Mechanisms of Ageing and Development 133 (2012) 456-466

Contents lists available at SciVerse ScienceDirect

Mechanisms of Ageing and Development

journal homepage: www.elsevier.com/locate/mechagedev

Frailty and the role of inflammation, immunosenescence and cellular ageing in the
very old: Cross-sectional findings from the Newcastle 85+ Study

Joanna Collerton **, Carmen Martin-Ruiz ?, Karen Davies ?, Catharien M. HilkensP, John Isaacs <,
Claire Kolenda?, Craig Parker? Michael Dunn®, Michael Catt?, Carol Jagger? Thomas von Zglinicki?,
Thomas B.L. Kirkwood ?

2 Institute for Ageing and Health, Newcastle University, Campus for Ageing and Vitality, Newcastle upon Tyne NE4 5PL, United Kingdom
b Institute of Cellular Medicine, Newcastle University, Framlington Place, Newcastle upon Tyne NE2 4HH, United Kingdom
€ Musculoskeletal Directorate, Newcastle upon Tyne Hospitals NHS Foundation Trust, Newcastle upon Tyne NE7 7DN, United Kingdom

ARTICLE INFO ABSTRACT

Article history:

Received 27 March 2012

Received in revised form 4 May 2012
Accepted 16 May 2012

Available online 1 June 2012

Age-related frailty is an increasing societal challenge with growing emphasis on identifying its
underlying pathophysiology and prospects for intervention. We report findings from the first
comprehensive study of frailty and biomarkers of inflammation, immunosenescence and cellular
ageing in the very old. Using cross-sectional data from the Newcastle 85+ Study (n = 845, aged 85), frailty
was operationalized by the Fried and Rockwood models and biomarker associations explored using
regression analysis. We confirmed the importance of inflammatory markers (IL-6, TNF-alpha, CRP,

Ilfgi‘;\;;rds'. neutrophils) in frailty in the very old, previously established only in younger-old populations. Limited
Inflammation evidence was found for immunosenescence in frailty; although total lymphocyte count was inversely
Immunosenescence related, no association was found with the immune risk profile and the inverse associations observed
Telomere with memory/naive CD8 T and B cell ratios were in the opposite direction to that expected. We found no

association with frailty in the very old for CMV sero-positivity, telomere length, markers of oxidative
stress or DNA damage and repair. The Fried and Rockwood frailty models measure different albeit
overlapping concepts yet biomarker associations were generally consistent between models. Difficulties
in operationalizing the Fried model, due to high levels of co-morbidity, limit its utility in the very old.

© 2012 Elsevier Ireland Ltd. All rights reserved.

Oxidative stress

1. Introduction and death (Bandeen-Roche et al., 2006; Fried et al., 2001,

Kulminski et al.,, 2007; Mitnitski et al., 2005; Rockwood et al.,
2011; Romero-Ortuno et al.,, 2011). Despite concerted efforts
(Bergman et al., 2007; Rodriguez-Maiias et al., 2012; Walston et al.,
2006), there is as yet no universally accepted definition of frailty or
agreed method for its diagnosis. Existing approaches differ widely
in how frailty is conceptualised and defined (Abellan van Kan et al.,
2008; Hogan et al., 2003; Sternberg et al., 2011), with the
approaches of Fried and Rockwood currently leading the field.
Fried views frailty as a clinical syndrome - a cluster of specific
symptoms and signs including weight loss, exhaustion, low
physical activity, muscle weakness and slow walking speed (Fried
et al., 2001). Rockwood considers frailty as a cumulative index of

Age-related frailty is an increasing challenge for societies
worldwide, with growing emphasis on identifying its underlying
pathophysiology and prospects for intervention. It is generally
agreed that frailty is characterised by increased vulnerability to
stress due to decline in homeostatic reserve secondary to
dysregulation in multiple inter-related systems (Bortz, 2002;
Fried et al., 2001; Lipsitz, 2002; Walston et al., 2006). This
vulnerability results in an increased risk of adverse health
outcomes including disability, hospitalisation, institutionalisation
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health deficits; it is regarded as a clinical state variable and
proposed to act as an indicator of biological rather than
chronological age (Rockwood and Mitnitski, 2007; Searle et al.,
2008). The individual deficits can include diseases, symptoms and
signs, function tests and laboratory tests. Provided enough deficits
are included in the index, their exact nature seems unimportant
(Rockwood et al., 2006).
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Knowledge of the pathophysiological mechanisms underlying
frailty remains limited. It is unclear to what extent frailty has its own
specific causative mechanisms, as distinct from the more general
deterioration of cellular and physiological functions which comprise
the ageing process, which might be amenable to targeted interven-
tions. Whilst Fried frailty has been associated with dysregulation in
several systems, (Bandeen-Roche et al., 2009; Barzilay et al., 2007;
Blaum etal.,2009; Cappolaetal.,2009; Leng et al., 2007; Shardell et al.,
2009; Travison et al., 2011; Walston et al., 2002), there are few
investigations of underlying mechanisms for the Rockwood frailty
index. Studies exploring the role of cellularand molecular mechanisms
of ageing are scarce for either model, and biomarker investigations
using both frailty models within the same sample are rare.

People aged 85years and over are now the most rapidly
expanding age group in the population with current numbers
predicted to double over the next 20 years (United Nations, 2002).
Biomarker associations with health outcomes may differ between
very old and younger old populations; for example telomere length
predicts mortality in younger old (Cawthon et al., 2003) but not in
very old populations (Bischoff et al., 2006; Houben et al., 2011;
Martin-Ruiz et al., 2005). The applicability of the Rockwood and
Fried frailty measures in very old people has not been addressed.

The Newcastle 85+ Study, a population-based study of a large
representative cohort of 85 year olds, collected comprehensive
measures of health across multiple biological, clinical and psycho-
social domains (Collerton et al., 2009). We examine the applicability
and inter-relations of the Fried and Rockwood frailty measures
within this cohort, and their associations with a range of biomarkers
of inflammation, immunosenescence and cellular ageing.

2. Methods
2.1. Study population

The methodology for the Newcastle 85+ Study has been reported (Collerton et al.,
2007, 2009; Davies et al., 2010). In brief, members of the 1921 birth cohort living in
Newcastle or North Tyneside (North-East England) were recruited at around age 85
through general practice patient lists. People living in institutions and those with
cognitive impairment were included. At baseline the Newcastle 85+ cohort was
socio-demographically representative of the local population and of England and
Wales (Collerton et al., 2009; Office for National Statistics, 2004). The research
complied with the requirements of the Declaration of Helsinki. Ethical approval was
obtained from the Newcastle and North Tyneside 1 Research Ethics Committee
(reference number 06/Q0905/2); written informed consent was obtained from
participants and where people lacked capacity to consent, for example because of
dementia, a formal written opinion was sought from a relative or carer.

2.2. Data sources

A multidimensional health assessment was carried out in the participant’s usual
residence by a research nurse. Data on pre-existing diseases and prescribed
medication were obtained from general practice medical records.

2.3. Biomarker analysis

Biomarkers were measured from a blood sample drawn between 7 am and
10.30 am following an 8 h overnight fast and delivered to the laboratory for initial
processing within one hour of draw. Blood samples were collected within 6 months
of participant assessment with the exception of cytomegalovirus (CMV) status
where the timeframe was within 18 months. The following biomarkers were
analysed according to previously reported methodology (Martin-Ruiz et al., 2011).

i. Inflammatory markers: basal and lipopolysaccharide (Invivogen Ultrapure LPS)
stimulated production of pro-inflammatory cytokines interleukin-6 (IL-6) and
tumour necrosis factor alpha (TNF-alpha) by peripheral blood mononuclear cells
(PBMCs); C-reactive protein (CRP) measured by high sensitivity assay; albumin;
total white blood cell count and counts of neutrophils, monocytes, eosinophils
and basophils.

ii. Immunosenescence markers: lymphocyte count and ratios of CD4/CD8 T cells,

memory/naive CD4 and CD8 T cells and memory/naive B cells. The immune risk

profile was defined as a CD4/CD8 T cell ratio of less than one (Wikby et al., 1998,

2008).

Cytomegalovirus serology: CMV IgG concentration was measured using a

commercial assay.

iii.

iv. Cellular ageing markers: PBMC telomere length; ionized radiation-induced DNA
damage and repair; and markers of oxidative stress. Isoprostanes iPF2 alpha-III
and iPF2 alpha-VI, markers of lipid peroxidation, were analysed by liquid
chromatography-mass spectrometry.

Further details of biomarker methodology are reported in Supplementary
Methods (Appendix A).

2.4. Frailty measures

Fried frailty status (FFS), robust, pre-frail or frail, was derived using an
approximation of the Cardiovascular Health Study methodology (Fried et al., 2001).
In line with the stipulated methodology, participants with stroke, Parkinson’s
Disease, a mini-mental state examination score of less than 18, or taking drugs for
dementia, Parkinson’s Disease or depression were excluded on the basis that they
might score as frail as a result of that disease alone. The Rockwood frailty index
(RFI), a continuous variable with theoretical range 0-1, was computed from 40
potential deficits following the methodology reported by Searle et al. (2008). For
further details of the FFS and RFI methodology see Supplementary Methods
(Appendix A).

2.5. Other data reported

A count of 18 chronic diseases was calculated (Collerton et al., 2009); the full list
of diseases is shown in the footnote to Table 1. Cognitive status was assessed using
the standardised mini-mental state examination (Molloy and Standish, 1997). Body
mass index was calculated from measured weight and height (derived from demi-
span). Ethnicity, place of residence, years of education, smoking status (current
smoker, ex-smoker, never), and difficulties with activities of daily living were
obtained by self-report. A disability score (maximum 17) was calculated from the
total number of activities of daily living performed with difficulty, or requiring an
aid or appliance or personal help (Collerton et al., 2009).

2.6. Data analysis

Differences between RFI samples with and without FFS and between RFI and FFS
samples with and without blood tests were examined using a chi-square test for
nominal data and a Mann-Whitney U test for ordinal and non-parametric
continuous data. Sex differences in frailty were examined by ordinal logistic
regression for FFS and a Mann-Whitney U test for RFI. Due to non-normal
distributions, continuously distributed biomarkers were categorised into quartiles
based on their distribution in the full sample. Differences in the proportion
classified as frail, pre-frail or robust (FFS) and in RFI by biomarker category were
examined using a Mann-Whitney U test for CMV status and immune risk profile
and a Kruskal-Wallis test for ordinal biomarker categories. The correlation between
RFI and continuous biomarker level was assessed using Spearman’s rank
correlation. Ordinal logistic regression models were fitted with FFS as the
dependent variable and categorised biomarker as the independent variable. The
middle two biomarker quartiles were combined and used as the reference category
to facilitate identification of potential relationships at the top and bottom of the
distribution. The odds ratios obtained represent the odds of being in a more frail
Fried category i.e. pre-frail rather than robust or frail rather than pre-frail. The test
of parallel lines was used to check that the proportional odds assumption was
satisfied. For RFI, linear regression models were fitted with RFI, square root
transformed to give adequate model fit, as the dependent variable and categorised
biomarker as independent variable. The unstandardized regression coefficient
represents the difference between the mean square root frailty indices for the
biomarker category and the reference category. Models were run unadjusted
(Model 1), adjusted for sex only (Model 2) and adjusted for a range of co-variates
(Model 3). Co-variates for both frailty models were sex, years of education (0-9, 10-
11, 12+ years), smoking status and the use of oral corticosteroids, non-steroidal
anti-inflammatory drugs, anti-infection or immune modulating drugs. For FFS a
count of chronic diseases (categorised as tertiles) was added and for RFI body mass
index. Co-variates used in the derivation of frailty status were excluded. p Values
less than 0.05 were taken as statistically significant. We did not apply a formal
statistical correction for multiple comparisons as many of the markers examined
are known to exhibit strong correlations with each other reflecting common
biological mechanisms. In this situation, tests for associations between individual
biomarkers and frailty were not independent and therefore a Bonferroni correction
for multiple comparisons would have been over-conservative. Data analysis was
conducted using SPSS Version 19 (IBM Inc., Chicago, USA).

3. Results
3.1. Sample selection

Details of sample selection are shown in Supplementary Fig. A1
(Appendix A). Data from both health assessment and review of
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Table 1

Key socio-demographic and health parameters - reported separately for sample with Rockwood frailty index (RFI) and RFI samples with and without Fried frailty status (FFS)?.

Comparison of RFI samples with/without FFS.

Sample with RFI Sample with RFI Sample with RFI p Value
(n=811) and FFS (n=552) but without FFS (n=259)
Female 61.7 (500) 60.1 (332) 64.9 (168) 0.197°
White ethnicity 99.6 (808) 99.6 (550) 99.6 (258) 0.959”
Place of residence <0.001°
Standard housing 77.6 (629) 84.6 (467) 62.5 (162)
Sheltered housing 12.8 (104) 13.0 (72) 12.4 (32)
Resident in care home 9.5 (77) 2.2 (12) 25.1 (65)
Years of education 0.428¢
12+ 12.4 (99) 12.5 (69) 12.1 (30)
10-11 23.4 (187) 22.2(122) 26.2 (65)
0-9 64.2 (512) 65.3 (359) 61.7 (153)
Smoking status 0.804°
Never smoker 35.4 (286) 34.6 (191) 37.0 (95)
Ex-smoker 59.0 (477) 59.6 (329) 57.6 (148)
Current smoker 5.7 (46) 5.8 (32) 5.4 (14)
Body mass index (kg/m?) 0.573¢
<18.50 6.6 (47) 7.2 (38) 4.8 (9)
18.50-24.99 51.4 (368) 50.4 (266) 54.3 (102)
25.00-29.99 32.5 (233) 31.3 (165) 36.2 (68)
>30.00 9.5 (68) 11.2 (59) 4.8 (9)
Cognitive function (mini-mental <0.001¢
state examination score)
Normal (26-30) 73.9 (582) 82.4 (449) 54.7 (133)
Mildly impaired (22-25) 15.0 (118) 14.5 (79) 16.0 (39)
Moderately impaired (18-21) 4.9 (39) 3.1 (17) 9.1 (22)
Severely impaired (0-17) 6.2 (49) 0.0 (0) 20.2 (49)
Chronic disease count, median (IQR)¢ 5 (4-6) 4 (3-6) 5(4-7) <0001¢
Disability score, median (IQR)® 3 (1-7) 2 (0-5) 7 (2-12) <0001¢
Rockwood frailty index, median (IQR) 0.20 (0.13-0.28) 0.18 (0.11-0.24) 0.26 (0.19-0.38) <0001¢

¢ Data are % (n) except where specified; denominators vary due to missing values.

b Chi-square test for no significant difference between RFI samples with and without FFS.

¢ Mann-Whitney U test for no significant difference between RFI samples with and without FFS.

d Eighteen diseases: hypertension, ischaemic heart disease, cerebrovascular disease, peripheral vascular disease, heart failure, atrial flutter or fibrillation, arthritis,
osteoporosis, chronic obstructive pulmonary disease or asthma, other respiratory disease, diabetes mellitus, hypothyroidism or hyperthyroidism, cancer diagnosed within
past 5years (excluding non-melanoma skin cancer), eye disease, dementia, Parkinson’s Disease, renal impairment and anaemia.

¢ Number of activities of daily living performed with difficulty or requiring an aid, appliance or personal help (maximum score 17).

general practice records were available for 845 participants
(Collerton et al., 2009). Of these, RFI could be calculated for 811
participants (96.0%); the remaining 34 had more than the allowed
8 missing values. FFS could be assigned for 552 participants
(65.3%); applying the Fried exclusion criteria resulted in loss of 252
participants and an additional 41 could not be assigned due to
missing values on individual Fried criteria. RFI was available for all
participants with FFS. Biomarker results were available, depending
on assay, for 612-771 of those with RFI and 423-526 of those with
FFS (Supplementary Table A1, Appendix A).

3.2. Sample characteristics

Table 1 shows key socio-demographic and health data for the
sample with RFI available and the RFI samples with and without
FFS. Supplementary Table S1 (Appendix A) gives corresponding
biomarker distributions. In comparison to those without FFS, those
with FFS were less likely to be resident in a care home, less likely to

have impaired cognitive function, had a lower disease count and
lower RFI, were less disabled, and had lower CRP, neutrophil count
and stimulated TNF-alpha and higher albumin and memory/naive
CD8 T cell ratio. For those with FFS, a comparison of those who did
and did not have a blood sample taken revealed no significant
differences other than educational status, those who had blood
taken being more educated than those who did not (p = 0.036). A
similar comparison for the RFI sample showed that those who had
blood taken were less likely to be resident in a care home
(p=0.001), less likely to be cognitively impaired (p =0.012) and
had lower disability (p = 0.001) and RFI scores (p = 0.030).

3.3. Frailty

3.3.1. Frailty by Fried and Rockwood measures

Using the Fried measure, 21.6% (119/552) of participants were
classified as frail, 60.3% (333/552) as pre-frail and 18.1% (100/552)
as robust (Table 2). Women were more likely to be frail than men:

Table 2
Frailty by Rockwood and Fried models, by gender.
Men Women All p Value
Rockwood frailty index, median (IQR)? 0.18 (0.12-0.24) 0.21 (0.14-0.29) 0.20 (0.13-0.28) <0.001¢
Fried frailty status, % (n)® <0.001¢
Robust 241 (53) 14.2 (47) 18.1 (100)
Pre-frail 63.6 (140) 58.1 (193) 60.3 (333)
Frail 12.3 (27) 27.7 (92) 21.6 (119)

Sample size n=811.

Sample size n=552.

Mann-Whitney U test for no gender difference.
Ordinal logistic regression for no gender difference.
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Fig. 1. Relationship between Rockwood frailty index (RFI) and Fried frailty status
(FFS). Panel A shows the smoothed RFI distribution for each FFS category. In Panel B
the RFI for the full FFS sample has been split into bins of width 0.05 with the
percentage in each FFS category shown for each bin.

odds ratio (95% confidence interval, CI) for women to men 2.27
(1.61-3.23); p < 0.001. RFI had a gamma distribution with median
(interquartile range, IQR) 0.20 (0.13-0.28), mean (standard
deviation) 0.22 (0.12) and 99th centile 0.59; it was higher in
women than men (p < 0.001).

3.3.2. Relationship between Fried and Rockwood frailty

RFI increased across Fried categories: median (IQR) for robust
(0.12, 0.08-0.17), pre-frail (0.16, 0.11-0.22) and frail (0.27, 0.21-
0.34); p < 0.001. Fig. 1 illustrates the relationship between FFS and
RFI. Panel A shows the smoothed RFI distribution for each Fried
category. Within each Fried category there was a wide distribution
of RFI scores with considerable overlap in distributions particularly
between the robust and pre-frail groups; RFI scores between 0.08
and 0.34 could be found in all three Fried categories. In Panel B the
RFI for the full FFS sample has been split into bins of width 0.05
with the percentage in each Fried category shown for each bin. As
RFI increased, the proportion classified as Fried robust decreased
whilst the proportion classified as frail increased; the pre-frail
proportion stayed similar up to a frailty index of 0.30 then
decreased.

3.4. Relationship between frailty and biomarkers

3.4.1. Fried frailty status (FFS) and biomarkers

Unadjusted ordinal logistic regression revealed significant
associations with FFS for seven biomarkers: basal IL-6, basal TNF-
alpha, CRP, neutrophil count, albumin, lymphocyte count, and
memory/naive CD8 T cell ratio (Table 3, Model 1). Compared to the
combined middle (referent) quartiles, being in the bottom quartile
for basal IL-6 or TNF-alpha was associated with a lower risk of frailty;
odds ratios (95% CI) 0.48 (0.31-0.74), p = 0.001 and 0.59 (0.38-0.90),
p =0.016 respectively. A greater risk of frailty was associated with
high levels of CRP and neutrophils (odds ratios (95% CI) 1.82 (1.19-
2.80), p=0.006 and 1.65 (1.06-2.56), p = 0.027 respectively). Low
albumin levels were associated with a greater risk of frailty; odds
ratio (95% CI) 2.16 (1.39-3.37), p=0.001. For lymphocytes and
memory/naive CD8 T cell ratio, high levels were associated with a
lower risk of frailty; odds ratios (95% CI) 0.59 (0.39-0.90), p = 0.015
and 0.63 (0.41-0.97), p = 0.036 respectively. When albumin, basal

Table 3
Fried frailty status and biomarkers - odds ratio (95% confidence intervals) of being in a frailer category (pre-frail versus robust or frail versus pre-frail) by categorised
biomarker.?

Biomarker Model 1 odds ratio Model 1 Model 2 odds ratio Model 2 Model 3 odds ratio Model 3
(95% confidence p value (95% confidence p value  (95% confidence p value
interval) interval) interval)

CMV

CMV positive 0.94 (0.57-1.55) 0.796 0.90 (0.54-1.49) 0.680 0.74 (0.42-1.28) 0.276
CMV negative Reference Reference Reference

Inflammation

IL-6, basal (pg/ml) <4.15 0.48 (0.31-0.74) 0.001 0.47 (0.30-0.73) 0.001 0.50 (0.31-0.79) 0.003
4.16-150.02 Reference Reference Reference

>150.03 0.92 (0.60-1.43) 0.719 0.96 (0.62-1.50) 0.873 0.91 (0.57-1.47) 0.710

TNF-alpha, basal (pg/ml) <1.58 0.59 (0.38-0.90) 0.016 0.60 (0.39-0.92) 0.021 0.62 (0.39-0.98) 0.041
1.59-8.92 Reference Reference Reference

>8.93 0.90 (0.58-1.40) 0.644 0.97 (0.62-1.51) 0.897 0.88 (0.54-1.43) 0.605

IL-6, post stimulation (pg/ml) <10543.27 0.94 (0.61-1.44) 0.774 0.82 (0.53-1.26) 0372 0.89 (0.56-1.41) 0.612
10543.28-31366.09 Reference Reference Reference

>31366.10 0.84 (0.54-1.30) 0.426 0.77 (0.49-1.20) 0.244 0.66 (0.41-1.06) 0.087

TNF-alpha, post <213.35 0.75 (0.49-1.15) 0.187 0.71 (0.46-1.08) 0.111 0.81 (0.51-1.27) 0.357
stimulation(pg/ml) 213.36-905.78 Reference Reference Reference

>905.79 0.94 (0.60-1.47) 0.770 0.95 (0.60-1.49) 0.814 0.92 (0.57-1.50) 0.737

CRP (mg/l1) <1.20 1.36 (0.91-2.05) 0.137 1.36 (0.90-2.04) 0.143 1.41 (0.90-2.19) 0.131
1.21-6.00 Reference Reference Reference

>6.01 1.82 (1.19-2.80) 0.006 1.97 (1.28-3.03) 0.002 1.78 (1.12-2.85) 0.016

Albumin (g/1) <38 2.16 (1.39-3.37) 0.001 2.12 (1.36-3.30) 0.001 1.79 (1.11-2.89) 0.017
39-42 Reference Reference Reference

>43 0.83 (0.53-1.30) 0.425 0.85 (0.54-1.33) 0.481 0.89 (0.55-1.43) 0.630
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Biomarker Model 1 odds ratio Model 1 Model 2 odds ratio Model 2 Model 3 odds ratio Model 3
(95% confidence p value (95% confidence p value (95% confidence p value
interval) interval) interval)

White blood cells (x10%/1) <5.40 1.24 (0.82-1.88) 0.309 1.18 (0.77-1.79) 0.448 1.18 (0.76-1.84) 0.464
5.41-7.60 Reference Reference Reference
>7.61 1.45 (0.93-2.26) 0.103 1.48 (0.94-2.31) 0.087 1.23 (0.77-1.98) 0.391
Neutrophils (x10%/1) <2.87 0.87 (0.58-1.33) 0.527 0.84 (0.55-1.28) 0.412 0.85 (0.54-1.32) 0.464
2.88-4.55 Reference Reference Reference
>4.56 1.65 (1.06-2.56) 0.027 1.68 (1.08-2.62) 0.021 1.47 (0.92-2.36) 0.109
Monocytes (x10%/1) <0.44 1.07 (0.70-1.62) 0.768 1.04 (0.68-1.58) 0.858 0.98 (0.63-1.55) 0.946
0.45-0.66 Reference Reference Reference
>0.67 0.94 (0.61-1.46) 0.790 1.05 (0.67-1.63) 0.833 0.95 (0.60-1.50) 0.827
Eosinophils (x10°/1) <0.13 0.79 (0.52-1.21) 0.277 0.74 (0.48-1.13) 0.161 0.72 (0.46-1.13) 0.152
0.14-0.31 Reference Reference Reference
>0.32 0.85 (0.55-1.32) 0.476 0.92 (0.60-1.42) 0.706 0.85 (0.53-1.34) 0.475
Basophils (x10%/1) <0.020 1.37 (0.92-2.04) 0.121 1.41 (0.94-2.09) 0.093 1.36 (0.89-2.08) 0.150
0.021-0.050 Reference Reference Reference
>0.051 1.57 (1.00-2.46) 0.052 1.55 (0.98-2.44) 0.059 1.55 (0.96-2.51) 0.076
Immunosenescence
Lymphocytes (x10°/1) <1.43 1.09 (0.71-1.67) 0.705 1.16 (0.75-1.78) 0.503 1.25 (0.79-1.98) 0.344
1.44-2.23 Reference Reference Reference
>2.24 0.59 (0.39-0.90) 0.015 0.55 (0.36-0.84) 0.006 0.57 (0.37-0.90) 0.016
Immune risk profile (CD4/CD8 <1) 0.92 (0.58-1.46) 0.723 1.11 (0.69-1.77) 0.670 0.98 (0.58-1.66) 0.949
CD4/CD8 >1 Reference Reference Reference
CD4/CD8 T cell ratio <1.19 0.84 (0.54-1.29) 0.426 0.96 (0.62-1.49) 0.856 0.88 (0.55-1.41) 0.588
1.20-3.52 Reference Reference Reference
>3.53 1.11 (0.72-1.72) 0.645 1.05 (0.68-1.63) 0.819 1.01 (0.63-1.62) 0.965
Memory/naive CD4 T cell ratio <0.12 0.80 (0.52-1.22) 0.297 0.77 (0.50-1.18) 0.233 0.84 (0.53-1.32) 0.442
0.13-0.62 Reference Reference Reference
>0.63 0.80 (0.52-1.23) 0.309 0.89 (0.58-1.38) 0.609 1.01 (0.63-1.62) 0.971
Memory/naive CD8 T cell ratio <0.37 0.97 (0.62-1.51) 0.891 0.99 (0.64-1.54) 0.967 1.12 (0.70-1.81) 0.637
0.38-2.75 Reference Reference Reference
>2.76 0.63 (0.41-0.97) 0.036 0.70 (0.46-1.08) 0.111 0.61 (0.38-0.98) 0.043
Memory/naive B cell ratio <0.18 1.42 (0.90-2.24) 0.127 1.36 (0.86-2.14) 0.185 1.15 (0.70-1.87) 0.582
0.19-0.69 Reference Reference Reference
>0.70 1.29 (0.84-1.99) 0.244 1.33 (0.86-2.05) 0.199 1.29 (0.81-2.05) 0.281
Cellular ageing
Telomere length (bp) <3345.55 0.80 (0.51-1.24) 0314 0.76 (0.48-1.18) 0.215 0.76 (0.47-1.24) 0.278
3345.56-4237.39 Reference Reference Reference
>4237.40 1.10 (0.71-1.70) 0.663 1.19 (0.77-1.84) 0.429 1.14 (0.71-1.81) 0.597
DNA damage (%) <31.26 1.20 (0.79-1.83) 0.402 1.18 (0.77-1.80) 0.448 1.24 (0.79-1.95) 0.358
31.27-65.08 Reference Reference Reference
>65.09 1.01 (0.67-1.53) 0.959 1.03 (0.68-1.57) 0.888 0.96 (0.61-1.51) 0.854
DNA repair (%) <24.10 1.14 (0.74-1.74) 0.556 1.23 (0.80-1.88) 0.351 1.17 (0.74-1.84) 0.512
24.11-65.05 Reference Reference Reference
>65.06 1.13 (0.74-1.71) 0.575 1.14 (0.75-1.72) 0.547 1.36 (0.87-2.14) 0.179
Isoprostanes (ng/ml)
iPF2alpha-IIl <0.54 0.89 (0.58-1.37) 0.606 0.90 (0.59-1.38) 0.631 0.88 (0.56-1.38) 0.568
0.55-2.83 Reference Reference Reference
>2.84 0.97 (0.63-1.48) 0.874 0.96 (0.63-1.48) 0.865 1.08 (0.68-1.73) 0.748
iPF2alpha-VI <2.71 1.04 (0.68-1.60) 0.838 1.07 (0.69-1.63) 0.772 1.05 (0.67-1.65) 0.829
2.72-11.43 Reference Reference Reference
>11.44 1.15 (0.74-1.77) 0.535 1.22 (0.79-1.88) 0.373 1.26 (0.78-2.02) 0.343

2 Ordinal logistic regression models were fitted with Fried status as the dependent variable and categorised biomarker as the independent variable. Continuously
distributed biomarkers were quartiled and the middle two quartiles were combined and used as the reference category. Model 1 is unadjusted; Model 2 is adjusted for sex
only; and Model 3 is adjusted for sex, education, smoking status, number of chronic diseases, and use of oral corticosteroids, non-steroidal anti-inflammatory, anti-infection

or immune modulating drugs.

IL-6, basal TNF-alpha and CRP were entered into a model together,
low albumin remained significant with an attenuated odds ratio
1.91(95%CI1.19-3.09), p = 0.008. When models were fully adjusted,
the findings for basal IL-6 and TNF-alpha, CRP, albumin, lympho-
cytes and memory/naive CD8 T cell ratio remained significant; effect
sizes were broadly similar except for albumin where the odds ratio
dropped by 0.37 (Table 3, Model 3). Supplementary Table A2
(Appendix A) shows the proportion classified as frail, pre-frail and
robust within each biomarker category.

3.4.2. Rockwood frailty index and biomarkers

Using Spearman’s rank correlation, a significant association
with RFI was found for eight biomarkers: basal IL-6, basal TNF-
alpha, CRP, albumin, white cell count, neutrophil count, lympho-
cyte count and memory/naive B cell ratio (Table 4). Positive

correlations were seen for basal IL-6, basal TNF-alpha, CRP, white
cell count and neutrophil count, and negative for albumin,
lymphocyte count and memory/naive B cell ratio. The largest
effect sizes were seen for albumin, CRP and neutrophil count yet
these biomarkers explained only 7.3%, 4.7%, and 3.4% respectively
of RFI variance.

Unadjusted linear regression models for RFI (square root
transformed) showed significant associations with six biomarkers:
basal IL-6, basal TNF-alpha, CRP, albumin, neutrophil count and
memory/naive B cell ratio (Table 5, Model 1). Compared to
participants in the combined middle (referent) quartiles, partici-
pants with low basal IL-6 and TNF-alpha were significantly less
frail (lower mean square root frailty index), whilst those with high
CRP and neutrophils and low albumin and memory/naive B cell
ratio were significantly more frail. Absolute differences in mean
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Table 4
Rockwood frailty index and biomarkers (continuous variables) - Spearman’s rank correlation.
Biomarker Spearman’s rho p Value
Inflammation
IL-6, basal (pg/ml) 0.086 0.023
TNF-alpha, basal (pg/ml) 0.101 0.007
IL-6, post stimulation (pg/ml) 0.046 0.229
TNF-alpha, post stimulation(pg/ml) 0.051 0.181
CRP (mg/l) 0217 <0.001
Albumin (g/1) -0.270 <0.001
White blood cells (x10%/1) 0.103 0.005
Neutrophils (x10°/1) 0.185 <0.001
Monocytes (x10°/1) 0.020 0.579
Eosinophils (x10°/1) —-0.018 0.633
Basophils (x10°/1) —0.064 0.080
Immunosenescence
Lymphocytes (x10°/1) —-0.076 0.039
CD4/CD8 T cell ratio 0.034 0374
Memory/naive CD4 T cell ratio -0.017 0.644
Memory/naive CD8 T cell ratio —0.073 0.054
Memory/naive B cell ratio —0.089 0.020
Cellular ageing
Telomere length (bp) —0.008 0.824
DNA damage (%) —0.028 0.452
DNA repair (%) —0.056 0.126
[soprostanes (ng/ml)
iPF2alpha-IIl —0.041 0.278
iPF2alpha-VI 0.020 0.588
Table 5
Rockwood frailty index (RFI) and biomarkers - regression coefficients (unstandardized) for square root transformed RFI by categorised biomarker.*
Biomarker Model 1 unstandardized Model 1 Model 2 unstandardized r Model 2 Model 3 unstandardized Model 3
regression coefficient p value egression coefficient p value regression coefficient p value
(95% confidence interval) (95% confidence interval) (95% confidence interval)
CMV
CMV positive 0.012 (-0.014 to 0.037) 0.370 0.010 (—0.015 to 0.036) 0.433 —0.002 (—0.026 to 0.022) 0.879
CMV negative Reference Reference Reference
Inflammation
IL-6, basal (pg/ml) <4.15 —0.030 (—0.052 to —0.007) 0.010 —0.031 (—0.053 to —0.008) 0.007 —0.022 (—0.043 to —0.001) 0.041
4.16-150.02 Reference Reference Reference
>150.03 0.003 (—0.019 to 0.026) 0.761 0.005 (—0.017 to 0.027) 0.649 0.016 (—0.005 to 0.037) 0.143
TNF-alpha, basal (pg/ml) <1.58 —0.025 (—0.047 to —0.002) 0.033 —0.024 (—0.046 to —0.002) 0.035 —0.021 (—0.043 to 0.000) 0.048
1.59-8.92 Reference Reference Reference
>8.93 0.001 (—0.022 to 0.024) 0.922 0.003 (—0.019 to 0.026) 0.770 0.011 (-0.010 to 0.032) 0.299
IL-6, post stimulation <10543.27 —0.011 (-0.033 to 0.012) 0.358 —0.016 (—0.038 to 0.007) 0.169 —0.012 (—0.034 to 0.009) 0.261
(pg/ml) 10543.28-31366.09 Reference Reference Reference
>31366.10 0.008 (—0.015 to 0.031) 0.494 0.008 (—0.015 to 0.030) 0.491 0.004 (-0.017 to 0.025) 0.727
TNF-alpha, post <213.35 —0.014 (—0.036 to 0.009) 0.231 —0.017 (—0.040 to 0.005) 0.133 —0.017 (-0.039 to 0.004) 0.112
stimulation (pg/ml) 213.36-905.78 Reference Reference Reference
>905.79 0.008 (—0.015 to 0.030) 0.499 0.009 (—0.014 to 0.031) 0.446 0.005 (—0.017 to 0.026) 0.658
CRP (mg/l) <1.20 —0.020 (—0.041 to 0.001) 0.062 —0.019 (—0.040 to 0.001) 0.067 —0.011 (-0.031 to 0.009) 0.297
1.21-6.00 Reference Reference Reference
>6.01 0.049 (0.028-0.070) <0.001 0.050 (0.030-0.071) <0.001 0.035 (0.014-0.055) 0.001
Albumin (g/1) <38 0.092 (0.072-0.112) <0.001 0.090 (0.070-0.110) <0.001 0.052 (0.031-0.072) <0.001
39-42 Reference Reference Reference
>43 —0.008 (—0.031 to 0.014) 0.472 —0.006 (—0.028 to 0.016) 0.592 —0.010 (-0.031 to 0.011) 0.355
White blood cells (x10°%/1) <5.40 —0.008 (—0.029 to 0.013) 0.468 —0.010 (-0.031 to 0.011) 0.358 —0.006 (—0.026 to 0.015) 0.580
5.41-7.60 Reference Reference Reference
>7.61 0.022 (—0.001 to 0.044) 0.056 0.021 (—0.001 to 0.043) 0.059 0.016 (—0.004 to 0.037) 0.122
Neutrophils (x10/1) <2.87 —0.018 (—0.039 to 0.004) 0.106 —0.019 (—0.040 to 0.002) 0.077 —0.017 (-0.037 to 0.003) 0.101
2.88-4.55 Reference Reference Reference
>4.56 0.036 (0.014-0.057) 0.001 0.036 (0.015-0.058) 0.001 0.027 (0.006-0.048) 0.010
Monocytes (x10%/1) <0.44 -0.003 (-0.024 to 0.019) 0.788 -0.003 (-0.024 to 0.018) 0.794 -0.009 (-0.029 to 0.012) 0.415
0.45-0.66 Reference Reference Reference
>0.67 —0.008 (—-0.030 to 0.014) 0.466 —0.002 (—0.024 to 0.020) 0.842 —0.011 (-0.032 to 0.010) 0.317
Eosinophils (x10°/1) <0.13 0.004 (—-0.017 to 0.026) 0.706 0.001 (—0.020 to 0.022) 0.930 —0.006 (—0.027 to 0.014) 0.539
0.14-0.31 Reference Reference Reference
>0.32 0.003 (—0.019 to 0.025) 0.780 0.006 (—0.016 to 0.028) 0.591 0.001 (—0.020 to 0.021) 0.927
Basophils (x10°/1) <0.020 0.009 (—0.011 to 0.029) 0.363 0.009 (—0.011 to 0.029) 0.368 0.010 (—0.009 to 0.029) 0.315
0.021-0.050 Reference Reference Reference
>0.051 —0.013 (-0.036 to 0.011)  0.281 —0.014 (-0.037 to 0.009) 0.229 —0.006 (—0.028 to 0.016) 0.585
Immunosenescence
Lymphocytes (x10°/1) <1.43 0.009 (—0.013 to 0.030) 0.428 0.012 (—0.009 to 0.033) 0.258 0.012 (—0.009 to 0.032) 0.268
1.44-2.23 Reference Reference Reference
>2.24 —0.021 (—0.043 to 0.001) 0.057 —0.024 (—0.045 to —0.002) 0.031 —0.018 (—0.038 to 0.003) 0.086



462

Table 5 (Continued)

J. Collerton et al./ Mechanisms of Ageing and Development 133 (2012) 456-466

Biomarker Model 1 unstandardized Model 1 Model 2 unstandardized r Model 2 Model 3 unstandardized Model 3
regression coefficient p value egression coefficient p value regression coefficient p value
(95% confidence interval) (95% confidence interval) (95% confidence interval)
Immune risk profile —0.006 (—0.030 to 0.019) 0.648 0.001 (—0.023 to 0.026) 0.907 —0.004 (—0.028 to 0.020) 0.734
(CD4/CD8 T cell ratio <1)
CD4/CD8 T cell ratio >1 Reference Reference Reference
CD4/CD8 T cell ratio <1.19 0.005 (—0.018 to 0.027) 0.687 0.010 (—0.013 to 0.032) 0.391 —0.001 (—0.022 to 0.021) 0.963
1.20-3.52 Reference Reference Reference
>3.53 0.014 (—0.009 to 0.037) 0.226 0.010 (—0.012 to 0.033) 0.364 0.010 (—0.012 to 0.031) 0.377
Memory/naive <0.12 —0.007 (—0.029 to 0.016) 0.567 —0.008 (—0.030 to 0.014) 0.473 —0.007 (—0.028 to 0.015) 0.548
CD4 T cell ratio 0.13-0.62 Reference Reference Reference
>0.63 —0.005 (—0.028 to 0.017) 0.637 0.000 (—0.023 to 0.022) 0.976 —0.002 (-0.023 to 0.020) 0.880
Memory/naive <0.37 0.011 (-0.012 to 0.033) 0.356 0.012 (—0.010 to 0.035) 0.277 0.019 (—0.002 to 0.041) 0.078
CD8 T cell ratio 0.38-2.75 Reference Reference Reference
>2.76 —0.019 (-0.042 to 0.003) 0.097 —0.014 (-0.036 to 0.009) 0.232 —0.010 (-0.031 to 0.012)  0.379
Memory/naive <0.18 0.029 (0.006 to 0.052) 0.012 0.028 (0.005 to 0.050) 0.016 0.032 (0.011 to 0.053) 0.003
B cell ratio 0.19-0.69 Reference Reference Reference
>0.70 0.008 (—0.015 to 0.030) 0.488 0.009 (—0.013 to 0.031) 0.437 —0.006 (—0.027 to 0.016)  0.593
Cellular ageing
Telomere length (bp) <3345.55 0.004 (-0.018 to 0.026)  0.718  0.001 (-0.022 to 0.023)  0.965  0.000 (—0.021 to 0.022)  0.965
3345.56-4237.39  Reference Reference Reference
>4237.40 —0.005 (—0.028 to 0.017)  0.645 —0.003 (—0.025 to 0.020) 0.814 0.008 (—0.013 to 0.029) 0.455
DNA damage (%) <31.26 0.002 (~0.020 to 0.024)  0.877  0.001 (-0.021 to 0.023) 0916  0.009 (—0.012 to 0.029)  0.403
31.27-65.08 Reference Reference Reference
>65.09 —0.008 (—0.030 to 0.014) 0.454 —0.009 (—0.031 to 0.013) 0.413 —0.006 (—0.027 to 0.015) 0.564
DNA repair (%) <24.10 0.002 (-0.020 to 0.024)  0.830  0.004 (-0.017 to 0.026)  0.695  0.007 (—0.013 to 0.028)  0.478
24.11-65.05 Reference Reference Reference
>65.06 —0.010 (-0.032 to 0.012) 0.355 —0.009 (—-0.031 to 0.012) 0.398 —0.005 (—0.025 to 0.016) 0.665
Isoprostanes (ng/ml)
iPF2alpha-III <0.54 0.002 (—0.020 to 0.024) 0.843 0.004 (—0.018 to 0.026) 0.733 0.003 (—0.018 to 0.024) 0.747
0.55-2.83 Reference Reference Reference
>2.84 —0.012 (-0.034 to 0.010) 0.296 —0.011 (-0.033 to 0.011)  0.342 —0.002 (—-0.023 to 0.019) 0.840
iPF2alpha-VI <2.71 —0.005 (—0.027 to 0.018) 0.676 —0.002 (—0.024 to 0.020) 0.876 0.000 (—0.021 to 0.021) 0.991
2.72-11.43 Reference Reference Reference
>11.44 0.007 (—0.015 to 0.029) 0.529 0.011 (—0.011 to 0.033) 0.317 0.015 (—0.006 to 0.037) 0.152

¢ Linear regression models were fitted with Rockwood frailty index (square root transformed) as the dependent variable and categorised biomarker as independent
variable. Continuously distributed biomarkers were quartiled and the middle two quartiles were combined and used as the reference category. Model 1 is unadjusted; Model
2 is adjusted for sex only; and Model 3 is adjusted for sex, education, smoking status, body mass index, and use of oral corticosteroids, non-steroidal anti-inflammatory, anti-

infection or immune modulating drugs.

square root RFI ranged from 0.092 for albumin to 0.025 for basal
TNF-alpha. When albumin, basal IL-6, basal TNF-alpha and CRP
were entered into a model together, low albumin remained
significant (p < 0.001) with an attenuated regression coefficient
(0.082, 95% CI 0.060-0.104). When models were adjusted for sex
(Table 5, Model 2), participants with high lymphocytes were
significantly less frail, a finding which was borderline significant in
the unadjusted model. When models were fully adjusted the
findings for basal IL-6, basal TNF-alpha, CRP, albumin, neutrophil
count and memory/naive B cell ratio remained significant with
attenuated regression coefficients, with the exception of memory/
naive B cell ratio where the coefficient increased (Table 5, Model 3).
The median RFI in each biomarker category is shown in
Supplementary Table A3 (Appendix A). For biomarkers significant
in the regression analysis, the absolute differences in median RFI
compared to the referent category were 0.08 for albumin; 0.04 for
CRP; 0.03 for neutrophils; 0.02 for basal TNF-alpha, lymphocytes
and memory/naive B cell ratio; and 0.01 for basal IL-6.

Linear regression models were repeated using the smaller
healthier RFI sample with FFS available (data not shown). For
unadjusted models, the findings for CRP, neutrophils, albumin and
memory/naive B cell ratio remained significant (p values < 0.001,
<0.001, 0.017 and 0.011 respectively). For white cell count the
borderline significant result in the full RFI sample result became
significant (p value 0.026). These findings retained significance,
with attenuated regression coefficients, in fully adjusted models.

3.4.3. Consistency of biomarker associations across frailty measures
Findings were generally consistent across both frailty measures
when using the full sample for each (n=811 for RFI, n =552 for

FFS). Exceptions were white blood cells and memory/naive B cell
ratio where findings were confined to RFI, and memory/naive CD8
T cell ratio where associations found with FFS were of borderline
significance for RFI and confined to correlation analysis.

4. Discussion
4.1. Overview of findings

This is the most comprehensive assessment to date of biomarker
associations with objectively determined frailty in a very old
population. We confirmed the importance of inflammatory markers
in frailty in a very old population, previously established only in the
younger old. CRP, IL-6, TNF-alpha and neutrophil count showed
positive associations with both frailty measures and albumin
inverse associations. Limited evidence was found to support the
role of immunosenescence. Although total lymphocyte count was
inversely related to both frailty measures, no relationships were
found with the immune risk profile and the inverse relationships
observed with memory/naive CD8 T and B cell ratios were in the
opposite direction to that expected. No frailty associations were
found with CMV sero-positivity or the cellular ageing markers.
Although the two frailty models measure different albeit over-
lapping concepts (Cigolle et al., 2009; Rockwood et al., 2007),
findings were generally consistent across both measures.

Effect sizes for the Fried frailty measure were relatively large
and fairly consistent across markers. Being in the outer biomarker
quartiles was associated with approximately double or half the risk
of being in a frailer Fried category, compared to the middle referent
quartiles. For the Rockwood index, absolute differences in RFI
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scores between the outer and referent quartiles ranged from 0.01
(IL-6) to 0.08 (albumin). This represents a change in the sample
median RFI of 5-40%, which equates to 0.4-3.2 heath deficits out of
a total of 40. With the exception of some white cell parameters,
associations were independent of a range of confounders.

4.2. Inflammation and frailty

The only previous investigation of inflammatory markers and
Rockwood frailty is that of Hubbard et al. (2009) in 110 people aged
75+. CRP, IL-6 and TNF-alpha were positively correlated with RFI
and albumin inversely; no correlation was found for total white
blood cell count whilst white cell sub-types were not addressed.

A number of studies have explored inflammation and Fried
frailty, although several excluded men (Fried et al., 2009; Leng
et al., 2007, 2009a,b; Reiner et al., 2009; Schmaltz et al., 2005), or
had relatively small samples (Hubbard et al., 2009; Leng et al.,
2002, 2004a,b, 2011b; Serviddio et al., 2009; Wu et al., 2009). IL-6
is consistently associated with Fried frailty in both cross-sectional
(Bandeen-Roche et al., 2009; Fried et al., 2009; Hubbard et al.,
2009; Leng et al., 2002, 20044a,b, 2007, 2011b; Mathei et al., 2011;
Schmaltz et al., 2005) and prospective studies (Reiner et al., 2009),
whilst evidence for CRP and TNF-alpha is mixed. For CRP,
associations with prevalent and incident frailty were found in
the Cardiovascular Health Study (Barzilay et al., 2007; Walston
et al.,, 2002), and Hubbard et al. (2009) and Wu et al. (2009)
reported association with prevalent frailty. However, no associa-
tion with incident frailty was found in the Women’s Health
Initiative-Observational Study (Reiner et al., 2009) or with
prevalent frailty in the InCHIANTI study (Bandeen-Roche et al.,
2009). For TNF-alpha, Serviddio et al. (2009) and Hubbard et al.
(2009) found an association with prevalent frailty, whilst no
association was seen in the INCHIANTI study (Bandeen-Roche
et al., 2009) or by Leng et al. (2004b).

With the exception of Leng et al. (2004b), previous studies
measured circulating levels of IL-6 and TNF-alpha whereas we
measured basal and stimulated production by PBMCs. Whilst IL-6
and TNF-alpha are not produced exclusively by PBMCs, basal PBMC
production is likely to be closely related to circulating levels. In
contrast, stimulated cytokine levels reflect the ability of PBMCs to
mount an immune response. The only previous investigation of
frailty and basal and stimulated PBMC production of IL-6 and TNF-
alpha is that by Leng et al. (2004b) (n = 22). No frailty association
was found for basal levels of either cytokine whilst stimulated IL-6
was associated but not stimulated TNF-alpha. We found no
association between frailty and stimulated PBMC production of IL-
6 or TNF-alpha.

With respect to cellular components of the inflammatory
response, we found an association with neutrophils for both frailty
measures, for white blood cells with Rockwood only, and no
association for monocytes, eosinophils and basophils for either
measure. The Women’s Health and Ageing Studies reported
associations between Fried frailty and white cells (Leng et al.,
2007, 2009a), neutrophils and monocytes (Leng et al., 2009b)
although the finding for neutrophils and monocytes was confined
to a disabled subset. In contrast, Hubbard et al. (2009) found no
association with white cell count and Fried frailty, although sub-
types were not explored. The effect of the total white cell count can
be difficult to interpret as it is the sum of its component sub-types;
of note the frailty relationships we found for neutrophils and
lymphocytes were in opposite directions.

Our finding of an inverse association between albumin and
frailty is in line with previous studies of the Fried (Hubbard et al.,
2009; Le Couteur et al., 2010; Walston et al., 2002; Wu et al., 2009)
and Rockwood models (Hubbard et al., 2009). The association
persisted, with some attenuation, after adjustment for inflamma-

tory markers indicating the importance of albumin as a marker of
more than one system; low albumin is associated with inflamma-
tion, malnutrition and disease states.

The importance of inflammation in frailty is reinforced by the
consistency in findings across different frailty models (Hubbard
et al., 2008, 2009; Almeida et al., 2012; Puts et al., 2005), together
with reports of the significance of the burden of inflammatory
disease (Chang et al., 2010, 2012).

4.3. CMV and frailty

We found no association between CMV sero-positivity and
either frailty model. Chronic CMV infection is a driver of T cell
immunosenescence and chronic pro-inflammatory states (Derho-
vanessian et al., 2009; Mogensen and Paludan, 2001; Pawelec et al.,
2009). No previous studies have examined CMV status and
Rockwood frailty; findings for the Fried model are conflicting.
Positive association was found for CMV sero-positivity and
prevalent frailty (Schmaltz et al., 2005), and for high anti-CMV
IgG titres and incident frailty (Wang et al., 2010) in the Women'’s
Health and Ageing Studies. Conversely, the Belfrail study in men
and women aged 80+ reported an inverse association between
CMV sero-positivity and prevalent frailty and no association with
anti-CMV IgG titres (Mathei et al., 2011).

Heterogeneity in the CMV sero-positive older population has
been suggested as a possible explanation for these inconsistencies,
with potential differences between study populations in the
proportion of sero-positive participants with persistent chronic
infection (Leng, 2011). Positive CMV serology cannot distinguish
between persistent and resolved infection (Leng et al., 2011a).
Although it has been suggested that anti-CMV IgG titre levels
might reflect the cumulative frequency of viral reactivation (Wang
et al., 2010), no definitive evidence exists. A survival effect in the
very old has also been proposed with those susceptible to the
adverse effects of CMV under-represented in the sample due to
death at an earlier age (Mathei et al., 2011).

4.4. Immunosenescence and frailty

We found that total lymphocyte count, a crude marker of
immune status, was inversely associated with both Fried and
Rockwood frailty. No previous studies have explored links between
Rockwood frailty and lymphocyte count. Three previous studies of
the Fried model found no association, although these had relatively
small samples (De Fanis et al., 2008; Semba et al., 2005) and/or
excluded men (Leng et al., 2009b; Semba et al., 2005).

Alteration in T lymphocyte subsets is a key marker of
immunosenescence. A decrease in the number and functionality
of naive cells and an increase in the number of memory cells but
showing poor functionality are important. Lifetime antigenic
burden is an important driver with CMV a key pathogen
(Derhovanessian et al., 2009; Larbi et al., 2008; Pawelec et al.,
2009). A CD4/CD8 T cell ratio less than one, termed the immune
risk profile (IRP), was a key immunosenescence marker in the
Swedish OCTO and NONA studies of people aged over 85 (Ferguson
et al., 1995; Wikby et al., 1998, 2005). No previous studies have
investigated immunosenescence and Rockwood frailty. Five
studies have explored immunosenescence in Fried frailty. A study
in the Women’s Health and Ageing cohort (n=127) reported an
association with frailty and low CD4/CD8 T cell ratio and high CDS,
low CD4, high CD8+CD28—, low CD8+CD28+, high CD4+CD28—
and low CD4+CD28+ T cells (Semba et al., 2005). De Fanis et al.
(2008) (n = 26) found an association with frailty and low CD4 and
high CD8 T cell counts. In the Multicentre Aids Cohort, low CD4 T
cell counts in 245 HIV infected men were independently predictive
of a frailty-related phenotype (Desquilbet et al., 2007). In the NONA
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study lower B cell diversity was associated with ‘frailty’; however
frailty was defined as not medicated, institutionalised or demented
rather than being objectively determined (Gibson et al., 2009). In
contrast, we found no association with the immune risk profile for
either frailty model and the inverse relationships observed for the
memory/naive CD8 T cell and B cell ratios were in the opposite
direction to that anticipated. The recent observation that currently
used immune phenotyping markers may not adequately differen-
tiate between senescent and fit memory T cells (Prlic et al., 2012)
may offer a partial explanation.

4.5. Cellular markers of ageing and frailty

We found no association between frailty and oxidative stress,
PBMC telomere length or DNA damage and repair capacity. No
previous studies have explored the role of oxidative stress in
Rockwood frailty, whilst three report an association with Fried
frailty. Wu et al. (2009) (n = 90) and Serviddio et al. (2009) (n = 62)
found frailty associations with 8 hydroxy-2 deoxyguanosine, and
oxidised glutathione plus markers of lipid peroxidation respectively.
The InCHIANTI study (n = 827) used an indirect measure of oxidative
stress, the antioxidant Vitamin E, and found an inverse association
with frailty (Ble et al., 2006). Only one study investigated the
relationship between telomere length and frailty; Woo et al. (2008)
found no correlation between peripheral blood telomere length and
the Rockwood frailty index in a sample of 2000 Hong-Kong Chinese.
As yet, there are no published human population-based studies
reporting on the associations between DNA damage/repair markers
and ageing phenotypes including frailty.

4.6. The importance of studying dysregulation across multiple inter-
related systems

We have considered the relationship between frailty and
biomarkers of a limited range of systems/processes, with each
marker considered in isolation. Other systems are also implicated in
frailty with dysregulation across multiple systems a key mechanism
(Fried et al., 2009; Gruenewald et al., 2009; Sanders et al., 2011;
Szanton et al., 2009). Complex interactions occur between markers
and between systems (De Martinis et al., 2006; Derhovanessian
et al.,, 2009; Fulop et al., 2010; Hummel and Abecassis, 2002; Kregel
and Zhang, 2007; Larbi et al., 2007; Pawelec et al., 2009; Prosch et al.,
1999; von Zglinicki and Martin-Ruiz, 2005). Further research into
the pathophysiology of frailty will require sophisticated analytical
techniques, such as those used in systems biology (Kirkwood, 2008,
2011), to integrate findings from the extensive range of physiologi-
cal systems and cellular and molecular processes potentially
involved, and their complex interactions.

4.7. Applicability of the Rockwood and Fried frailty models in the very
old

We were able to operationalize RFI in 96% of our sample. FFS
could not be determined in over one third of our sample, due
largely to the requirement to exclude participants with certain pre-
existing conditions on the basis that these might cause a
participant to be scored as frail due to the effects of that disease
alone. This was compounded by non-completion of performance
tests in a population with considerable multi-morbidity (Collerton
et al., 2009). This significantly limits the utility of the Fried model
in very old people.

4.8. Strengths and limitations

The strengths of this study are its size and the range of biomarkers
addressed. A further important aspect is the population-based nature

of the sample which included those living in institutions and the
cognitively impaired. Domiciliary assessment facilitated the partici-
pation of those unable or unwilling to travel for clinicbased assessment.
Our analyses were adjusted for a range of potential confounders,
including disease burden for the Fried measure, and recruitment of a
single year birth cohort removed the confounding effect of age.

Some limitations deserve comment. Our data is so far only
cross-sectional; we will investigate the predictive effects of
biomarkers on frailty transitions as longitudinal data becomes
available. Whilst the recruitment rate was high for study of this
kind and the study sample was socio-demographically represen-
tative, it is possible that non-respondents were frailer than those
who participated. For the Fried model this is compounded by the
stipulated exclusion criteria; hence our Fried frailty prevalence
will under-estimate the scale of the problem. As in many other
investigations (Avila-Funes et al., 2008; Cawthon et al., 2007;
Cigolle et al., 2009; Ensrud et al., 2007; Santos-Eggimann et al.,
2009; Wilhelm-Leen et al., 2010), our FFS operationalization was
an approximation of the Cardiovascular Health Study methodology
as the exact variables were not collected. However our frailty
prevalence was identical to that reported in the Cardiovascular
Health Study for this age group (Fried et al., 2001). CMV status was
determined at the 18 month follow-up assessment rather than at
baseline for 80% of the sample; however we consider rates of sero-
conversion between the ages of 85 and 86.5 years to be very low. As
stated in the methods, we could not reliably perform a formal
statistical correction for multiple testing. We are nevertheless
confident that our principal findings concerning the role of
inflammatory markers in frailty in the very old are robust being
also in strong agreement with previous studies in younger
populations. However, p values around 0.05 should be treated
with appropriate caution.

4.9. Conclusions

This large population-based study of 85 year olds confirms the
importance of inflammatory markers in frailty in the very old,
previously established only in the younger old. Limited evidence
was found for the role of immunosenescence in frailty in this age
group, and no evidence for CMV sero-positivity, telomere length,
oxidative stress or DNA damage and repair. Difficulties in
operationalizing the Fried model in the very old limit its utility
in this age group.
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