 (0.12-0.16), Q3 (0.17-0.24), and Q4 (> 25)

age of 75 had a two to four times higher risk of hip fracture
already within the first year. These women continue to be at
higher risk over the next 2 years for hip fracture, MOF, and
indeed any type of fracture. The observed higher fracture risk
within the first year is in agreement with two other studies,

10-year follow-up (85y)
Fl=0.29*

m———

— fx——|
v

n

 ——

x ——

between 50 and 75. Frailty score at 5- and 10-year visits is shown, based
on fracture history during the intervening period. “FIs are population
mean. The calculations were made on women that attended all follow-ups
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albeit in younger individuals, confirming the value of
frailty assessment by capturing health beyond chrono-
logical age [27, 28].

With increasing age, everyone becomes frailer, risk factors
for fracture accumulate, and health status often rapidly changes.
Since frailty is dynamic and accumulates at different rates, the
value of an examination deflates over time. We showed that a
higher fracture risk persisted over 5 years while after 10 years,
frailty was no longer discriminative, because by age 85, almost
everyone is frail. Long-term projections are therefore less
meaningful and frailty should be reassessed regularly. Further
demonstrating this, when frailty was reassessed at age 80, it
again predicted high fracture risk within the short term. A num-
ber of studies have demonstrated association between frailty
and fracture over 5-10 years [29-32] which is important in
an epidemiological context, but given the short expected sur-
vival in the elderly, the immediate implications are more rele-
vant. This association to imminent fracture risk has conse-
quences for clinical decision making; most important is initiat-
ing interventions that have immediate effects, primarily to pre-
vent falls leading to fracture, such as home environment adjust-
ments, medication reconciliation, walking aids, and balance
and strength training [33, 34]. Delayed-effect interventions
such as antiosteoporosis medication can be implemented in
parallel. Frailty and fractures are related to one another bidirec-
tionally. Our study shows not only that frailty leads to fractures
but also that fracture is associated with higher frailty, which is
in line with other studies [35]. This reflects what a critical
element the musculoskeletal system plays in the frailty syn-
drome and, in addition, the functional decline and disability that
results particularly from a hip fracture. Prompt interventions
may prevent the downward spiral into progressing frailty and
subsequent recurrence of fracture [36]. The benefit of second-
ary fracture prevention is clearly seen in our study; even in the
event of a postmenopausal fracture between 50 and 75, if a
woman remains fracture free for 10 years, the trajectory of
frailty will be similar to those who never fractured.

Not assessing frailty would be a missed opportunity in
fracture prevention, since at age 75, one in ten women from
the frailest quartile will suffer a fracture after little more than a
year. Those who were nonfrail remain fracture free longer,
delaying hip fracture for almost 5 years and any fracture for
two and half years. This observation highlights the variability
in risk between fracture types and age; frailty predicts hip
fracture at 75, but less so after age 80, a finding in part sup-
ported by others. While not completely comparable in terms
of demographics and follow-up, in the Canadian Multicentre
study (CaMos), Kennedy et al. find a similar loss of associa-
tion among participants aged 65 and older [29]. The present
study allows us to further understand the temporal relation-
ships between fracture type and age; from age 80, relative to
nonfrail women, women who were frail had a larger increase
in vertebral, shoulder, and pelvic fractures (data not shown)

@ Springer

while the increase in hip and radius fractures was more pro-
nounced among the nonfrail. Vertebral fracture was also asso-
ciated with frailty. A novel finding was that even those who
were only moderately frail (Q2) had double the risk of a ver-
tebral fracture over 10 years. This is clinically relevant from
two perspectives; (a) it emphasizes the utility of identifying
prefrailty, and (b) since vertebral fractures are often symptom
free and go undetected, it is possible that these “prefrail”
women already have a vertebral fracture. Hence, it is a signal
for investigation, and if warranted antiosteoporosis treatment,
since if one has a vertebral fracture, one is likely to have
another subsequent fracture [37].

We have shown that frailty captures multiple aspects of mus-
culoskeletal aging in older women- osteoporosis, falls, and
fracture - as well as mortality; therefore, it stands to reason that
regular assessment of frailty has the capacity to be an additional
tool in identifying those elderly at high risk of fracture [15, 16].
We can also speculate that a rapid change in frailty status could
further impact on fracture risk. This also means that interven-
tions to reduce the risk can be initiated at an earlier stage with a
person-centered approach. Focusing on hip fracture, in the el-
derly, most hip fractures result from a simple fall. The associa-
tion between being frail and having a hip fracture within a year
indicates that frailty encompasses many physical changes relat-
ed to fall propensity such as impaired balance, sarcopenia, and
musculoskeletal dysfunction. To be effective, a proactive health
service is essential, involving communication between multiple
caregivers, including primary care, physiotherapists, and clini-
cians, preferably before a first fracture has occurred and defi-
nitely in any postfracture program.

The strengths of this study includes firstly that the OPRA
cohort was specifically designed to investigate bone health and
therefore has detailed information on time to fracture and fracture
site. The extensive follow-up time allowed exploration of the
effects of existing and emerging frailty on fracture risk in a clin-
ically meaningful context. Secondly, this study is performed in
randomly selected, community-dwelling older women at an age
where fracture incidence is accelerating, and the implications of
suffering a fracture or becoming frailer are severe. Thirdly, the
identical age of all the participants allows us to clearly demon-
strate that frailty, which reflects biological age, is additive, be-
yond chronological age in terms of correctly predicting fracture
risk. The data show that being frail “accelerates” the normal
expectation of when a fracture will occur, i.e., 2—5 years earlier.
Being frail and a smoker confers an even higher risk of fracture.
Fourthly, this study employed statistical modelling to account for
the competing risk of death, a common problem in longitudinal
studies of the elderly, therefore minimizing the potential for bias
or overestimation. However, since Fine and Gray models give an
approximate estimate of risk, the results should be interpreted
with this in mind, and similarly that for all studies spanning
decades, there is a loss of power from loss of participants beyond
what is accountable by applying competing risk algorithms.
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Limitations are acknowledged. It is difficult to make
direct comparisons with other studies due to the diver-
sity of frailty instruments used in the literature.
However, overall, the results are in general agreement,
which is in line with the high redundancy, whereby one
variable captures many. Furthermore, there may be bias
towards the participants being healthier compared to the
general population; however, this is inherent to all lon-
gitudinal studies of older people and may be beyond
even what can be accounted for. Nevertheless, we were
able to follow the increasing fracture burden in the pop-
ulation through the stepwise gradient of risk when
transitioning into greater frailty. We also recognize that
our findings pertain to the population of elderly women
studied and may not be directly transferrable to other
ages, ethnicities or to men.

To summarize, our study demonstrates that frailty is
associated with imminent fracture risk, in particular hip
fracture and other MOFs. Frailty needs to be reassessed
regularly since health status can rapidly change in the
elderly and with advancing age, which influence frac-
ture risk. This knowledge is important, with the tempo-
ral aspects of fracture risk potentially having implica-
tions in the choice of treatment strategy.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00198-021-05886-7.
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Abstract

Background In clinic, a subjective visual estimation of a patient’s general health often guides interventions, yet little is
known of how this assessment relates to objectively measured frailty.

Aims To characterize the relationship between these two assessments and explore the implication of discordance.
Methods The study was performed in the OPRA cohort of 75-year old community-dwelling women (n=1044). Visual
perception of health (VPH) was estimated within 15 s from first sight and stratified into tertiles (poor/intermediate/good
health). Frailty was measured using a frailty index (FI) (scored 0.0-1.0) and stratified into tertiles: ‘frail’ (>0.22), ‘pre-
frail’ (0.13-0-21) and ‘non-frail’ (<0.12). Association between VPH and FI and with 10-year mortality was evaluated using
Kaplan Meier curves and Cox proportional hazard models.

Results VPH and FI correlated, but was strongest in those perceived to be in poor health (r;=0.424, p <0.001). Approxi-
mately half of these women were also objectively frail (53.7%). Similarly, 50.7% perceived to be in good health were also
objectively non-frail. However, for one in ten, perceived health was discordant with measured frailty. Subjective and objective
measures were associated with mortality, but VPH lacked discrimination in healthier looking women (p =0.372) compared
to FI (p=0.002).

Discussion Detecting pre-frailty is important to prevent or slow the transition into a frail state. The frailest can be identified
with a visual estimation, but only objective frailty assessments can reliably identity pre-frailty.

Conclusions A visual estimation of health provides valuable complementary information on health, whereas objective
assessment of frailty has a broader applicability for health in aging.

Keywords Frailty - Visual perception - General health - Women - Community-dwelling
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Introduction

Frailty is a state of increased vulnerability to stressors,
and intrinsically linked to age-related changes in gen-
eral health. As such, it is superior to chronological age in
reflecting a diminishing resilience in the aged [1]. Clini-
cally, frailty is important because of its wide association
to adverse outcomes such as hospitalisation, disability,
treatment tolerance and mortality [2].

Detecting early progression of frailty or pre-frailty in
the older population is important to prevent or slow down
the transition into a frail state [3]. With the expected shift
towards an older population, it is increasingly important to
identify individuals at risk of developing frailty [4]. Early
signs of frailty may be overlooked, either because of their
subtle presentation, not yet visible to the eye, or at worst
dismissed as normal signs of ageing [5].

To date, in the absence of a consensus on how best to
measure, define and apply frailty, the clinician’s judgement
is commonly used. Often necessarily brief, a visual inspec-
tion by healthcare professionals frequently serves as an
estimation of an individual’s overall health [6]. This sub-
jective “clinical eye” or visual perception of health (VPH)
frequently guides further clinical decision-making albeit
in conjunction with history and examination [7]. With this
practice, there is nevertheless an inherent risk to misjudge
a patients’ health, and therefore, refrain from administer-
ing beneficial interventions [8] or indeed, subject them to
treatments or medications that would actually be harmful.
Assessing frailty objectively can be time-consuming, often
encompassing physical testing e.g. measuring isometric
muscle strength, gait speed and balance, therefore it is
easy to understand the reliance on “the clinical eye”.

It is not well established how closely subjective (i.e.
VPH) and objective (i.e. frailty) estimates of general
health relate to one another. A handful of studies has
explored the subject in very specific patient groups, and
with diverse, sometimes contradictory results [6—10]. At
the population level, however, there are, to our knowledge,
few or no existing studies. With limited resources in health
care, it is also instrumental to know when an assessment
of frailty status would actually add valuable information.

Therefore, in this exploratory study, our aim was to
characterize the relationship between a subjective visual
perception of health and objectively measured frailty,
using a large cohort of older community-dwelling women
with identical chronological age. This study explores the
implications for mortality when these measures are con-
cordant or discordant. In the study, we use a subjective
visual perception of general health, which we have previ-
ously shown to be associated with fracture and 5-year mor-
tality [11]. For comparison, we use a quantitative, cohort
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specific frailty index, which in the same cohort was associ-
ated with mortality, falls and fractures, [12—14].

Materials and methods
Subjects

This study is based on the Osteoporosis Prospective Risk
Assessment (OPRA) cohort of 75 year old (75.2+0.2 years)
community-dwelling women. The women were randomly
selected from the population register of Malmo, Sweden, at
the age of 75. No exclusion criteria were applied. At base-
line investigation (1995-1999), 1044 women of 1604 invited
attended, giving a 65% attendance rate. At 5-year follow-
up 715 attended (age 80.2+0.2) and 382 (age 85+0.1) at
10 years. Reasons for non-attendance are described in detail
elsewhere [15]. At each visit, detailed data were collected
from physical assessment (muscle strength, balance, gait,
etc.), questionnaires on lifestyle and health, and blood sam-
ples [16, 17]. Date of death was acquired from the Swedish
National Population Register. This study uses data from the
baseline investigation only.

All procedures performed were in accordance with the
ethical standards of the regional ethical review board in
Lund (Dnr: 2014804), adhering to the principles of the Hel-
sinki Declaration. All women provided written informed
consent.

Quantitative frailty assessment

Following principles suggested by Searle et al. [18], a frailty
index (FI) was constructed. In brief, 13 variables associ-
ated with health, increasing with age and covering a wide
spectrum of physical domains were selected. These deficits
in health were used to construct the index (scored 0.0-1.0,
higher score indicating higher frailty) [13]. Where an indi-
vidual lacked information for a variable, the total deficits
were reduced by one. The majority of variables had less than
5% missing values, while ‘self-estimated risk of falling” and
‘diseases affecting balance’ had 13.5 and 14.9% missing,
respectively (supplementary Table 1). Overall, 80% of cases
had valid data for at least 12 out of the 13 variables and for-
mal testing of the effect of missing variables on the ability of
the constructed index to predict mortality showed no appre-
ciable differences (supplementary Table 2). Furthermore,
the index correlates very highly to a full 40-variable index
(r=0.80) [13] that had been created for the two follow-up
visits [12], and both these 13- and 40-variable indices have
a similar ability to predict mortality [12].

Frailty was analysed as tertiles equating to non-frail
(£0.12), pre-frail (0.13-0.21) and frail (>0.22). We also
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used an empirical cut-off, where frail was defined as
FI1>0.25[13].

Subjective visual perception of health

At baseline, the women (all chronologically identically aged)
had a visual perception of health status (VPH) scored within
the first 15 s of sight, as detailed earlier [16]. In brief, all
women were estimated by two independent healthcare pro-
fessionals (aware of the participants age), using an arbitrary
scale ranging from 1 to 100, where “1” represented a very
healthy appearance and “100” a very unhealthy appearance.
The mean value of the two scores was used in calculations.
The correlation between the observers was satisfactory
(r=0.51-0.59, p<0.0001) [16]. VPH was analysed as ter-
tiles equating to “good”, “intermediate” and “poor” health.

The analyses in this study are based on a dataset of
1004 women for whom both FI and VPH were available.
Forty women had missing VPH values; these 40 women
had a higher FI compared to the cohort mean (0.31 vs 0.19,
p<0.001).

Statistics

Descriptive data are presented as mean with standard devia-
tion (SD) or median with interquartile range (IQR). Categor-
ical variables are reported as number (n) and percentage (%).
Association between tertiles of VPH and individual vari-
ables in the frailty index were tested using Kruskal-Wallis
test, Chi-squared and ANOVA, as appropriate. Correlation
between subjective and objective assessments in correspond-
ing tertiles was tested using Spearman’s Rho.

Linear regression was used to investigate the association
between VPH and FI and to what degree the VPH mirrored
variation in the frailty index. To adhere to the assumptions
of normality in linear regression analysis, logarithmic and
square root transformations were performed for VPH and FI,
respectively. The effect of significant outliers (>3 SD, n=5)
was tested with or without these included.

Concordance between subjective (VPH) and objective
(FI) assessments was analysed using cross tabulation and
chi?, comparing the tertiles. Concordance was defined as
being in the reciprocal tertile of both VPH and FI, i.e. visu-
ally perceived to be in good health and measured non-frail
by frailty index or vice versa. Discordance was defined as
being in the opposite tertiles of VPH and frailty, i.e. visu-
ally perceived to be in good health bur measured as frail by
frailty index or vice versa. For a visual representation of the
density distribution of frailty within VPH tertiles, a spline
function was used for smoothing the curves.

Using tertiles of VPH and FI, differences in 10-year mor-
tality were assessed using Kaplan—Meier analysis with log
rank. When assumptions were met, Cox regression analyses

were used to calculate hazard ratios (HR). We also explored
the implications for mortality when VPH and FI are not in
accordance, aiming to identify in which situations VPH suf-
fices and when an assessment of frailty adds to prediction.
The results are reported without adjustments for multiple
testing. For all calculations, alpha <0.05 was considered
nominally statistically significant. All calculations were per-
formed using SPSS, IBM Corp, released 2020. IBM SPSS
Statistics for Windows, Version 27.0. Armonk, NY.

Results

Participant characteristics stratified by visual
perception of health

The characteristics of the OPRA cohort participants,
stratified by subjective assessment (VPH) are presented
in Table 1. Women in the poor VPH tertile had not only
the highest frailty index (median 0.22; mean 0.25) but also
the widest range in values (FI 0.02-0.66). Almost 40% of
women who were perceived to be in poor health were objec-
tively frail, with a FI>0.25. By comparison, only 9% of
women perceived to be in good health were objectively frail.
Women in the poor VPH tertile, had higher BMI, poorer
visual acuity, and more had reported having previous falls
and fractures.

Correlation between visual perception of health
and frailty index

There was a moderate but significant correlation between
visual perception of health and frailty index (r=0.452;
p <0.001). With removal of the five outliers, the correla-
tion increased (r=0.474). Not surprisingly, the correlation
between subjective and objective assessments was highest in
those perceived to be in poor health (Spearman’s rho 0.403)
and lowest in those perceived to be in good health (Spear-
man’s rho 0.147). Approximately 20% (+*=0.204) of the
variation in VPH was explained by the frailty index.

Concordance and discordance between visual
perception of health and frailty index

The distribution of frailty scores within the good VPH ter-
tile (FI 0.01-0.40) and poor VPH tertile (FI 0.02-0.66) are
shown in Fig. 1, with the areas concordant and discordant
for VPH-FI highlighted. No one with an FI score above 0.40
was scored in the good VPH tertile. Across all tertiles, the
overall concordance was 22.3% (i.e. an individual placed in
the reciprocal tertile for both VPH and FI). As can be seen
in Fig. 1, approximately half of the women perceived to be
in poor health were also objectively frail (53.7%). Similarly,
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Table 1 General characteristics of the OPRA participants overall and stratified by visual perception of health tertiles

Visual perception of health (VPH) tertile

Overall (n=1004) Good (n=365) Intermed (n=311) Poor (n=328)
VPH range (0-100) 29.4—98.9 29.4—47.4 47.4—50.1 50.4—98.9
Frailty index (median, IQR) 0.16 (0.13) 0.12 (0.10) 0.15(0.12) 0.22 (0.16)
Frailty index (mean, SD) 0.19 (0.11) 0.14 (0.07) 0.18 (0.09) 0.25(0.13)
Frailty index (range 0.00-1.00) (0.01-0.66) (0.01-0.40) (0.01-0.53) (0.02-0.66)
Proportion frail (FI>0.25) % (n) 223 (22.2%) 33(9.0%) 60 (19.3%) 130 (39.6%)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
BMI (kg/m?) 26.3 (4.19) 249 (3.13) 26.7 (4.06) 27.5 (4.85)
Height (cm) 160 (5.8) 161(5.4) 160 (5.8) 160 (6.1)
Body weight (kg) 67.7 (11.5) 64.6 (8.9) 68.5 (11.0) 70.9 (13.5)
Visual acuity (average both eyes) 0.50 (0.22) 0.54 (0.22) 0.51 (0.21) 0.46 (0.23)
n (%) n (%) n (%) n (%)
Smoker (current/previous) 334 (33.6) 122 (33.5) 95 (31.0) 117 (36.2)
Alcohol (each week) 174 (17.5) 91 (25.0) 48 (15.6) 35(10.9)
Education (elementary school level) 546 (54.5) 170 (46.4) 182 (58.9) 194 (59.1)
Fallen in previous 12 months 250 (28.2) 76 (23.1) 74 (25.1) 100 (38.3)
Any fracture between ages 50 and 75 367 (37.0) 124 (34.3) 101 (33.0) 142 (44.0)
Surgery within last 5 years 218 (23.6) 64 (19.0) 64 (21.8) 90 (30.9)
LEGEND
120 =xssss Good VPH (FI 0.01-0.40)
e PoOF VPH (FI 0.02-0.66)
Concordant subjective & objective assessment
100 - Discordant subjective & objective assessment
80
[}
Z
b
p=}
g 0
40
20
o 54% Poor VPH
Ro2 AND Frail

FRAILTY INDEX  0.00 0.20 0.40 0.60
. ; A . N .
FRAILTY TERTILE NON-FRAIL PRE-FRAIL FRAIL
(F10.00-0.12) (F10.13-0.21) (F10.22-0.66)

Fig. 1 Distribution of frailty scores within the poor and good VPH tertiles. Concordance between subjective and measured assessments is high-
lighted in green; discordance is highlighted in red
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50.7% perceived to be in good health were also objectively
non-frail. However for one in ten women, within each tertile,
visually perceived health and measured frailty were discord-
ant; specifically ~ 16% of women in the poor VPH tertile
were actually non-frail and ~16% of women in the good
VPH tertile were in fact frail.

Visual perception of health and components
of the frailty index

To understand what contributes to the snap-shot estimation
of health, we analysed association between VPH and the
individual components constituting the frailty index. Of
these, the majority (11/13) differed by increments or decre-
ments, stepwise across the VPH tertiles (Table 2). Those
perceived to be in good health had relatively better mus-
culoskeletal performance (gait, strength and balance) and
vice versa.

Mortality outcomes for subjective or objectively
measured health

Poor health, regardless of whether subjective or objective
was associated with increased mortality. Being classified in
the poor VPH tertile or the frail tertile was associated with
higher 10-year mortality (p <0.001 for both) (Fig. 2a, b);
and a similar proportion were dead (43 and 40%, respec-
tively). However, only objectively measured frailty facili-
tated discrimination, in terms of mortality, between the
frailest in addition to the non-frail and pre-frail individuals
(p=0.002), while with the visual estimate mortality only
differed between good and poor VPH tertiles, but not the
intermediate group.

Exploring the possible long-term implications when per-
ceived and objectively measured health are not in accord-
ance, we found that for women perceived to be in good
health, mortality was similar regardless of frailty status
(p=0.052 overall) but was highest in the pre-frail women
(p=0.015) (Fig. 3a). Conversely, for those perceived to be
in poor health, mortality differed by frailty status (»p =0.013
overall) and those who were actually non-frail by objective
assessment had lower mortality (32.7 vs 50.0%; p=0.023)

Table 2 Visual perception of health in relation to components of the Frailty Index

Components of frailty index®

Visual perception of health

Good (n=365) Intermed (n=311) Poor (n=328) Overall

Mean (SD) Mean (SD) Mean (SD) p value
Gait-walking speed (m/s, 2X 15 m) n=972 1.50 (0.22) 1.30 (0.22) 1.10 (0.31) <0.001¢
Gait-walking steps taken (2X 15 m) n=972 45.0 (4.4) 48.5(5.8) 55.5(13.7) <0.001¢
Muscle strength (knee extension, Nms) n=933 291 (70) 267 (76) 240 (85) <0.0014
Average time spent outdoors (h), n=965 3.0(1.2) 2.7(1.3) 2.5(1.3) <0.001¢

Median (IQR) Median (IQR) Median (IQR)
Balance® (s) =978 23.2(15.5) 14.8 (16.5) 7.0 (16.0) <0.001°
P-CRP (mg/L), n=967 1.6 (2.5) 1.9 (2.9) 2239 0.001°
P-Creatinine (umol/L), n=972 66.2 (14.6) 66.7 (13.7) 67.1(20.0) 0.592°

n (%) n (%) n (%)
Uses walking aid, n=998 2(0.5) 7(2.3) 85 (26.1) <0.001°¢
Polypharmacy (> 5 medications), n=1004 45 (12.3) 63 (20.3) 86 (26.2) <0.001°¢
High self-estimated risk of falling’, n=876 18 (5.5) 18 (6.3) 51(19.6) <0.001°¢
Have diabetes, n=988 8(22) 26 (8.5) 30 (9.3) <0.001°¢
Have had cancer/severe disease, n=982 50 (13.9) 54 (17.6) 53 (16.8) 0.393¢
Have disease affecting balance, n=_859 52 (16.0) 47 (16.2) 83 (33.9) <0.001°¢

“Full details of the frailty index [12, 16]
YKruskal-Wallis test

€Chi-squared overall

JANOVA

“Mean of time (s) for left and right leg, eyes open
fValues 4 or 5, in a scale 1-5
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(Fig. 3b) and lower mortality risk [HR 0.57 (0.34-0.95),
p=0.030] compared to those who were frail.

Discussion
In this longitudinal study, we investigated the association

between a subjective visual perception of health and an
objective frailty index. The visual perception was associated
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with almost all individual components making up the frailty
index, and subjective and objective assessments correlated.
However, for one in six women, perceived and measured
health was diametrically opposite, with the visual estima-
tion being less able to identify women in the early stages of
frailty. Nevertheless, both assessments were predictive of
10-year mortality.

Based on years of experience and thin-slicing, the cli-
nician makes an instant visual assessment of a patient’s
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health and wellbeing. A subjective health perception can
predict mortality [6, 7, 19] and in the OPRA cohort, 5-year
[11] and as long as 10-year mortality was predicted by
“just one look”. While there is a moderate correlation
between subjective and objective assessments, the visual

perception more accurately mirrors actual frailty status in
those looking most obviously in poor health.

For this visual assessment, made within 15 s of first sight,
more than half of those 75-year-old women classified as vis-
ually good or poor were also quantitatively non-frail or frail.
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Although visual perception may have its place in broadly
categorizing individuals as robust or frail, it cannot reliably
identify pre-frailty as many aspects may not yet be visible.
Detecting the early stages of frailty is important, particularly
in those that are still healthy and living independently, since
pre-frailty is a major contributor to the trajectory into frailty
[3, 20]. To identify and intervene with these risk individu-
als, as a way of delaying health declines and maintaining
autonomy is now recognized as a public health and medical
priority [21]. While frailty assessment is becoming increas-
ingly common in clinic, it is not yet a standard part of the
general practitioners routine, despite its potential implica-
tions for wisely choosing interventions.

We showed that almost all variables included in our
frailty index, particularly walking ability, muscle strength
and balance, are associated with the visual perception of
health. Falls and fracture, which often affect walking ability
and balance, were also more common in those that looked
most obviously in poor health. This association between
visual perception and mobility is also reported in other stud-
ies, with the strongest visual cue being the use of mobil-
ity aids [7, 9, 10]. Musculoskeletal competence may be the
most obvious sign of frailty, but a multitude of other cues
influence the judgement, such as general presentation, facial
expression and coherence. In this study, around one-fifth of
what an observer “sees” was explained by the frailty index,
therefore, clinical observation provides valuable compli-
mentary information. Hence, a combination of the observed
status with a selection of a few of the most discriminating
objective variables for frailty assessment might be the most
sensible and least laborious use of the consultation time
between patient and doctor.

However, it is important to recognize that the visual per-
ception has its limitations and discordance with actual meas-
ured frailty has implications; in our study, women appearing
to be in good health but who were quantifiably pre-frail had
a higher mortality than might otherwise be expected. While
we cannot fully explain this observation and we lack the data
to address it, it indicates that only an objective assessment
of frailty, using any of the available tools such as frailty
index or frailty phenotype, has the sensitivity to discriminate
those at pivotal junctures which would determine the indi-
vidual frailty trajectory. It also argues for the need to identify
frailty and intervene to maintain health, not just long-term
but perhaps more relevantly in the short-term, since we have
shown that in this cohort frailty is associated with falls [13]
and fractures [14] within 1-3 years, all of which lead to
increased frailty and disability. Given that every person’s
trajectory into becoming frail is individual, treatment could
entail anything from sight-tests and home assessment, to
appropriate pharmaceutical interventions.

This study has several strengths, among the most impor-
tant is that, the women, all are of identical chronological
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age. In this respect, the visual estimation is relative to the
typical presentation of a 75-year old, minimising bias from
the influence of chronological age on appearance. To our
knowledge, this study is the first using community-dwelling
participants rather than patients, to compare a subjective
estimation of health to objectively measured frailty and to
assess ‘real-life’ consequences of discordancy between them.
Compared to others, our study has a relatively large number
of participants, but being exploratory, was not designed to
detect effect sizes. Paired with a randomized selection and
no exclusion criteria in cohort recruitment, the findings are
likely to be generalizable to a typical population of older
women. Caution should of course be exercised; whether this
is also generalizable to women of other ages, ethnicities,
specific patient groups or men, needs to be determined.

Limitations are acknowledged, such as the difficulty to
make direct comparison with available literature due to dif-
ferences in estimating frailty both objectively and subjec-
tively. It would have been advantageous to include social
and cognitive factors in the frailty index, since these could
enhance discrimination of pre-frailty, however, such data
were not available in our cohort and furthermore, beyond
the remit of the study. The moderate correlation between the
VPH and FI indicates that there are other complementary
cues with which the clinician makes inference, and there
is undoubtedly value in using both to improve outcome [6,
9]. Finally, the small number of women who did not have
VPH assessed, and were therefore excluded, had a frailty
index higher than the cohort mean (0.31 and 0.19). This, in
conjunction with study participants possibly being healthier
than non-participants, may result in a slight, but possible
selection bias towards a healthier population, a not uncom-
mon phenomenon in elderly populations [22].

Data from this cohort suggest that a visual estimation of
health can identify the most or least frail, but only by objec-
tive frailty assessment can pre-frailty be captured. Given
the clinical implications from misjudging, both over- and
underestimating health, an objective frailty assessment pro-
vides a more tailored method to discriminate. This allows
for using the most appropriate management strategies to
maintain healthy ageing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40520-022-02106-y.
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