Frailty indices based on self-report, blood-based biomarkers and examination-based
data in the Canadian Longitudinal Study on Aging

Abstract

Background: Frailty can be operationalised using the deficit accumulation approach, which
considers health deficits across multiple domains. We aimed to develop, validate and compare
three different frailty indices (FI) constructed from self-reported health measures (FI-Self
Report), blood-based biomarkers (FI-Blood) and examination-based assessments (FI-
Examination).

Methods: Up to 30,027 participants aged 45-85 years from the baseline (2011-2015)
comprehensive cohort of the Canadian Longitudinal Study on Aging were included in the
analyses. Following standard criteria, three Fls were created: a 48-item FI-Self Report, a 23-
item FI-Blood and a 47-item Fl-Examination. Additionally, a 118-item FI-Combined was
constructed. Mortality status was ascertained in July 2019.

Results: FI-Blood and FI-Examination demonstrated broader distributions than FI-Self Report.
FI-Self Report and FI-Blood scores were higher in females, while FI-Examination scores were
higher in males. All FI scores increased non-linearly with age and were highest at lower
education levels. In sex and age-adjusted models, a 0.01 increase in FI score was associated
with a 1.08 (95% CI: 1.07,1.10), 1.05 (1.04,1.06), 1.07 (1.05,1.08) and a 1.13 (1.11,1.16)
increased odds of mortality for FI-Self Report, FI-Blood, FI-Examination and FI-Combined,
respectively. Inclusion of the three distinct FI types in a single model yielded the best
prognostic accuracy and model fit, even compared to the FI-Combined, with all FIs remaining
independently associated with mortality.

Conclusion: Characteristics of all FlIs were largely consistent with previously established Fls.
To adequately capture frailty levels and to improve our understanding of the heterogeneity of
ageing, Fls should consider multiple types of deficits including self-reported, blood and
examination-based measures.
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Key Points (3-5):
- The frailty indices examined demonstrated some differences in characteristics.
- All frailty indices were independently associated with higher mortality risk.
- Mortality prediction was strongest in the model that included all three deficit types.
- Future frailty assessments should consider self-reported, blood and examination-based
measures.



Introduction

Examining the frailty levels of middle-aged and older adults can improve our understanding of
the heterogeneity of ageing and the subsequent impact on health and mortality. As people age,
the risk of mortality increases. Even so, this risk varies considerably for those of the same age.
The deficit accumulation approach to frailty suggests that heterogeneity in mortality risk with
age reflects that people accumulate deficits at varying rates, and that, at any age, the risk is
greatest in those with the greatest number of deficits [1].

This approach operationalises frailty with a frailty index (FI) score, which considers the
number of deficits present as a proportion of all possible health deficits [2, 3]. Compared to a
single health measure, continuous FI scores can accurately reflect an individual’s current state
and better capture variability between individuals and within individuals over time [4]. This
approach, which is strengthened by its reproduceable mathematical and clinical characteristics
[1, 5], has been widely applied across clinical and research settings in community-dwelling
and clinical samples of all ages [6-15].

Fls were historically constructed as a single continuous score to capture health across multiple
domains [2, 4]. Studies have demonstrated meaningful variability in constructing Fls from
different measurement types [16-18]. For example, Fls based on blood or urine biomarkers
reflect an accumulation of damage at a physiological level [17-20]; this subclinical
dysregulation is hypothesised to scale up and manifest clinically in the form of disability or
comorbidity [21, 22]. Previous comparison of self-reported and examination-based Fls have
suggested that self-reported deficits may underreport frailty [16]. Often, measures such as pulse
or pressure have been included in a lab-based FI in order to achieve a minimum number of
deficits required for an FI [16, 18, 22]. This has made it challenging to ascertain differences
between subclinical and both objective and subjective clinical deficits.

Despite differences in the measurement, manifestation and temporality by which different
deficits may arise, there is very little evidence comparing Fls that consist solely of each item
type. Using data from the Canadian Longitudinal Study on Ageing, our aim was to develop,
validate and compare three frailty indices consisting of self-reported, blood biomarker and
objective examination-based deficits. Additionally, we report results for males and females
separately, and provide reference documentation to promote future investigation of frailty in
this cohort.

Methods:

Sample

The Canadian Longitudinal Study on Aging (CLSA) is a longitudinal study of 51,338
community-dwelling Canadians aged 45-85 years at baseline. CLSA has a tracking cohort,
with telephone-based questionnaires, and a comprehensive cohort, with clinical, biological and
physical assessments from both home and data collection site (DCS) visits. Between 2010 and
2015, 30,097 participants were randomly selected to take part in the comprehensive baseline
data collection. Participants were eligible if they lived within 25-50 km of one of 11 DCSs
across seven Canadian provinces. Additional exclusion criteria included those living on federal
First Nations reserves, full-time members of the Canadian Armed Forces, those unable to
conduct an interview in English or French, those with cognitive impairment at the time of
recruitment and institutionalized individuals. Further information on the CLSA objectives,
protocol and sample is available elsewhere [23, 24].



FI construction

Three distinct Fls were constructed from self-reported items (FI-Self Report), blood
biomarkers (FI-Blood) or physical and cognitive examination-based deficits (FI-Examination).
Additionally, an FI-Combined was derived to include all deficits. Indices were constructed
based on four standard criteria [3]; deficits must 1) be health-related; 2) increase with age; 3)
not saturate too early and 4) cover a range of health domains. Additional criteria were followed
with two minor modifications [21]. First, although deficits with a low prevalence (<1%) are
typically excluded, items with low prevalence remained eligible for inclusion. This follows a
previous approach to a CLSA-based FI [25], which argues that the prevalence of these items is
expected to meaningfully increase over 20-years of follow-up in the CLSA given the young
age of participants. Second, deficits with missing data in >5% of the study population are
typically excluded. However, as there were higher levels of missingness for entire testing
domains (e.g. blood, spirometry), exclusion of health domains would have violated the 4™
criterion above and these items were included. Details of all items are provided in Appendix 1.

Deficits were coded on a 0 to 1 scale, where 0 indicates no deficit and 1 indicates the highest
level of deficit, and could be binary, ordinal or continuous. For example, chronic conditions
such as diabetes were binary, where 0 indicates no diabetes and 1 indicates the presence of
diabetes. Ordinal deficits included items such as self-reported health where 1 indicated poor
health, 0.75 indicated fair health, 0.5 good, 0.25 very good and 0 excellent health. For
continuous variables with meaningful variation in performance (e.g. physical performance,
cognitive scores), data was normalised such that O indicated no deficit and 1 indicated the
maximal deficit.

FI scores were calculated as the number of deficits present divided by the number of deficits
considered (e.g. the FI score of an individual with 20/50 deficits=0.40). Scores ranged from 0
to a theoretical maximum of 1. Individuals must have information for at least 80% of the
deficits to calculate an FI score.

Outcomes

Mortality was ascertained by CLSA using three methods: linkage to provincial vital statistics,
attempted contact with participants between data collection waves or direct contact from next
of kin. Censoring or mortality time was calculated from the date of the DCS visit to July 1%
2019. Exact time to death was not available.

Statistical analysis

Distributions of each FI were examined using histograms and summary measures (means £SD,
ranges, 99th percentiles). One-way ANOVAs and Bonferroni post hoc tests examined
differences in FI scores across sex, age groups and education levels. Mean FI scores for males
and females were plotted at each year of age and sympercents were used to assess the annual
rate of increase in FI score [26]. Here, FI scores were transformed using the natural log
(+0.0001 added to scores to circumvent zero scores) and regressed as the dependent variable
to estimate percent change in FI per one-year age increase. Correlations between Fls were
assessed using Pearson’s r. Sex and age-adjusted logistic regression models examined
associations between FI score and mortality. Each FI was first considered in an individual
model; subsequently, the three individual FIs were included in the same model. Areas under
the curves (AUCs) and Akaike information criterion (AIC) were calculated for each model.



The difference between AUCs indicated the prognostic accuracy of the models, while AICs
allowed comparison of model fit, with a lower value suggesting a better model fit. Sensitivity
analyses reported all results separately for males and females, examined differences in
characteristics between the analytical and excluded samples and replicated all analyses using
the maximal sample size for each FI. Following CLSA recommendations [27], we used
inflation weights for descriptive statistics and analytic weights for regression models to provide
population-representative estimates. Data analysis was conducted in Stata 16. An alpha of 0.05
was used to determine statistical significance.

Results
FI derivation

We screened 204 health-related items, including 71 self-reported deficits, 31 blood-based
deficits and 109 examination-based deficits. Across the three Fls, 118 items were included
(Table 1). A comprehensive data dictionary of FI-Blood and FI-Examination deficits including
a list of excluded variables is provided in Appendix 1; the corresponding data dictionary for
the FI-Self Report has been previously published [25]. Stata syntax for all Fls is available in
Appendix 2.

The FI-Self Report was adapted from an FI constructed for use in both the tracking and pooled
CLSA cohorts [25]. It consists of 48 self-reported deficits across five domains: self-rated
health, chronic conditions, activities of daily living, instrumental activities of daily living and
mental health. Cognitive scores from the original 52-item FI were excluded. Of 30,097 eligible
participants, 30,027 (99.8%) had a valid score (>39 items).

The Fl1-Blood consists of 23 biomarkers from chemistry and hematological reports (Table 1).
Although 27,341 (90.8%) had blood tests, only 25,418 (84.5%) had hematological analyses.
Of these, 25,253 (99.4%; 83.9% of full sample) had a valid FI-Blood score (>19 items).

The Fl-Examination consists of 47 deficits across six domains: physical performance,
cognition , cardiac, anthropometric, spirometry, and hearing and vision (Table 1). Due to the
lack of clinical reference ranges and the informative variability in performance across most
assessments, normative coding of many deficits was used (Appendix 1). Valid FI-Examination
scores (>38 items) could be calculated for 29,341 (97.5%) individuals.

The FI-Combined consists of all 118 self-reported, blood and examination-based deficits. To
ensure items from all three FIs were included in the FI-Combined calculation, scores could
only be derived for the individuals who had blood tests in addition to the minimum >95 total
items (n=26,921; 89.4%). The primary analytical sample consists of the 24,780 (82.3%)
individuals with a valid score for all four Fls.



Table 1. Items included in the FI-Self Report, FI-Blood and FI-Examination

FI-SELF REPORT (48 ITEMS)

FI-BLOOD (23 ITEMS)

FI-EXAMINATION (47 ITEMS)

Chronic conditions

1.
2.

w

Osteoarthritis
Acrthritis

Chronic obstructive
pulmonary disease
High blood pressure
Diabetes mellitus
Chronic heart failure
Angina

Acute myocardial infarction

Peripheral vascular disease

. Stroke

. Transient ischemic attack
. Memory problem

. Alzheimer’s disease
. Parkinson’s disease

. Peptic ulcer disease

. Colitis

. Bowel incontinence

. Urinary incontinency
. Cataracts

. Glaucoma

. Macular degeneration
. Cancer

. Osteoporosis

. Back pain

. Hypothyroidism

. Hyperthyroidism

. Kidney failure

. Pneumonia

. Urinary tract infection
. Falls

Self-rated health

31. General health

32. Vision

33. Hearing

Activities of daily living
34. Dressing

35. Grooming

36. Walking

37. Getting in/out of bed
38. Bathing
Instrumental activities of
daily living

39. Using the phone
40. Using transport

41. Shopping

42. Cooking

43. Doing housework
44, Taking medicine
45. Managing money
Mental health

46. Effort

47. Felt lonely

48. Could not get going

How DR
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12.
13.

14.
15.
16.
17.
18.
19.

20.
21.

22.
23.

Albumin
Cholesterol
Creatinine
Estimated Glomerular
Filtration Rate
Ferritin

Free thyroxine
Granulocytes
Hemoglobin Alc
Hematocrit
Hemoglobin

. High Sensitivity C-

Reactive Protein
Lymphocytes

Mean corpuscular
hemoglobin

Mean corpuscular volume
Monocytes

Mean platelet volume
Platelets

Red blood cells

Red blood cell distribution
width

Triglycerides
Thyroid-Stimulating
hormone
25-hydroxyvitamin D
White blood cells

Physical performance
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[E
°

11.
12.
13.
14,

Standing balance
Timed 4-metre walk
Chair rise

Timed Get Up and Go
Grip strength

nition

Immediate recall
Delayed recall

Mental Alteration Test
Animal fluency
Controlled Oral Word
Association
Time-based memory
Event-based memory
Choice reaction time
Stroop interference time

Anthropometric measures

15.
16.
17.

18.
19.

20.
21.

Body mass index
Waist-hip ratio

Whole body bone mineral
density, T-score

Bone mineral density in
multiple body regions
Appendage lean mass
Body fat percent

High adiposity in multiple
body regions

Spirometry

22. Forced Vital Capacity (FVC)
23. Forced Expiratory Volume 1

/ FVC Ratio

Hearing and vision

24. Visual acuity, left eye

25. Visual acuity, right eye

26. Intraocular pressure, right

27. Intraocular pressure, left

28. Corneal hysteresis, right

29. Corneal hysteresis, left

30. Mean ocular perfusion
pressure

31. Hearing pure tone
average, right

32. Hearing pure tone
average, left

Cardiac

33. Systolic BP

34. Diastolic BP

35. Pulse

36. Pulse pressure

37. Average carotid intima
thickness, right side

38. Average carotid intima
thickness, left side

39. Presence of plagues (max
carotid intima thickness)

40. ECG diagnosis summary

41. ECG, PQ interval

42. ECG, QRS duration

43. ECG, QT interval

44, ECG, P axis

45. ECG, R axis

46. ECG, T axis

47. ECG, P duration




FI characteristics

FI distributions differed (Figure 1). FI-Self Report exhibited a strong positive skew, with a long
right tail (range: 0.00-0.47). FI-Blood, also right-skewed, showed a broader distribution (range
0.00-0.70). Finally, the FI-Examination (range: 0.07-0.70) and the FI-Combined (range: 0.05-0.47)
were well-fitted by gamma distributions. The 99" percentiles were 0.26, 0.43, 0.49 and 0.34,
respectively. Mean frailty scores (xSD) were higher in females compared to males for FI-Self
Report (0.09 +£0.06 vs 0.08 £0.05) and FI-Blood (0.16 +£0.09 vs 0.14 +0.10), but lower for FI-
Examination (0.27 £0.08 vs 0.28 £0.08) (Table 2). There were minimal sex differences in Fl-
Combined scores, with slightly higher scores in males (Table 2). Sex differences were constant
across the full age range for FI-Self Report and FI-Examination, however the pattern appeared to
reverse after age 75 for FI-Blood (Figure 2).

All FI scores increased non-linearly with age (Table 2, Figure 2). Each additional year of age was
associated with a 3.39% (95% CI: 3.27,3.50) increase in FI-Self Report, 2.77% (2.59,2.95) increase
in FI-Blood, 1.78% (1.75,1.81) increase in FI-Examination and 1.95% (1.92,1.98) increase in Fl-
Combined. Across all Fls, those with less than secondary school graduation had the highest frailty
scores, and those with post-secondary degree/diploma had the lowest frailty scores (Table 2). There
were no differences between those who graduated from secondary school and those who completed
some post-secondary education. FI-Self Report was most strongly correlated with FI-Examination
(r=0.48), while FI-Blood had weaker correlations with each (r=0.33 for both).
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Figure 1. Distribution of A. FI-Self Report; B. FI-Blood; C. FI-Examination and D. FI-Combined
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Figure 2. Age association by sex of the A. FI-Self Report; B. FI-Blood; C. FI-Examination and D. FI-
Combined

Table 2. Mean frailty scores £SD by age, sex and education

(n,s\?vggLies:jZ;))Fl-Self Report FI-Blood FI-Examination FI-Combined
Sex:
Male 12,326 (48.2) 0.08+0.05 014010 028+0.08°  0.170.05
Female 12,454 (51.8) 0.09+0.06° 0.16+0.09° 0.2740.08  0.17 +0.06
Age group:
45-54 6,293(39.5) 0.06+0.04° 0.1320.08° 0.23+0.06°  0.14 +0.04°
55-64 8228 (31.0) 0082005 015009 0274006  0.1720.05
65-74 6,064 (18.3) 0104006 0172010 0324007  0.2020.05
75+ 4195(11.1) 0132006 0212010 0.38+0.07  0.25+0.05
Education:
Lessthansecondary 4 319 167y 011+006¢ 018+0.10¢ 032+0.08°  0.20 +0.06°
school graduation
Secondary school 2360 (11.4) 0094005 016+0.10 028+008  0.18+0.05
graduation
Some post-secondary 1,823 (9.2) 0.09 £0.06 0.16 £0.10 0.27 £0.08 0.17 £0.06
Post-secondary 19,244 (62.7) 0.08+0.05 0144009 0262008  0.1620.05

degree/diploma

& Higher FI score (p<0.001)

b Mean FI-Combined scores: 0.170 in males; 0.173 in females (p<0.001)

¢ Differences between all age groups (Bonferroni post-hoc; all p<0.001)

d Differences between education groups except secondary school & some post-secondary
(Bonferroni post-hoc; all p<0.001)



FI Validation

As of July 2019, 2.2% (702/24,780) of the analytical sample had died. The average time between
baseline data collection and the date of mortality ascertainment was 5.5+0.8 years (range: 4.1-7.2).
In individual sex and age-adjusted models, a 0.01 increase in FI score was associated with a 1.08
(95% ClI: 1.07,1.10), 1.05 (1.04,1.06) and 1.07 (1.05,1.08) increased odds of mortality for the FI-
Self Report, FI-Blood, and FI-Examination, respectively (Models 1-3, Table 3). A 0.01 increase in
the 118-item FI-Combined score was associated with a 1.13 (1.11,1.16) increased odds of mortality
(Model 4). AUCs for the three individual Fls did not have statistically significant differences when
compared (all AUCs=0.79; Table 3). However, the AUC for the FI-Combined model was
significantly higher than any individual FI (AUC: 0.805 (0.789,0.822); all p<0.001).

When the three individual FIs were included in the same model (Model 5, Table 3), each remained
independently associated with mortality. Estimates attenuated to 1.05 (1.03, 1.07) for FI-Self
Report, 1.03 (1.02,1.04) for FI-Blood and 1.04 (1.02,1.05) for FI-Examination. Comparison of the
difference between AUCs suggested that the model with all 3 FI scores had stronger prognostic
discriminatory ability (AUC: 0.807 (0.791,0.823); p<0.001) compared with any individual model,
including FI-Combined (p=0.04). AICs were 5556, 5577, 5593 and 5431 for FI-Self Report, FI-
Blood, FI-Examination and FI-Combined, respectively; the lowest AIC appeared when all 3 Fls
were included in the same model (5425).

Table 3. Logistic regression results demonstrated increased risk of mortality as of July 2019 per
0.01 increase in FI score (n=24,780)
FI1-Self Report FI-Blood Fl-Examination FI-Combined
MALES AND FEMALES
Models 1-4: adjusted for age and sex
Odds ratio (95% CI) 1.08 (1.07,1.10)  1.05(1.04,1.06) 1.07 (1.05,1.08) 1.13(1.11, 1.16)
AUC 0.793 (0.776, 0.787 (0.770, 0.785 (0.767,  0.805 (0.789,
0.809) 0.804) 0.802) 0.822)

Model 5: adjusted for age, sex, FI-Self Report, FI-Blood and FI-Examination

Odds ratio (95% CI)  1.05 (1.03,1.07)  1.03 (1.02, 1.04) 1.04 (1.02, 1.05) -
AUC 0.807 (0.791, 0.823)
MALES
Models 1-4: adjusted for age
Odds ratio (95% CI) 1.09 (1.07,1.12) 1.05(1.03,1.06) 1.08 (1.06,1.10) 1.14 (1.11,1.17)
AUC 0.797 (0.777,  0.794 (0.774, 0.789 (0.768, 0.814 (0.794,
0.817) 0.815) 0.810) 0.834)
Model 5: adjusted for age, FI-Self Report, FI-Blood and FI-Examination
Odds ratio (95% CI) 1.06 (1.03,1.08) 1.03(1.02,1.04) 1.05(1.03,1.07)
AUC 0.816 (0.796, 0.835)
FEMALES
Models 1-4: adjusted for age
Odds ratio (95% CI) 1.08 (1.05, 1.10) 1.05(1.03,1.07) 1.06 (1.03,1.08) 1.12 (1.08, 1.16)
AUC 0.774 (0.747,  0.761 (0.721, 0.763 (0.735, 0.782 (0.755,
0.802) 0.790) 0.792) 0.809)
Model 5: adjusted for age, FI-Self Report, FI-Blood and FI-Examination
Odds ratio (95% CI) 1.05 (1.02,1.08) 1.04 (1.02,1.06) 1.02 (1.00, 1.05)
AUC 0.782 (0.755, 0.810)




Sensitivity analyses

When stratified by sex, differences in FI scores were reflected in a slight shift in distribution
(Appendix 3). Differences in scores by age and education level were consistent between males
and females, although there was some evidence to suggest that associations between frailty and
mortality, particularly for FI-Examination, were stronger in males (Appendix 4). Compared to
the analytical sample, those who were excluded from analyses due to missing one or more Fl
scores (n=5,317) were older, had lower levels of education, were more commonly female and
had higher mortality rates (Appendix 5). A subset of those with valid scores for any FI were
compared to the main analytical sample; all FI scores were higher in the excluded sample
(p<0.001; Appendix 5). Finally, analyses were replicated in the maximal available sample for
each Fl. Results did not change, although there were minor increases in effect size and
improvement in prognostic accuracy indicators (Appendix 6).

Discussion

Using nationally representative data from the CLSA, Fls were constructed from self-reported
measures (FI-Self-Report), blood biomarkers (FI-Blood) and examination-based scores (FI-
Examination). Each FI demonstrated characteristics consistent with previously established FI
properties, with some differences between FI type. Notably, blood and examination-based
deficits were detectable at younger ages than self-reported deficits, as demonstrated by the
wider distribution and higher intercept. Females had higher FI-Blood and FI-Self Report
scores, with slight evidence of higher FI-Examination scores in males. Finally, higher scores
in all FIs were independently associated with greater mortality risk. Prognostic accuracy and
model fit were highest when all three FIs were included in a single model suggesting that there
is benefit in considering individual FI types. We have shared the coding syntax to promote
reproducibility and encourage further investigation of frailty in the CLSA cohorts; researchers
should consider one or more of the Fls in order to best support their research question.

Previous studies investigating FI type have frequently combined the items explored in this
study; for example, clinical FIs have included self-reported and objective deficits [28, 29] and
assessment and laboratory-based Fls have each included examination and blood-based deficits
[16-18, 28, 29]. Given the overlap of deficit type within these Fls, direct comparison to studies
is limited due to differences in the accuracy (e.g. recall bias for self-reported items, missing
data in clinical records) and nature of individual items. For example, other FIs may have
collected similar comorbidities using other methods such as electronic health records (eFlI) [9]
or clinician assessments (e.g. FI-CGA) [30]. However, it is notable that we report similar
differences in FI-Self Report and FI-Blood as seen in comparisons of clinical and laboratory-
based Fls [17, 18, 28, 29]. These studies reported that laboratory-based Fls have higher mean
scores, wider distributions and smaller associations with mortality. This is consistent with the
hypothesis that blood or laboratory-based Fls may capture deficit accumulation at the cellular
level before clinical deficits arise. The reversal of sex differences in FI-Blood scores was also
observed in a US-based cohort study, which reported an earlier reversal between ages 60 and
70 [31].

Our findings are also consistent with self-reported and assessment-based Fls constructed in the
Irish Longitudinal study on Ageing including a wider distribution and higher scores in males
for the assessment-based FI [16]. The assessment-based FI had stronger associations with
mortality; here we did not observe this, despite a similar age range and mortality rate. Further
investigation of sex differences in self-reported and examination-based assessments may
improve understanding of the male-female health survival paradox, that is widely observed in
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frailty [32-34]. Differences in associations with mortality may reflect underreporting of self-
reported items in males or greater likelihood of health-seeking behaviours in females that could
lead to better recognition and diagnosis of health problems [35, 36]. Finally, cultural or
socioeconomic differences, differences in health seeking behaviours and access to health care,
could partially explain discordance between subjective and objective health measures [35, 37-
39].

While dissimilarities between FlIs may be partially attributed to both the level of deficit
accumulation (e.g. subclinical, clinical) or the measurement type (e.g. objective, subjective),
examination-based frailty deficits may provide an additional intermediary process between
subclinical FI-Blood and clinical FI-Self Report deficits. Early variability in certain
examination-based measures may reflect deficits at the organ or system level that have scaled
up from damage at the cellular level (e.g. slower walking speed, higher intraocular pressure)
[40, 41]. Normalised coding facilitates the measurement of this variability at early stage and
could allow it to be captured before it arises clinically, for example, in the form of mobility or
visual impairment.

Although adding more deficits to an FI can strengthen its predictive validity, it is not well
understood whether this arises from increased information value or from the type of items
added [42, 43]. The independent contribution of each FI in predicting mortality risk was a
significant finding as the three FI model provided statistically improved prognostic accuracy
and model fit compared to the combined 118-item FI. This suggests that, in addition to
improved risk prediction with a greater number of items, the nature and diversity of items may
improve the predictive validity of FI scores. Self-reported, blood and examination-based health
deficits capture different components of frailty and should each be considered when measuring
frailty. Further understanding of the information value of FI type may expand our
understanding of how deficit types contribute to overall frailty assessment and related
outcomes.

There are some methodological limitations of the study. Although the CLSA is designed as a
nationally representative cohort study, individuals with cognitive impairment, full-time
members of the Canadian Armed Forces, those in long-term care institutions or those living on
reserves or other Aboriginal settlements were not eligible to participate. Additionally,
individuals who lived in the three territories, Prince Edward Island, New Brunswick,
Saskatchewan or in more rural settings (e.g. >25-50 km from a DCS) could not be included in
the comprehensive cohort. Investigation of representativeness at a municipal-level suggests
that the CLSA may not be fully representative of ethnic diversity nor of lower socioeconomic
position [44]. CLSA is a rich resource for studying associations, however precision around
estimates requires caution in interpretation. The exact time to death is not available and as such,
we were limited to logistic regressions which may have overestimated associations with
mortality. Additionally, the number of deaths was small, although sufficient to demonstrate
associations between frailty and mortality with effect sizes comparable to other studies [16-18,
28]. Although nearly 10% of the sample were missing blood samples, the sample size remained
large and sensitivity analyses indicated that associations may be larger in the maximal sample.

Conclusion
This study has shown the utility of considering deficits from self-reported, blood and
examination-based items in frailty measurement. Further research is needed to be better

understand the mechanisms through which each may independently or additively contribute to
risk of mortality and other health outcomes including differences in accumulation or reporting
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of deficits in males and females. Current work from our group is examining how baseline frailty
is associated with interim health outcomes including frailty levels at follow-up, clinical
diagnoses and health care use. In conclusion, the results of the present and comparable studies
[16-18, 28, 29, 31] suggest that considering blood biomarkers and examination tests in addition
to routinely collected self-reported data may improve frailty assessment and prediction of
adverse outcomes. The feasibility of measuring such data in clinical and smaller scale research
settings requires further investigation.
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