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Abstract: Frailty is an independent age-associated predictor of morbidity and mortality.
Despite this, many countries lack population estimates with large heterogeneity between studies.
No population-based standardised metric for frailty is available. We applied the deficit accumulation
model of frailty to create a frailty index (FI) using population-level estimates from the Global Burden of
Disease (GBD) 2017 study across 195 countries to create a novel GBD frailty index (GBD-FI). Standard FI
criteria were applied to all GBD categories to select GBD-FI items. Content validity was assessed
by comparing the GBD-FI with a selection of established FIs. Properties including the rate of deficit
accumulation with age were examined to assess construct validity. Linear regression models were
created to assess if mean GBD-FI scores predicted one-year incident mortality. From all 554 GBD items,
36 were selected for the GBD-FI. Face validity against established FIs was variable. Characteristic
properties of a FI—higher mean score for females and a deficit accumulation rate of approximately
0.03 per year, were observed. GBD-FI items were responsible for 19% of total Disability-Adjusted Life
Years for those aged ≥70 years in 2017. Country-specific mean GBD-FI scores ranged from 0.14 (China)
to 0.19 (Hungary) and were a better predictor of mortality from non-communicable diseases than age,
gender, Healthcare Access and Quality Index or Socio-Demographic Index scores. The GBD-FI is a
valid measure of frailty at population-level but further external validation is required.

Keywords: frailty; public health; global burden of disease

1. Introduction

Frailty is a common [1], multi-dimensional [2] condition associated with an increased risk of
adverse healthcare outcomes [3]. While there is currently no standard accepted definition of frailty [4],
the most widely used approaches are the physical phenotype and the deficit accumulation model.
Although measuring different constructs, they are considered equally valid [5]. The accumulation of
deficits model conceptualises frailty as a state of vulnerability [6,7] resulting from a breakdown in
biological reserve and an inability to maintain homeostasis [8]. This increases the risk of numerous
negative health outcomes including reduced quality of life [9] and mortality [10].

Deficit accumulation is estimated statistically through the creation of a frailty index (FI),
which includes a variety of health-related items [6,7], selected from available comorbidities, risk factors,
functional impairments, psychological and cognitive factors. The FI score for an individual is the sum
of the items present or ‘deficits’ as a decimal of the total number of items assessed [6,7]. Guidelines for
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selecting FI items have been developed with 30–40 items considered the most accurate [11]. Frailty at the
population-level is typically quantified taking either the mean FI score or the proportion of individuals
above a certain frailty cut-off (e.g., ≥0.25) [11].

The use of a FI to measure frailty is particularly useful for predicting outcomes and stratifying
risk at the population-level. However, nationally representative estimates are currently unavailable for
many countries and studies are inherently heterogeneous, limiting comparability between countries
and regions [12,13]. While FIs have been applied in numerous large datasets [14–19] and various
clinical settings [20–22], to the best of our knowledge, this approach has never been applied to a global
population-level dataset such as the Global Burden of Disease (GBD) study.

The GBD represents one of the largest international efforts to globally map morbidity and mortality
with the latest iteration (GBD 2017) involving 3,676 collaborators from 146 countries and territories [23].
Comparable population-level estimates of prevalence were computed from thousands of available
data sources, which were adjusted using specialised modelling tools including DisMod-MR 2.1 for
non-fatal health outcomes [24] and the Ensemble Model or the Cause of Death Ensemble Model for
fatal health outcomes [25]. Estimates in the GBD (2017) are available by age and sex for 359 ‘causes’ of
disease and injury, 84 ‘risk factors’, 40 ‘impairments’, 17 ‘aetiologies’, and 54 ‘injuries by nature’ in
195 countries and territories.

This study aims to (1) derive a FI for the GBD (GBD-FI), which will inform population-level frailty
comparisons, facilitating the monitoring and identification of changes in health performance across
comparable settings; (2) examine its face and construct validity by comparing it to existing FIs and
(3) test its ability to predict one-year country-level incident mortality from non-communicable diseases
based on GBD estimates.

2. Materials and Methods

GBD estimates are publicly available through the Global Health Data Exchange providing data
by country, age group and biological sex for the years 1990 to 2017 [26]. This study uses the GBD
2017 to develop and internally validate the model performance of the GBD-FI. The GBD 2017 has five
categories of heath data: ‘causes’ (n = 359), ‘risk factors’ (n = 84), ‘impairments’ (n = 40), ‘aetiologies’
(n = 17) and ‘injuries by nature’ (n = 54). A full list of these 554 GBD items and permalinks for
downloading the datasets are presented in Table S1. Analyses were carried out using Microsoft Excel
Version 2004 (Microsoft, Washington, USA). and SPSS Statistics Version 26 (IBM, New York, NY, USA).

2.1. Development of the GBD-FI

The key principles (criteria and considerations) for developing a FI published by Searle et al. [11]
were applied as follows:

• Associated with health status: Deficits must have the potential to affect health. Hence, attributes that
are not linked with health (e.g., greying hair) were not eligible for inclusion [11]. The GBD 2017
only includes items that result in poor health or cause death.

• Prevalence increases with age: Deficits should generally increase with age, although reductions
at very advanced ages due to survivor effects must be considered [11]. Spearman’s coefficient
was calculated for prevalence across the adult age groups (25–29 to ≥95 years). A cut-off of ≥0.7,
denoting strong positive correlation with age [27], was applied.

• Must not saturate too early: Conditions that increase with age but reach a very high prevalence
before old age should be excluded e.g., presbyopia is almost universal by age 55 and thus should
be excluded [11]. A cut-off of >80% prevalence has previously been applied to exclude very
common conditions in older populations [20]. We also applied this cut-off for the GBD age group
of ≥70 years.

• Cover a range of systems: If all the index items measure the same characteristic, for example if they
all measure cognition, then they are not representative of frailty [11], which is characterised by a



Int. J. Environ. Res. Public Health 2020, 17, 5695 3 of 17

decline in function across multiple organ systems [28]. To address this, all sections of the GBD
2017 were considered during item selection including ‘causes’, ‘risk factors’ and ‘impairments’.

• A single frailty index is to be used serially on the same people: GBD data represents population-level
estimates. However, items that were missing prevalence data were excluded so a consistent list of
items was available if serially comparing the same population.

• Low prevalence: Items with a low prevalence lack the variability necessary for meaningful
comparisons. A cut-off of ≥1% has previously been applied when creating a FI [20]. Since the
GBD can be applied to different ages, we took the maximum prevalence from 5-year age groups
between 25 and ≥95 years. Causes were excluded if this maximum estimated prevalence was <1%.

• Redundancy: The GBD 2017 contains different sections (i.e., ‘causes’, ‘risk factors’ and ‘impairments’)
as well as a hierarchical categorisation of items. This means that many of the items are already
included within other items. Which ones to include is largely subjective. In general, the more
common item was considered more comprehensive and was chosen for inclusion. However, for six
items (‘enteric infections’; ‘cardiovascular diseases’; ‘diabetes and kidney diseases’; ‘sense organ
diseases’; ‘musculoskeletal disorders’ and ‘unintentional injuries’) the sub-groups were considered
more appropriate for inclusion based on clinical judgement and comparison with an existing
validated index [17]. The highest order (i.e., level 1) of GBD causes (n = 3) were also excluded as
these items were considered too broad.

Additionally, the biological plausibility of items was considered by the authors in order to remove
items that were inconsistent with existing FIs or were considered unrelated to biological ageing or
frailty. Decisions and disagreements were made and settled by consensus amongst the research team.
These exclusions included: ‘transport injuries’, ‘other injuries resulting from heat, hot/cold exposure,
animals, mechanical forces or a foreign body, ‘other unintentional injury’, an interpersonal violence
item, two chemical exposures, four specific dietary risks and high body-mass index. For example,
the diet and body mass index items were excluded since they were considered to be more linked
with food access and lifestyle than aging-related health. Previous studies have found a U-curve
between body mass index and physical frailty where overweight individuals were the least frail [29–31].
Details on how GBD items were excluded are presented in the Supplementary Materials (Table S2).

2.2. Face Validity of the GBD-FI

The final GBD-FI item list was compared with a selection of 10 validated FIs. Six were FIs selected
from a study comparing frailty instruments including the Evaluative Frailty Index for Physical Activity
(EFIP) [32]; the Frailty index created by Searle [11]; a frailty index from the Beijing Longitudinal Study
of Aging (FIBLSA) [33]; the Comprehensive Geriatric Assessment frailty index (FI-CGA) [21]; a 70-item
Frailty Index derived from the Survey of Health, Ageing and Retirement in Europe (SHARE-FI) [34];
and the National Long Term Care Survey Frailty Index (NLTCS) [35]. An additional four indexes
where over 70% of the items were biological were selected to illustrate that some indexes, such as the
one proposed in this paper, are predominantly composed of comorbidity items. These included the
Electronic frailty index (eFI) [17], an 11-item modified Frailty index (mFI) [36], a 32-item multimorbidity
frailty index (mFI) [37] and the first laboratory frailty index (FI-LAB) [38]. The items used in each index
were categorised into six groups: (1) biological (co-morbidities, signs and symptoms excluding cognitive
or mood disorders), (2) cognition, (3) mental wellbeing, (4) nutrition/weight, (5) disability/function,
and (6) other (includes self-rated health, hospitalisation, falls/injuries). These groups were based on
previously published categories (‘comorbidities’, ‘signs and symptoms’, ‘cognition’, ‘mental well-being’,
‘function’, ‘self-rated health’ and ‘hospitalisation’ [34]). The full list of the items in each FI and their
categorisation are provided in Table S3.
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2.3. Construct Validity and Properties of the GBD-FI

The direction of associations between the FI and other variables were assessed for their consistency
with a priori hypotheses for construct validity (i.e., mean index scores are higher for females and
increase with age at a rate of approximately 0.02 to 0.03 per year [7,11]). Frailty for a population can
be compared using either the mean FI scores, median FI scores or the proportion of the population
above a certain frailty cut-off (e.g., ≥0.25) [11]. The GBD represents population-level data, so only
the mean FI score could be calculated. Equations relevant to calculating this for a 36-item index
are displayed below (Equations (1)–(5)). Taking the formula for calculating an individual FI score
(Equation (1)) and the formula for the prevalence of individual deficits (Equation (2)), it follows that a
mean FI score for a population is a mean of a mean and can be calculated using several approaches
(Equations (3)–(5)). Mean GBD-FI scores for the population were calculated using prevalence estimates
according to Equation (5) for the population aged ≥70 in 2017. In addition, scores were calculated using
sex-specific and age-specific prevalence estimates to investigate if the GBD-FI possessed the typical FI
properties of being higher in women [7] and increasing with age [11]. The rate of deficit accumulation
with age was measured by calculating the slope of the line between the natural logarithm of the FI
score and age [11]. Location differences in mean GBD-FI scores were also compared by calculating
the mean GBD-FI from regional (Europe, Asia, Africa and the Americas n = 4) and country-specific
(n = 195) prevalence estimates available in the GBD 2017. An estimate for those aged 65–94 in the
United Kingdom (UK) in 2016 was calculated to compare with published eFI estimates from primary
care records [17]. This was calculated by taking the prevalence of each GBD-FI item for 5-years age
groups between 65 and 94 and averaging them according to the estimated proportion of the population
within each age group using GBD population estimates [39].

FI score f or one person =
Sum o f 36 de f icits f or 1 person

36
(1)

Prevalence estimate o f one de f icit f or population N =
Sum o f 1 de f icit f or N people

N
(2)

Mean FI f or population N =
Sum FI scores f or N people

N
(3)

Combining (1) and (3) : Mean FI f or population N =
Sum 36 de f icits f or N people

36×N
(4)

Combining (2) and (4) : Mean FI f or population N =
Sum 36 prevalence estimates

36
(5)

2.4. Measuring YLD, YLL and DALY Estimates for the GBD-FI

The burden of disease is measured in the GBD according to summary measures of population
health such as the Years Lived with Disability (YLD) and the Years of Life lost (YLL). The sum of
YLD and YLL is Disability-Adjusted Life Years (DALY). YLD is a summary measure of population
health used to quantify morbidity, and is calculated by multiplying disease duration by a disability
weight (which is a rating of the average severity distribution of each health condition) [40,41]. YLL is a
summary measure of population health used to quantify mortality, and is calculated by subtracting the
age at death from the highest life expectancy for that age [40]. Taking absolute counts of DALY and
YLD from the GBD estimates for those aged ≥70 years in 2017, the absolute number of DALY, YLD and
YLL (DALY-YLD) were calculated for the sum of the 36 items. This was compared with the totals from
all causes and risk factors (attributable and unattributable global burden) to find what proportion of
all YLD, YLL and DALY the GBD-FI items cause.
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2.5. Outcome Prediction (Internal Validation)

The mean GBD-FI score was calculated by country (n = 195) for those aged ≥70 years in 2017
and linear regression models were used to assess whether it could predict mortality (death rate)
from non-communicable diseases at the country-level in 2017. Deaths from communicable disease
and injuries were not included as these were considered to be heavily confounded by geographic
differences unrelated to biological aging (e.g., access to clean drinking water or war). The death
rate from non-communicable diseases at country-level was obtained from GBD estimates for 2017.
The models were adjusted for four other potential country-level predictors in 2016 including the
Healthcare Access and Quality (HAQ) Index, the Socio-Demographic Index (SDI) and population census
demographics [39] including the proportion of each population aged ≥85 years and the proportion of
each population that were female. The HAQ is a measure of healthcare function for countries and
territories calculated from adjusted death rates from 32 causes considered amenable to healthcare
intervention based on a previous list by Nolte and McKee [42]. The SDI is a measure of development
for countries and territories in the GBD studies based on the Human Development Index, calculated
from a composite average of the rankings of the incomes per capita, average educational attainment,
and fertility rates of all areas in the GBD study. The adjusted r2 value was used to examine whether
including the mean GBD-FI score in each model improved the fit of the model, i.e., the predictive
ability. The significance of the change in r2 was tested by entering the variables in two blocks to
obtain a p-value based on the F statistic. The r2 value ranges between 0 (explains none of the variance)
and 1 (explains all of the variance), and has previously been used to model and predict deaths from
non-communicable diseases at the country level [43].

3. Results

3.1. Development of the GBD-FI

The stepwise selection of items for inclusion within the GBD-FI is presented in Figure 1. The specific
reasons for excluding items are presented in detail in Table S2. The initial items excluded were contained
in the first hierarchical level of the GBD classification. Categories with redundant or missing data were
excluded including ‘causes’ (n = 3, too broad), ‘aetiologies’ (n = 17, no prevalence data), ‘injuries by
nature’ (n = 54, accounted for by injury ‘causes’), and other items missing prevalence data (n = 42).
This left a total of 438 items for further consideration. Applying the principles of Searle et al. (criteria
and considerations), a total of 386 items were excluded including 248 that did not correlate with age,
76 with low prevalence, and 62 that were duplicating other items. Finally, 16 items were considered
implausible, leaving a total of 36 suitable items for inclusion within the GBD-FI. These 36 GBD-FI
items are listed in Table 1 with the proportion (prevalence) of each reported in the GBD (2017) for
those aged ≥70 for the global population by sex in 2017. They include 26 non-communicable diseases,
3 metabolic risks factors (high systolic blood pressure, high LDL cholesterol, and low bone mineral
density), 3 biological impairments (heart failure, hearing loss, blindness and vision impairment),
a single communicable disease (diarrheal diseases from enteric infections), a nutritional deficiency
(protein-energy malnutrition), injurious falls, and a function-related risk factor (low physical activity).
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Table 1. Global prevalence (%) estimates of individual deficits (n = 36) included in the GBD-FI for those
aged ≥70 in 2017, globally and by sex.

GBD-FI Items (n = 36) GBD Grouping GBD
Level 5 All Female Male

Diarrheal diseases (from enteric infections) Communicable 3 1.8% 1.9% 1.8%
Protein-energy malnutrition Nutritional 3 1.2% 1.1% 1.3%

Neoplasms Non-communicable 2 6.3% 5.1% 7.8%
Ischemic heart disease Non-communicable 3 12.3% 10.9% 14.0%

Stroke Non-communicable 3 8.4% 8.3% 8.5%
Non-rheumatic valvular heart disease Non-communicable 3 3.6% 3.6% 3.5%

Cardiomyopathy and myocarditis Non-communicable 3 0.6% 0.6% 0.6%
Atrial fibrillation and flutter Non-communicable 3 5.1% 4.6% 5.7%

Peripheral artery disease Non-communicable 3 12.0% 12.2% 11.7%
Other cardiovascular and circulatory diseases 1 Non-communicable 3 5.0% 4.3% 5.9%

Chronic respiratory diseases Non-communicable 3 26.1% 25.7% 26.5%
Peptic ulcer disease Non-communicable 3 0.7% 0.8% 0.7%

Gallbladder and biliary diseases Non-communicable 3 1.1% 1.2% 1.0%
Alzheimer’s disease and other dementias Non-communicable 3 8.6% 9.7% 7.3%

Parkinson’s disease Non-communicable 3 1.2% 1.1% 1.4%
Major depressive disorder Non-communicable 3 3.7% 4.4% 2.9%

Diabetes mellitus Non-communicable 3 22.0% 21.3% 22.8%
Chronic kidney disease Non-communicable 3 40.4% 45.7% 33.7%

Skin and subcutaneous diseases Non-communicable 3 52.3% 52.7% 51.9%
Other sense organ diseases 2 Non-communicable 3 6.0% 6.5% 5.4%

Rheumatoid arthritis Non-communicable 3 1.0% 1.3% 0.6%
Osteoarthritis Non-communicable 3 22.4% 25.4% 18.4%
Low back pain Non-communicable 3 19.1% 20.7% 17.0%

Gout Non-communicable 3 2.8% 1.7% 4.2%
Urinary system diseases 3 Non-communicable 3 5.6% 0.2% 12.5%

Genital prolapse Non-communicable 4 4.5% 8.0% 0%
Endocrine, metabolic, blood, and immune

disorders 4 Non-communicable 3 2.4% 2.4% 2.4%

Edentulism and severe tooth loss Non-communicable 4 23.5% 27.1% 18.9%
Falls (injurious) Injury 3 21.8% 22.8% 20.5%

Low physical activity Risk factor 3 1.0% 0.9% 1.0%
High LDL cholesterol Risk factor 3 35.0% 38.4% 30.7%

High systolic blood pressure Risk factor 3 32.2% 34.2% 29.7%
Low bone mineral density Risk factor 3 22.7% 27.1% 16.9%

Hearing loss Impairment 1 74.8% 74.0% 75.8%
Heart failure Impairment 1 8.8% 9.0% 8.6%

Blindness and vision impairment Impairment 1 63.6% 65.0% 61.9%
Mean GBD-FI score Mixed Mixed 0.155 0.161 0.148

Prevalence values are coloured from lowest (dark green) to highest (dark red) as follows: dark green, light green,
yellow, orange, and light red, and dark red. 1 A residual GBD cause group composed of cardiovascular diseases
other than rheumatic heart disease, ischemic heart disease; stroke; hypertensive heart disease; non-rheumatic
valvular heart disease; cardiomyopathy and myocarditis; atrial fibrillation and flutter; aortic aneurysm; peripheral
artery disease and endocarditis [24]. 2 A residual GBD cause group including a plethora of eye and ear disorders
such as disorders of the eyelids and vertiginous syndromes [24]. 3 This cause is “urinary diseases and male
infertility” including urinary tract infections, urolithiasis, benign prostatic hyperplasia, male infertility and other
urinary diseases but the GBD estimates zero prevalence for male infertility from age 50, so male infertility does not
feature in these estimates. 4 “Endocrine, metabolic, blood, and immune disorders” is a residual GBD cause group,
which includes mainly thyroid disorders, metabolic and immune disorders, and blood disorders, not including
anaemia, diabetes, obesity and hypercholesterolemia [24]. 5 GBD level refers to an item’s hierarchical position in the
GBD 2017 study, e.g., “Non-communicable diseases” (level 1), “Neoplasms” (level 2), “Liver cancer” (level 3), “Liver
cancer due to hepatitis B” (level 4).
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Figure 1. Hierarchical selection of items for the generation of a Global Burden of Disease Frailty Index
(GBD-FI), illustrating the number of items excluded according to each criterion applied.

3.2. Face Validity of the GBD-FI

Figure 2 compares the types of deficits included in the GBD-FI with the items included in a
selection of ten published FIs; six with relatively mixed deficits and four with over 70% biological
items. The GBD-FI contains 86% biological items (co-morbidities, signs and symptoms) compared
with 24% in the EFIP, 72% in the eFI and 100% in the FI-LAB. The GBD-FI illustrates apparent face
validity compared with the eFI, which has four disability/functional items compared to one in the
GBD-FI. The types of items included in these two indexes were also very similar and covered all major
organ systems (Figure S1).

Figure 2. Proportion of deficit types in the Global Burden of Disease Frailty Index (GBD-FI) compared
with a range of published Frailty Indexes (FIs). Frailty Index for Physical Activity (EFIP) [32];
Frailty index from Searle et al. [11]; a frailty index from the Beijing Longitudinal Study of Aging
(FIBLSA) [33]; the Comprehensive Geriatric Assessment frailty index (FI-CGA) [21]; a 70-item
Frailty Index (SHARE-FI) [34] the National Long Term Care Survey Frailty Index (NLTCS) [35];
and the Electronic frailty index (eFI) [17], the 11-item modified Frailty index (mFI) [36], the 32-item
multimorbidity frailty index (mFI) [37] and the first laboratory frailty index (FI-LAB) [38]. ‘Other’ refers
to self-rated health, hospitalisation, falls and injuries in these FIs.
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3.3. Construct Validity and Properties of the GBD-FI

The mean GBD-FI score was 0.16 for the global population aged ≥70 in 2017 and was slightly
higher in women than men (0.16 vs. 0.15). These sex differences were consistent across all
195 countries/territories. As illustrated in Figure 3, mean GBD-FI scores increased with age. Scores for
women ranged from 0.07 in those aged 50–54 years to 0.21 for those aged ≥95 years, increasing from
0.06 to 0.20 for men, respectively. Taking the log of the FI score, the rate of increase in mean GBD-FI
scores with age is estimated to be 0.026 per one-year increase from aged 50. This rate increased to
0.028 per year, if the oldest age group (those ≥95 years) was excluded. Examining the rate for those
aged between 70–74 and 90–94 inclusive [11], the rate of increase in mean GBD-FI score was lower at
0.02 per year.

Figure 3. Mean Global Burden of Disease Frailty Index scores by age and sex for the global population
of 2017.

By geographic region, the mean GBD-FI scores ranged from 0.15 in Asia to 0.17 in Europe (Table 2).
Considering individual countries and territories (Figure 4), the mean GBD-FI score ranged between 0.13
and 0.19 with the lowest value for China and the highest value for Hungary. Individual deficits varied
in prevalence by world region (Table 2) with the largest differences in population proportions seen
for blindness, falls and chronic kidney disease. Comparing China and Hungary, 30 of the 36 deficits
were higher in Hungary with just over 70% of the difference in the mean GBD-FI score coming from
differences in the prevalence of injurious falls (26.8% of difference), high systolic blood pressure
(10.3%), low back pain (8.2%), blindness and vision impairment (7.4%), chronic kidney disease (6.4%)
diabetes mellitus (5.8%) and chronic respiratory diseases (5.3%). Differences in the prevalence of
the 10 cardiovascular-related deficits included in the GBD-FI explained approximately 25% of the
difference in mean GBD-FI scores between China and Hungary. Comparing GBD-FI and eFI (from
primary care data in the UK) estimates, the mean GBD-FI score for those aged 65–94 in 2016 was 0.142
(0.144 for females and 0.139 for males), similar to the mean eFI score of 0.14 (0.15 for females and 0.13
for males) in the ResearchOne database [39].



Int. J. Environ. Res. Public Health 2020, 17, 5695 9 of 17

Figure 4. Mean Global Burden of Disease Frailty Index (GBD-FI) scores for 195 countries and territories
in the GBD for the global population aged ≥70 years in 2017.

Table 2. Global prevalence (%) of individual deficits (n = 36) included in the GBD-FI for those aged
≥70 in 2017, compared by four world regions and the countries with the lowest and highest GBD-FI
scores and the United Kingdom.

GBD-FI Items (n = 36) Asia Americas Africa Europe China Hungary UK
Diarrheal diseases (from enteric infections) 2.0% 2.3% 2.7% 0.9% 1.1% 2.7% 1.5%

Protein-energy malnutrition 1.3% 1.4% 1.0% 0.8% 1.9% 0.1% 0.6%
Neoplasms 4.0% 12.9% 2.1% 8.0% 4.1% 6.0% 12.7%

Ischemic heart disease 10.7% 12.5% 13.3% 15.8% 9.2% 21.1% 15.7%
Stroke 8.5% 8.2% 6.8% 8.5% 11.3% 11.4% 6.4%

Non-rheumatic valvular heart disease 2.2% 5.7% 1.7% 5.9% 1.3% 6.1% 6.7%
Cardiomyopathy and myocarditis 0.3% 0.8% 0.7% 1.0% 0.1% 1.6% 0.4%

Atrial fibrillation and flutter 3.9% 8.0% 3.4% 6.3% 4.2% 6.2% 7.7%
Peripheral artery disease 10.7% 15.2% 11.9% 12.6% 11.0% 12.4% 12.3%

Other cardiovascular and circulatory diseases 1 3.5% 5.5% 5.9% 8.1% 1.6% 9.3% 8.3%
Chronic respiratory diseases 25.6% 27.1% 21.8% 27.5% 24.3% 38.2% 33.4%

Peptic ulcer disease 0.7% 0.7% 1.0% 0.7% 0.6% 1.2% 0.4%
Gallbladder and biliary diseases 0.9% 1.2% 0.5% 1.6% 1.2% 2.2% 1.2%

Alzheimer’s disease and other dementias 8.3% 8.1% 7.2% 10.2% 9.0% 10.1% 8.9%
Parkinson’s disease 1.2% 1.2% 1.0% 1.3% 1.4% 1.4% 1.2%

Major depressive disorder 4.0% 2.5% 5.5% 3.6% 4.2% 4.4% 3.0%
Diabetes mellitus 18.8% 24.8% 27.5% 26.1% 13.4% 28.8% 27.1%

Chronic kidney disease 35.9% 47.8% 52.4% 43.0% 26.4% 43.3% 34.9%
Skin and subcutaneous diseases 50.7% 51.3% 54.0% 56.7% 51.1% 53.4% 59.8%

Other sense organ diseases 2 6.0% 6.1% 5.8% 6.2% 6.0% 6.3% 6.1%
Rheumatoid arthritis 0.9% 1.2% 0.8% 1.1% 0.8% 0.8% 1.7%

Osteoarthritis 19.9% 29.6% 19.1% 24.0% 15.2% 20.1% 27.4%
Low back pain 15.4% 21.2% 22.6% 25.8% 9.8% 31.4% 24.3%

Gout 2.5% 3.3% 2.7% 3.0% 2.1% 2.1% 4.2%
Urinary system diseases 3 5.1% 5.1% 9.7% 6.2% 4.7% 5.4% 5.1%

Genital prolapse 4.0% 4.7% 8.6% 4.5% 3.2% 4.4% 5.9%
Endocrine, metabolic, blood, and immune

disorders 4 2.2% 3.3% 2.3% 2.4% 1.6% 2.1% 2.5%

Edentulism and severe tooth loss 19.9% 30.6% 16.2% 29.0% 20.1% 31.1% 25.6%
Falls (injurious) 14.3% 25.3% 11.7% 39.9% 10.3% 81.0% 29.7%

Low physical activity 0.9% 1.0% 0.9% 1.1% 0.8% 0.8% 1.1%
High LDL cholesterol 32.6% 35.9% 26.9% 42.1% 33.3% 39.0% 42.2%

High systolic blood pressure 31.7% 27.3% 37.1% 35.8% 31.5% 58.6% 28.2%
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Table 2. Cont.

GBD-FI Items (n = 36) Asia Americas Africa Europe China Hungary UK
Low bone mineral density 25.2% 19.5% 25.9% 18.0% 26.3% 18.0% 17.0%

Hearing loss 75.9% 73.8% 74.7% 72.9% 76.4% 75.4% 68.9%
Heart failure 8.3% 9.9% 8.1% 9.5% 8.1% 13.3% 8.0%

Blindness and vision impairment 77.1% 44.4% 85.9% 39.9% 71.3% 51.9% 22.2%
Mean GBD-FI score 0.149 0.161 0.161 0.167 0.139 0.195 0.156

Prevalence values are coloured from lowest (dark green) to highest (dark red) as follows: dark green, light green,
yellow, orange, and light red, and dark red. 1 A residual GBD cause group composed of cardiovascular diseases
other than rheumatic heart disease, ischemic heart disease; stroke; hypertensive heart disease; non-rheumatic
valvular heart disease; cardiomyopathy and myocarditis; atrial fibrillation and flutter; aortic aneurysm; peripheral
artery disease and endocarditis [24]. 2 A residual GBD cause group including a plethora of eye and ear disorders
such as disorders of the eyelids and vertiginous syndromes [24]. 3 This cause is “urinary diseases and male
infertility” including urinary tract infections, urolithiasis, benign prostatic hyperplasia, male infertility and other
urinary diseases but the GBD estimates zero prevalence for male infertility from age 50, so male infertility does not
feature in these estimates. 4 “Endocrine, metabolic, blood, and immune disorders” is a residual GBD cause group,
which includes mainly thyroid disorders, metabolic and immune disorders, and blood disorders, not including
anaemia, diabetes, obesity and hypercholesterolemia [24].

3.4. Measuring YLD, YLL and DALY Estimates for the GBD-FI

For the global population aged ≥70 in 2017, the 36 GBD-FI items caused 471,269,037 DALY,
110,052,294 YLD and 361,216,743 YLL. These estimates were approximately 19% of total DALY from all
causes and risk factors available in the GBD, 13% of the total YLD and 22% of the total YLL. The YLD
and YLL estimates of each of the 36 items are presented in Figure 5.

Figure 5. Absolute counts of the Years Lived with Disability (YLD) and the Years of Life Lost (YLL)
from the 36 GBD-FI items for the global population aged ≥70 years in 2017. The sum of YLD and YLL
is Disability-Adjusted Life years (DALY).
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3.5. Outcome Prediction (Internal Validation)

We then examined if the country-level mean GBD-FI score for 2016 was a useful predicter of
incident mortality from non-communicable diseases at the country-level (n = 195) in 2017, compared
with four other country-level predictors. The number of deaths from non-communicable diseases per
100,000 ranged between 2851 in Kuwait and 10,390 in Uzbekistan. As illustrated in Table 3, the mean
GBD-FI score explained more of the variation in death rates from non-communicable diseases between
countries (adjusted r2 = 0.143) than either the proportion of females (adjusted r2 = 0.068), a measure of
development (SDI index adjusted r2 = 0.056), a measure of health care function (HAQ index adjusted
r2 = 0.111) or the proportion aged ≥85 years (adjusted r2 = 0.141). For a model containing all four
variables (age, sex, SDI, and HAQ), the explanatory power was increased by adding mean GBD-FI
score with the adjusted r2 increasing from 0.270 to 0.396 (p < 0.001). The GBD-FI score was positively
associated with the number of deaths from non-communicable diseases such that each 0.01 unit increase
in mean GBD-FI score was associated with a 407 (95% CI: 269–546) per 100,000 increase in the number
of non-communicable deaths. This remained similar after adjusting for all four confounders with a 405
(95% CI: 279–530) per 100,000 increase.

Table 3. Goodness of fit of models (adjusted r2 values) for predicting mortality from non-communicable
diseases at the country level (n = 195), adjusting for different combinations of Age (population proportion
aged ≥85), Sex (population proportion female), SDI index (measure of development), and HAQ index
(measure of health care function) and mean GBD-FI score. The absolute proportional change (%) in r2

caused by adding mean GBD-FI score (improvement in fit/prediction of model) is provided.

Country-Level One
Year Mortality from
Non-Communicable

Diseases in 2017
per 100,000

Age Sex SDI HAQ SDI
HAQ

SDI
HAQ
Age

SDI
HAQ
Sex

SDI
HAQ
Age
Sex

Model adj r2 - 14.1% 6.8% 5.6% 11.1% 16.9% 18.5% 24.0% 27.0%
Model + GBD-FI adj

r2 14.3% 30.7% 17.1% 26.3% 32.4% 35.2% 35.4% 38.6% 39.6%

Improvement in adj
r2 +14.3% +16.6% +10.3% +20.7% +21.3% +18.3% +16.9% +14.6% +12.6%

p-value for r2

difference
p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Variables were added into the models in two blocks, with the second block being the addition of mean GBD-FI
score Variable ranges: non-communicable deaths 2851–10390 per 100,000; proportion aged ≥85 4%–23%; proportion
female 36%–71%; SDI 0.19–0.92; HAQ index 19–97; and mean GBD-FI score 0.14–0.19.

4. Discussion

Age-related diseases were estimated to account for over half (51.3%, 95% uncertainty interval
48.5–53.9%) of all burden of disease (DALY) in 2017, placing a significant impact on limited healthcare
resources [44]. In this analysis, we used an accumulation of deficits approach to generate a 36-item FI
from age-related diseases, causes of injury, risk factors and impairments in the GBD 2017, intended to
act as a global surrogate measure for frailty at the population-level. These items include infectious
diarrheal diseases, protein-energy malnutrition, twenty-six non-communicable diseases, injurious falls,
low physical activity, three metabolic risks and three biological impairments.

The mean GBD-FI score was 0.16 globally for adults aged ≥70 in 2017, similar to the range of mean
scores (between 0.14 and 0.16) observed in other studies applying FIs in Hong Kong [45], the UK [17]
and Canada [46]. For example, the mean score was very similar to the mean eFI score in the UK,
produced from a nationally representative sample in primary care aged 65–95 [17]. The mean GBD-FI
score for those aged 65–94 in the UK in 2016 was 0.14 (0.14 women, 0.14 men). The mean eFI score,
derived from two separate datasets was similar but with larger sex differences; the ResearchOne
primary care database had a mean score of 0.14 (0.13 men, 0.15 women) compared with 0.15 (0.14 men,
0.16 women) for the THIN database [17]. The mean GBD-FI score was higher in Europe (0.17) than in
Africa (0.16), America (0.16) or Asia (0.15). Mean scores ranged from 0.14 in China to 0.19 in Hungary.
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These differences were due to variations in the prevalence of numerous deficits, although cardiovascular
disease or injurious falls were major contributors. Prevalence of and mortality from cardiovascular
diseases vary globally but are generally higher in Eastern Europe and Central Asia [47,48]. Rates of
falling are also noted to be higher in Eastern European countries and Russia compared to other
countries in the GBD [49] with differences in wealth, expenditure on older persons care and intrinsic
falls risks considered important contributory factors [50].

The GBD-FI shows typical properties of a FI that suggest it has content validity. For example,
it has higher mean scores in females, as well as mean scores that increase with age [7,11]. Mean
GBD-FI scores were found to increase with a distinctive rate of deficit accumulation of approximately
0.03 per year [7,11]. This is within the expected range seen with other FIs, which report mean scores
between 0.02 to 0.03 [11,16]. Examining the rate of increase per year for those aged 70–74 and 90–94,
the rate was 0.02/year. This is similar to the index developed by Searle et al. [11], which showed an
increase of 0.02 per year for those aged 70 to 92. However, other properties of FIs such as the tendency
to have a right-skewed distribution of scores and a maximum 99 percentile score of less than 0.7
could not be demonstrated in this population-level study and need confirmation in individual-level
datasets. Further research is also required to establish whether the GBD-FI is a good predictor of
adverse health outcomes in individuals. According to GBD estimates, the 36 items included in the
GBD-FI cause about 13% of all YLD (time spent in poor health) and 22% of YLL (prematurity of death)
in those aged ≥70 years, which suggests it would be a good predictor. This study also examined the
internal predictive validity of the GBD-FI; the addition of mean GBD-FI scores to models containing
country-level measures of demographics, development and healthcare improved the ability of the
model to predict mortality from non-communicable diseases. The GBD-FI could predict 14.3% of the
variance in non-communicable disease mortality globally, which was higher than the SDI, HAQ index or
differences in age/sex proportions. It is also higher than a previous model created using socioeconomic
variables alone (r2 = 11.3%) [43].

Despite behaving like a FI, the authors acknowledge that the GBD-FI items predominantly consist
of comorbidities. While future iterations of the GBD study may be able to facilitate the inclusion of
measures of function and activity (e.g., mobility), their absence is a current limitation of the global data.
The GBD-FI is, however, not unique in terms of this biological-focus and further research is needed to
measure the agreement between FIs composed of different numbers of comorbidity and disability items,
i.e., those with different proportions of deficits highlighted in Figure 2. Although frailty, multi-morbidly
and disability are distinct [51,52], disease and function reasonably correlate [53,54] and have a similar
ability to predict the frailty phenotype [55]. For example, many GBD-FI items (diseases) overlap
with disability and function, including poor eyesight, hearing loss and lower back pain are related
to functional loss and co-morbidities such as Alzheimer’s and Parkinson’s disease impair function
and signal disability. This suggests that the GBD-FI deficits, while predominantly co-morbidities,
signs and symptoms, may still be a good indicator of overall deficit accumulation. A further major
limitation of the GBD data is that it is composed of population-level estimates meaning that only mean
GBD-FI scores for the population could be calculated and not the proportion of individuals scoring a
GBD-FI score above a certain cut-off (e.g., 0.25, i.e., having ≥9/36 items). Mean scores are sensitive to
outliers (i.e., individual deficits with large prevalence differences) and as a result higher scores may not
necessarily represent higher levels of frailty (≥9/36 deficits i.e. ≥0.25 in an individual), which depends
on the distribution of said deficits. This concern is highlighted by comparing China with Hungary,
where there was a marked difference in the prevalence of a single item, falls (10% vs. 81%, respectively).
However, on further examination, it was observed that this caused only 27% of the total mean difference
in GBD-FI scores and that 30 of the 36 deficits were more prevalent in Hungary. Studies across several
countries have found that the distribution of FI scores for individual community-dwellers to be very
similar and best fitted by either a gamma or Weibull distribution [11,45]. Given the distribution of
GBD-FI scores for individuals is the same globally, then higher mean GBD-FI scores would be expected
to show higher frailty prevalence (≥9/36 deficits in an individual).
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In addition to the above limitations, there are several other potential limitations in relation to the
subjectivity and philosophy of item selection in the development of any FI. Some items were excluded
without a formal test of agreement and were based on clinical judgment. Others such as “diarrheal
diseases” were included as they met the inclusion criteria, despite being an acute infectious disease.
While not a chronic disease, these can exacerbate the impact of ageing on a frail population [56].
Further, these remain an important and relatively common cause of morbidity and mortality among
older adults at a global level, particularly C. difficile, which is often chronic in nature [57]. In addition, a
number of items were excluded where they were estimated to be below 1% prevalence for all adult age
groups globally. While this prevalence cut-off is commonly applied when creating a FI, the GBD data
consists of estimates and not objective measures, and prevalence varies by country/region. While the
principles of Searle et al. [11] are broadly considered a standardised approach to construct a FI, no ‘gold
standard’ method exists and the approach is somewhat open to interpretation. We also included
biological plausibility as a criterion, which has been used by other researchers to help rationalise and
limit the number of deficits included [58]. While each item was discussed by the research team and
evidence sought to support each decision, there is still the potential for selection and information bias.
By including predominantly age-associated co-morbidities as items, the GBD-FI may be regarded by
proponents of the physical phenotype as more of an assessment of chronic disease states rather than
frailty or, indeed, ageing [59]. Nevertheless, the primary goal of such an index in the context of global
ageing and disease burden is to characterise frailty as a risk state for adverse outcomes and facilitate
comparisons, something we suggest the GBD-FI, as with all FIs, can demonstrate [10,13]. The addition
of mean GBD-FI scores to regression modelling improved the fit for predicting mortality, explaining
more of the differences in death rates between countries. Although only improving the model modestly,
this was at country-level and was greater than the effect of the other included predictors (age, sex, SDI,
or HAQ index). This suggests that the GBD-FI should be able to predict negative outcomes between
individuals, and may be more important than sociodemographic variables.

5. Conclusions

In summary, we developed a 36-item GBD-FI using age-related diseases, causes of injury,
risk factors and impairments from within the GBD framework using a novel population-level approach.
Since the GBD-FI is similar to existing indexes such as the eFI and displays many typical FI properties,
it may represent the first globally comparable estimates of mean frailty scores for countries and
territories in the GBD. Given the comprehensiveness of GBD data [24] and the absence of frailty
estimates for many countries [12,13], this approach may be useful for monitoring and comparing
frailty globally. Given the increased recognition and awareness of frailty as a significant public health
challenge [3,60], policy-makers and healthcare planners will require such comparative estimates to
support effective policy and resource allocation, especially where formal assessment of frailty is
unfeasible. Further research is required to validate the GBD-FI against existing FIs and other frailty
assessment tools.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/16/5695/s1,
Table S1: All GBD items (n = 554) considered for inclusion in the GBD-FI with Spearman’s correlation for age (r),
the maximum global prevalence for 5-year age groups between 25 and ≥95 years (Max Prev) and the prevalence
for those aged ≥70 years (≥70 Prev) in 2017, Table S2: Detailed overview of item selection for the GBD-FI with
reasons for the exclusion of items (from 554 to 36), Table S3: Lists and categorisation of the items in the GBD-FI
and 10 other frailty indexes, Figure S1: Visual presentation of the items in (a) the Global Burden of Disease frailty
index (GBD-FI) and (b) the electronic frailty index (eFI).

Author Contributions: Conceptualization, M.O. and R.O.; methodology, M.O., R.O. and Z.K.; validation, M.O.
and R.O.; formal analysis, M.O. and Z.K.; investigation, M.O.; data curation, M.O. and Z.K.; writing—original
draft preparation, D.S., M.O. and R.O.; writing—review and editing, A.L., D.S., M.O., R.O., Z.K.; visualization,
M.O. and R.O.; supervision, A.L., D.S. and R.O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

http://www.mdpi.com/1660-4601/17/16/5695/s1


Int. J. Environ. Res. Public Health 2020, 17, 5695 14 of 17

Acknowledgments: We would like to acknowledge the contribution of Karen Bandeen-Roche (Johns Hopkins
Bloomberg School of Public Health) who provided comments and suggestions on early manuscript drafts,
and statistical feedback on calculating mean of means provided by Darren Dahly (HRB Clinical Research
Facility Cork).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. O’Donovan, M.; Sezgin, D.; Galluzzo, L.; Laso, Á.R.; Van Der Heyden, J.; Ranhoff, A.H.; Koula, M.;
Strandzheva, M.; Ciutan, M.; Carriazo, A.M.; et al. Frailty at Population Level in Europe: A Systematic
Review and Meta-analysis. Age Ageing 2018, 47, v1–v12. [CrossRef]

2. Sezgin, D.; O’Donovan, M.; Cornally, N.; Liew, A.; O’Caoimh, R. Defining frailty for healthcare practice
and research: A qualitative systematic review with thematic analysis. Int. J. Nurs. Stud. 2019, 92, 16–26.
[CrossRef]

3. Cesari, M.; Prince, M.; Thiyagarajan, J.A.; De Carvalho, I.A.; Bernabei, R.; Chan, P.; Gutierrez-Robledo, L.M.;
Michel, J.-P.; Morley, J.E.; Ong, P. Frailty: An emerging public health priority. J. Am. Med. Dir. Assoc. 2016,
17, 188–192. [CrossRef] [PubMed]

4. Rodríguez-Mañas, L.; Féart, C.; Mann, G.; Viña, J.; Chatterji, S.; Chodzko-Zajko, W.; Gonzalez-Colaço
Harmand, M.; Bergman, H.; Carcaillon, L.; Nicholson, C.; et al. Searching for an Operational Definition
of Frailty: A Delphi Method Based Consensus Statement. The Frailty Operative Definition-Consensus
Conference Project. J. Gerontol. A Biol. Sci. Med. Sci. 2013, 68, 62–67. [CrossRef] [PubMed]

5. Cesari, M.; Gambassi, G.; Abellan van Kan, G.; Vellas, B. The frailty phenotype and the frailty index: Different
instruments for different purposes. Age Ageing 2013, 43, 10–12. [CrossRef] [PubMed]

6. Mitnitski, A.B.; Mogilner, A.J.; Rockwood, K. Accumulation of deficits as a proxy measure of aging. Sci. World J.
2001, 1, 323–336. [CrossRef]

7. Rockwood, K.; Mitnitski, A. Frailty defined by deficit accumulation and geriatric medicine defined by frailty.
Clin. Geriatr. Med. 2011, 27, 17–26. [CrossRef]

8. Clegg, A.; Young, J.; Iliffe, S.; Rikkert, M.O.; Rockwood, K. Frailty in elderly people. Lancet 2013, 381, 752–762.
[CrossRef]

9. Kojima, G.; Iliffe, S.; Morris, R.W.; Taniguchi, Y.; Kendrick, D.; Skelton, D.A.; Masud, T.; Bowling, A. Frailty
predicts trajectories of quality of life over time among British community-dwelling older people. Qual. Life Res.
2016, 25, 1743–1750. [CrossRef]

10. Kojima, G.; Iliffe, S.; Walters, K. Frailty index as a predictor of mortality: A systematic review and
meta-analysis. Age Ageing 2018, 47, 193–200. [CrossRef]

11. Searle, S.D.; Mitnitski, A.; Gahbauer, E.A.; Gill, T.M.; Rockwood, K. A standard procedure for creating a
frailty index. BMC Geriatr. 2008, 8, 24. [CrossRef] [PubMed]

12. Collard, R.M.; Boter, H.; Schoevers, R.A.; Oude Voshaar, R.C. Prevalence of frailty in community-dwelling
older persons: A systematic review. J. Am. Geriatr. Soc. 2012, 60, 1487–1492. [CrossRef] [PubMed]

13. O’Caoimh, R.; Galluzzo, L.; Rodríguez-Laso, Á.; Van Der Heyden, J.; Hylen Ranhoff, A.; Lamprini-Koula, M.;
Ciutan, M.; López Samaniego, L.; Carcaillon-Bentata, L.; Kennelly, S.; et al. Prevalence of frailty at population
level in European ADVANTAGE Joint Action Member States: A systematic review and meta-analysis.
Ann. Ist. Super. Sanità 2018, 54, 226–238. [PubMed]

14. Biritwum, R.; Minicuci, N.; Yawson, A.; Theou, O.; Mensah, G.; Naidoo, N.; Wu, F.; Guo, Y.; Zheng, Y.;
Jiang, Y. Prevalence of and factors associated with frailty and disability in older adults from China, Ghana,
India, Mexico, Russia and South Africa. Maturitas 2016, 91, 8–18. [CrossRef]

15. Rodriguez, J.J.L.; Prina, A.M.; Acosta, D.; Guerra, M.; Huang, Y.; Jacob, K.; Jimenez-Velasquez, I.Z.; Salas, A.;
Sosa, A.L.; Williams, J.D. The prevalence and correlates of frailty in urban and rural populations in Latin
America, China, and India: A 10/66 population-based survey. J. Am. Med. Dir. Assoc. 2018, 19, 287–295.
[CrossRef] [PubMed]

16. Theou, O.; Brothers, T.D.; Rockwood, M.R.; Haardt, D.; Mitnitski, A.; Rockwood, K. Exploring the relationship
between national economic indicators and relative fitness and frailty in middle-aged and older Europeans.
Age Ageing 2013, 42, 614–619. [CrossRef]

http://dx.doi.org/10.1093/ageing/afy141.53
http://dx.doi.org/10.1016/j.ijnurstu.2018.12.014
http://dx.doi.org/10.1016/j.jamda.2015.12.016
http://www.ncbi.nlm.nih.gov/pubmed/26805753
http://dx.doi.org/10.1093/gerona/gls119
http://www.ncbi.nlm.nih.gov/pubmed/22511289
http://dx.doi.org/10.1093/ageing/aft160
http://www.ncbi.nlm.nih.gov/pubmed/24132852
http://dx.doi.org/10.1100/tsw.2001.58
http://dx.doi.org/10.1016/j.cger.2010.08.008
http://dx.doi.org/10.1016/S0140-6736(12)62167-9
http://dx.doi.org/10.1007/s11136-015-1213-2
http://dx.doi.org/10.1093/ageing/afx162
http://dx.doi.org/10.1186/1471-2318-8-24
http://www.ncbi.nlm.nih.gov/pubmed/18826625
http://dx.doi.org/10.1111/j.1532-5415.2012.04054.x
http://www.ncbi.nlm.nih.gov/pubmed/22881367
http://www.ncbi.nlm.nih.gov/pubmed/30284550
http://dx.doi.org/10.1016/j.maturitas.2016.05.012
http://dx.doi.org/10.1016/j.jamda.2017.09.026
http://www.ncbi.nlm.nih.gov/pubmed/29306607
http://dx.doi.org/10.1093/ageing/aft010


Int. J. Environ. Res. Public Health 2020, 17, 5695 15 of 17

17. Clegg, A.; Bates, C.; Young, J.; Ryan, R.; Nichols, L.; Ann Teale, E.; Mohammed, M.A.; Parry, J.; Marshall, T.
Development and validation of an electronic frailty index using routine primary care electronic health record
data. Age Ageing 2016, 45, 353–360. [CrossRef]

18. Kim, D.H.; Schneeweiss, S.; Glynn, R.J.; Lipsitz, L.A.; Rockwood, K.; Avorn, J. Measuring frailty in Medicare
data: Development and validation of a claims-based frailty index. J. Gerontol. A 2018, 73, 980–987. [CrossRef]

19. Williams, D.M.; Jylhava, J.; Pedersen, N.L.; Hagg, S. A frailty index for UK Biobank participants. J. Gerontol. A
2019, 74, 582–587. [CrossRef]

20. Franconi, I.; Theou, O.; Wallace, L.; Malagoli, A.; Mussini, C.; Rockwood, K.; Guaraldi, G. Construct validation
of a Frailty Index, an HIV Index and a Protective Index from a clinical HIV database. PLoS ONE 2018,
13, e0201394. [CrossRef]

21. Jones, D.M.; Song, X.; Rockwood, K. Operationalizing a frailty index from a standardized comprehensive
geriatric assessment. J. Am. Geriatr. Soc. 2004, 52, 1929–1933. [CrossRef] [PubMed]

22. Guerard, E.J.; Deal, A.M.; Chang, Y.; Williams, G.R.; Nyrop, K.A.; Pergolotti, M.; Muss, H.B.; Sanoff, H.K.;
Lund, J.L. Frailty index developed from a cancer-specific geriatric assessment and the association with
mortality among older adults with cancer. J. Natl. Compr. Cancer Netw. 2017, 15, 894–902. [CrossRef]
[PubMed]

23. IHME. History. Available online: http://www.healthdata.org/about/history (accessed on 25 February 2020).
24. Ahmad Kiadaliri, A. Global, regional, and national incidence, prevalence, and years lived with disability for

354 diseases and injuries for 195 countries and territories, 1990–2017: A systematic analysis for the Global
Burden of Disease Study 2017. Lancet 2018, 392, 1789–1858.

25. Roth, G.A.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.;
Abdela, J.; Abdelalim, A. Global, regional, and national age-sex-specific mortality for 282 causes of death in
195 countries and territories, 1980–2017: A systematic analysis for the Global Burden of Disease Study 2017.
Lancet 2018, 392, 1736–1788. [CrossRef]

26. IHME. GHDx: GBD Results Tool. Available online: http://ghdx.healthdata.org/gbd-results-tool (accessed on
23 January 2019).

27. Chan, Y. Biostatistics 104: Correlational analysis. Singap. Med. J. 2003, 44, 614–619.
28. Chen, X.; Mao, G.; Leng, S.X. Frailty syndrome: An overview. Clin. Interv. Aging 2014, 9, 433.
29. Hubbard, R.E.; Lang, I.A.; Llewellyn, D.J.; Rockwood, K. Frailty, body mass index, and abdominal obesity in

older people. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 377–381. [CrossRef]
30. Chen, C.; Winterstein, A.G.; Fillingim, R.B.; Wei, Y.-J. Body weight, frailty, and chronic pain in older adults:

A cross-sectional study. BMC Geriatr. 2019, 19, 143. [CrossRef]
31. Rietman, M.L.; Van Oostrom, S.; Picavet, H.; Dollé, M.; Van Steeg, H.; Verschuren, W.; Spijkerman, A.

The association between BMI and different frailty domains: A U-shaped curve? J. Nutr. Health Aging 2018,
22, 8–15. [CrossRef]

32. De Vries, N.M.; Staal, J.B.; Olde Rikkert, M.G.; Nijhuis-van der Sanden, M.W. Evaluative frailty index for
physical activity (EFIP): A reliable and valid instrument to measure changes in level of frailty. Phys. Ther.
2013, 93, 551–561. [CrossRef]

33. Feng, L.; Nyunt, M.S.Z.; Feng, L.; Yap, K.B.; Ng, T.P. Frailty predicts new and persistent depressive symptoms
among community-dwelling older adults: Findings from Singapore longitudinal aging study. J. Am. Med.
Dir. Assoc. 2014, 15, 76.e7–76.e12. [CrossRef] [PubMed]

34. Theou, O.; Brothers, T.D.; Mitnitski, A.; Rockwood, K. Operationalization of frailty using eight commonly
used scales and comparison of their ability to predict all-cause mortality. J. Am. Geriatr. Soc. 2013,
61, 1537–1551. [CrossRef] [PubMed]

35. Kulminski, A.; Yashin, A.; Arbeev, K.; Akushevich, I.; Ukraintseva, S.; Land, K.; Manton, K. Cumulative
index of health disorders as an indicator of aging-associated processes in the elderly: Results from analyses
of the National Long Term Care Survey. Mech. Ageing Dev. 2007, 128, 250–258. [CrossRef] [PubMed]

36. Subramaniam, S.; Aalberg, J.J.; Soriano, R.P.; Divino, C.M. New 5-factor modified frailty index using American
College of Surgeons NSQIP data. J. Am. Coll. Surg. 2018, 226, 173–181. [CrossRef] [PubMed]

37. Wen, Y.-C.; Chen, L.-K.; Hsiao, F.-Y. Predicting mortality and hospitalization of older adults by the
multimorbidity frailty index. PLoS ONE 2017, 12, e0187825. [CrossRef] [PubMed]

38. Howlett, S.E.; Rockwood, M.R.; Mitnitski, A.; Rockwood, K. Standard laboratory tests to identify older adults
at increased risk of death. BMC Med. 2014, 12, 171. [CrossRef]

http://dx.doi.org/10.1093/ageing/afw039
http://dx.doi.org/10.1093/gerona/glx229
http://dx.doi.org/10.1093/gerona/gly094
http://dx.doi.org/10.1371/journal.pone.0201394
http://dx.doi.org/10.1111/j.1532-5415.2004.52521.x
http://www.ncbi.nlm.nih.gov/pubmed/15507074
http://dx.doi.org/10.6004/jnccn.2017.0122
http://www.ncbi.nlm.nih.gov/pubmed/28687577
http://www.healthdata.org/about/history
http://dx.doi.org/10.1016/S0140-6736(18)32203-7
http://ghdx.healthdata.org/gbd-results-tool
http://dx.doi.org/10.1093/gerona/glp186
http://dx.doi.org/10.1186/s12877-019-1149-4
http://dx.doi.org/10.1007/s12603-016-0854-3
http://dx.doi.org/10.2522/ptj.20120127
http://dx.doi.org/10.1016/j.jamda.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24314697
http://dx.doi.org/10.1111/jgs.12420
http://www.ncbi.nlm.nih.gov/pubmed/24028357
http://dx.doi.org/10.1016/j.mad.2006.12.004
http://www.ncbi.nlm.nih.gov/pubmed/17223183
http://dx.doi.org/10.1016/j.jamcollsurg.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29155268
http://dx.doi.org/10.1371/journal.pone.0187825
http://www.ncbi.nlm.nih.gov/pubmed/29145407
http://dx.doi.org/10.1186/s12916-014-0171-9


Int. J. Environ. Res. Public Health 2020, 17, 5695 16 of 17

39. IHME. Global Burden of Disease Study 2017 (GBD 2017) Population Estimates 1950–2017. Available
online: http://ghdx.healthdata.org/record/ihme-data/gbd-2017-population-estimates-1950-2017 (accessed on
7 May 2020).

40. Murray, C.J.L.; Lopez, A.D.; World Health Organization. The Global Burden of Disease: A Comprehensive
Assessment of Mortality and Disability from Diseases, Injuries, and Risk Factors in 1990 and Projected to 2020:
Summary; Harvard University Press: Boston, MA, USA, 1996.

41. Mathers, C.D.; Vos, T.; Lopez, A.D.; Salomon, J.A.; Ezzati, M. National Burden of Disease Studies: A Practical
Guide, 2nd ed.; World Health Organization: Geneva, Switzerland, 2001.

42. Fullman, N.; Yearwood, J.; Abay, S.M.; Abbafati, C.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.; Abebe, Z.;
Abebo, T.A.; Aboyans, V. Measuring performance on the Healthcare Access and Quality Index for 195
countries and territories and selected subnational locations: A systematic analysis from the Global Burden of
Disease Study 2016. Lancet 2018, 391, 2236–2271. [CrossRef]

43. Wang, Y.; Wang, J. Modelling and prediction of global non-communicable diseases. BMC Public Health 2020,
20, 1–13. [CrossRef]

44. Chang, A.Y.; Skirbekk, V.F.; Tyrovolas, S.; Kassebaum, N.J.; Dieleman, J.L. Measuring population ageing:
An analysis of the Global Burden of Disease Study 2017. Lancet Public Health 2019, 4, e159–e167. [CrossRef]

45. Goggins, W.B.; Woo, J.; Sham, A.; Ho, S.C. Frailty index as a measure of biological age in a Chinese population.
J. Gerontol. A Biol. Sci. Med. Sci. 2005, 60, 1046–1051. [CrossRef]

46. Hoover, M.; Rotermann, M.; Sanmartin, C.; Bernier, J. Validation of an index to estimate the prevalence of
frailty among community-dwelling seniors. Health Rep. 2013, 24, 10–17. [PubMed]

47. Roth, G.A.; Johnson, C.; Abajobir, A.; Abd-Allah, F.; Abera, S.F.; Abyu, G.; Ahmed, M.; Aksut, B.; Alam, T.;
Alam, K. Global, regional, and national burden of cardiovascular diseases for 10 causes, 1990 to 2015. J. Am.
Coll. Cardiol. 2017, 70, 1–25. [CrossRef] [PubMed]

48. Townsend, N.; Wilson, L.; Bhatnagar, P.; Wickramasinghe, K.; Rayner, M.; Nichols, M. Cardiovascular disease
in Europe: Epidemiological update 2016. Eur. Heart J. 2016, 37, 3232–3245. [CrossRef] [PubMed]

49. James, S.L.; Lucchesi, L.R.; Bisignano, C.; Castle, C.D.; Dingels, Z.V.; Fox, J.T.; Hamilton, E.B.; Henry, N.J.;
Krohn, K.J.; Liu, Z.; et al. The global burden of falls: Global, regional and national estimates of morbidity
and mortality from the Global Burden of Disease Study 2017. Inj. Prev. 2020. Available online:
https://injuryprevention.bmj.com/content/early/2020/01/14/injuryprev-2019-043286 (accessed on 8 July 2020).
[CrossRef] [PubMed]

50. Franse, C.B.; Rietjens, J.A.; Burdorf, A.; van Grieken, A.; Korfage, I.J.; Van Der Heide, A.; Raso, F.M.; Van
Beeck, E.; Raat, H. A prospective study on the variation in falling and fall risk among community-dwelling
older citizens in 12 European countries. BMJ Open 2017, 7, e015827. [CrossRef]

51. Theou, O.; Rockwood, M.R.; Mitnitski, A.; Rockwood, K. Disability and co-morbidity in relation to frailty:
How much do they overlap? Arch. Gerontol. Geriatr. 2012, 55, e1–e8. [CrossRef]

52. Ritt, M.; Ritt, J.I.; Sieber, C.C.; Gassmann, K.-G. Comparing the predictive accuracy of frailty, comorbidity,
and disability for mortality: A 1-year follow-up in patients hospitalized in geriatric wards. Clin. Interv. Aging
2017, 12, 293. [CrossRef]

53. Hogan, D.B.; Ebly, E.M.; Fung, T.S. Disease, Disability, and Age in Cognitively Intact Seniors: Results From
the Canadian Study of Health and Aging. J. Gerontol. A 1999, 54, M77–M82. [CrossRef]

54. O’Donovan, M.; Sezgin, D.; Liew, A.; O’Caoimh, R. 348 Developing a Frailty Index: Does the Composition of
Functional and Disease or Risk Items Influence Frailty Estimates? Age Ageing 2019, 48, iii1–iii16. [CrossRef]

55. Boeckxstaens, P.; Vaes, B.; Legrand, D.; Dalleur, O.; De Sutter, A.; Degryse, J.-M. The relationship of
multimorbidity with disability and frailty in the oldest patients: A cross-sectional analysis of three measures
of multimorbidity in the BELFRAIL cohort. Eur. J. Gen. Pract. 2015, 21, 39–44. [CrossRef]

56. Akhtar, A.J. Acute diarrhea in frail elderly nursing home patients. J. Am. Med. Dir. Assoc. 2003, 4, 34–39.
[CrossRef] [PubMed]

57. Troeger, C.; Forouzanfar, M.; Rao, P.C.; Khalil, I.; Brown, A.; Reiner, R.C., Jr.; Fullman, N.; Thompson, R.L.;
Abajobir, A.; Ahmed, M. Estimates of global, regional, and national morbidity, mortality, and aetiologies of
diarrhoeal diseases: A systematic analysis for the Global Burden of Disease Study 2015. Lancet Infect. Dis.
2017, 17, 909–948. [CrossRef]

http://ghdx.healthdata.org/record/ihme-data/gbd-2017-population-estimates-1950-2017
http://dx.doi.org/10.1016/S0140-6736(18)30994-2
http://dx.doi.org/10.1186/s12889-020-08890-4
http://dx.doi.org/10.1016/S2468-2667(19)30019-2
http://dx.doi.org/10.1093/gerona/60.8.1046
http://www.ncbi.nlm.nih.gov/pubmed/24258362
http://dx.doi.org/10.1016/j.jacc.2017.04.052
http://www.ncbi.nlm.nih.gov/pubmed/28527533
http://dx.doi.org/10.1093/eurheartj/ehw334
http://www.ncbi.nlm.nih.gov/pubmed/27523477
https://injuryprevention.bmj.com/content/early/2020/01/14/injuryprev-2019-043286
http://dx.doi.org/10.1136/injuryprev-2019-043286
http://www.ncbi.nlm.nih.gov/pubmed/31941758
http://dx.doi.org/10.1136/bmjopen-2017-015827
http://dx.doi.org/10.1016/j.archger.2012.03.001
http://dx.doi.org/10.2147/CIA.S124342
http://dx.doi.org/10.1093/gerona/54.2.M77
http://dx.doi.org/10.1093/ageing/afz102.72
http://dx.doi.org/10.3109/13814788.2014.914167
http://dx.doi.org/10.1097/01.JAM.0000043423.14380.32
http://www.ncbi.nlm.nih.gov/pubmed/12807595
http://dx.doi.org/10.1016/S1473-3099(17)30276-1


Int. J. Environ. Res. Public Health 2020, 17, 5695 17 of 17

58. Kennedy, C.; Ioannidis, G.; Rockwood, K.; Thabane, L.; Adachi, J.; Kirkland, S.; Pickard, L.; Papaioannou, A.
A Frailty Index predicts 10-year fracture risk in adults age 25 years and older: Results from the Canadian
Multicentre Osteoporosis Study (CaMos). Osteoporos. Int. 2014, 25, 2825–2832. [CrossRef] [PubMed]

59. Walston, J.D.; Bandeen-Roche, K. Frailty: A tale of two concepts. BMC Med. 2015, 13, 185. [CrossRef]
[PubMed]

60. Liotta, G.; Ussai, S.; Illario, M.; O’Caoimh, R.; Cano, A.; Holland, C.; Roller-Wirnsberger, R.; Capanna, A.;
Grecuccio, C.; Ferraro, M. Frailty as the Future Core Business of Public Health: Report of the Activities of the
A3 Action Group of the European Innovation Partnership on Active and Healthy Ageing (EIP on AHA).
Int. J. Environ. Res. Public Health 2018, 15, 2843. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00198-014-2828-9
http://www.ncbi.nlm.nih.gov/pubmed/25103215
http://dx.doi.org/10.1186/s12916-015-0420-6
http://www.ncbi.nlm.nih.gov/pubmed/26265077
http://dx.doi.org/10.3390/ijerph15122843
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Development of the GBD-FI 
	Face Validity of the GBD-FI 
	Construct Validity and Properties of the GBD-FI 
	Measuring YLD, YLL and DALY Estimates for the GBD-FI 
	Outcome Prediction (Internal Validation) 

	Results 
	Development of the GBD-FI 
	Face Validity of the GBD-FI 
	Construct Validity and Properties of the GBD-FI 
	Measuring YLD, YLL and DALY Estimates for the GBD-FI 
	Outcome Prediction (Internal Validation) 

	Discussion 
	Conclusions 
	References

