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ABSTRACT 
 

Frailty is associated with respiratory exacerbations and mortality in individuals with Chronic Obstructive 
Pulmonary Disease (COPD). Among those with a smoking history and normal spirometry, frailty’s association 
with respiratory outcomes is less defined. 

COPDGene is a cohort study of individuals aged 45–80 with a minimum 10 pack-year smoking history. A 
modified Fried Frailty Phenotype was performed at 10-year follow-up; participants were categorized as frail, 
prefrail, or robust. Primary outcomes were respiratory exacerbations, epigenetic pace of aging, and all-cause 
mortality. 

Among 2665 participants, 401 (15%) were frail and 1352 (51%) were prefrail. Adjusting for smoking and lung 
function, frailty was associated with prospective respiratory exacerbation rate (IRR 3.4, 95% CI 2.4–4.8), severe 
exacerbations (OR 2.8(1.8–4.2)), and frequent exacerbations (OR 5.5(3.2–9.3)). Prefrailty was also associated 
with exacerbation outcomes (rate IRR 1.8(1.4–2.3); severe OR 1.6(1.1–2.2); frequent OR 2.6(1.7–4.1)). Frailty 
and prefrailty were associated with increased all-cause mortality (AHR: frailty 4.5(2.4–8.5); prefrailty 2.5(1.5–
4.2)). All frailty (and most prefrailty) findings persisted in those with normal spirometry. Baseline DunedinPACE 
of aging was associated with prospective frailty at 10-year follow-up. 

Frailty associated with respiratory exacerbations and mortality; findings persisted among individuals with 
normal spirometry, highlighting the relevance of evaluating for frailty in people with a history of smoking. 
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INTRODUCTION 
 

Frailty is a syndrome of decreased functional reserve 

and increased vulnerability to stressors. It has been 

associated with advanced age, chronic diseases 

including chronic obstructive pulmonary disease 

(COPD), and increased risk of disability and death [1]. 

A commonly used method for assessing frailty is the 

Fried Frailty Phenotype (FFP), a physiologic definition 

that categorizes individuals as frail, prefrail, or robust 

based on five components: shrinking, weakness, 

slowness, low activity level, and fatigue [1]. 

 

The reported prevalence of frailty in populations with 

COPD varies from 6–58% [2–10]. COPD is associated 

with increased odds of frailty and with increased rates 

of frailty progression [2, 11]. Among individuals with 

COPD, frailty increases the risk of hospitalizations and 

death [2, 5, 7]. Frailty (as well as handgrip weakness, a 

component of the frailty definition) has been associated 

with increased risk of COPD exacerbations [5, 12–15], 

although this association has not been consistently 

demonstrated [16]. Notably, in individuals with COPD, 

completing a pulmonary rehabilitation program may 

reverse the frailty phenotype [17]. 

 

Prefrailty, a potential ‘subclinical’ precursor to frailty, 

has also been linked to adverse outcomes [1, 18]. 

Among individuals with COPD, prefrailty has been 

associated with respiratory exacerbations as defined by 

electronic medical record codes and drug prescription 

data [5]. Its association with mortality in this population 

has been less consistent, although a recent meta-analysis 

demonstrated a pooled hazard ratio of 1.5 (0.9–2.4) of 

prefrailty on all-cause mortality [5, 19]. 

 

While cigarette smoking has been associated with 

prevalent frailty [20–22], the association between 

smoking and frailty development has been variable [23–

28]. In particular, one study found that current smoking 

was associated with two-fold odds of incident frailty, 

but this effect was not observed after adjusting for 

COPD status [29]. The associations between smoking 

and frailty in the literature have not been consistently 

adjusted for lung function or COPD status, potentially 

contributing to this variability of findings. 

 

The burden of smoking-related symptoms among 

individuals with normal spirometry is becoming 

increasingly recognized [30, 31]. Compared to never-

smokers, populations with a cigarette smoking history 

and normal spirometry have demonstrated more 

respiratory exacerbations, higher dyspnea scores, higher 

airway wall thickness, and more evidence of 

radiographic emphysema [30, 31]. The relationship 

between frailty and respiratory exacerbations in this 

population remains unclear. While Verschoor and 

colleagues identified a cross-sectional association 

between history of respiratory symptoms (any cough, 

wheeze, or dyspnea in the past year) and frailty [32], 

this has not to our knowledge been studied 

prospectively, nor with a focus on exacerbations and 

with consideration of prefrailty. 

 

Prior studies have demonstrated associations between a 

variety of epigenetic age acceleration measures and 

frailty [33–35]. DunedinPACE, a novel DNA 

methylation-based biomarker of the pace of aging, has 

been associated with subsequent (7-year) frailty in a 

small study of older adults (aged ≥70) [36, 37]. Another 

recent study suggested that a higher DunedinPACE may 

predate changes in frailty [38]. Given the extensive 

impact of current cigarette smoking on the epigenome, 

and noting that associations between smoking-related 

DNA methylation changes and frailty have  

been observed, we performed a smoking-stratified 

assessment of the association between DunedinPACE 

and frailty at 10-year follow up [21]. 

 

In this study, we determined the prevalence of frailty 

and prefrailty in a population with a smoking history 

and evaluated their associations with subsequent 

respiratory exacerbations and all-cause mortality. To 

elucidate the associations between frailty and outcomes 

independent of COPD, we adjusted for lung volume in 

regression models. We also performed subgroup 

analyses of individuals with normal spirometry, mild 

COPD (Global Initiative for Chronic Obstructive Lung 

Disease (GOLD) 1), moderate to very severe COPD 

(GOLD 2–4), and Preserved Ratio Impaired Spirometry 

(PRISm). We additionally conducted post-hoc analyses 

comparing smoking intensity to frailty and evaluating 

frailty in a cohort of never-smoker controls. We 

hypothesized that frailty and prefrailty would increase 

the risk of adverse outcomes across spirometric 

subgroups, including among those with normal 

spirometry. 

 

RESULTS 
 

Demographics and baseline characteristics 

 

Of 2665 participants, 401 (15%) were frail, and 1352 

(51%) were pre-frail (Table 1). The mean age (standard 

deviation) of the study population was 70(8). The 

distribution of frailty category by age was similar for 

subjects between 50–80 years old; frailty prevalence 

was increased among individuals aged 80 and above 

(Supplementary Figure 1). 

 

Frailty prevalence was higher among individuals with 

GOLD 2–4 COPD (24%) than in those with normal 
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Table 1. Participant characteristics. 

Characteristic n Robust Prefrail Frail p* 

n (%) 2,665 912 (34%) 1,352 (51%) 401 (15%)  

Age 2,665 68.6 (7.4) 69.7 (8.1) 71.5 (9.2) <0.001 

Sex 2,665    0.39 

Male  450 (49.3%) 640 (47.3%) 204 (50.9%)  

Female  462 (50.7%) 712 (52.7%) 197 (49.1%)  

Race 2,665    <0.001 

Non-Hispanic White  742 (81.4%) 933 (69.0%) 270 (67.3%)  

African American  170 (18.6%) 419 (31.0%) 131 (32.7%)  

BMI 2,665 28.6 (5.5) 28.5 (6.1) 30.1 (7.6) 0.002 

Current Smoking 2,663 239 (26.2%) 462 (34.2%) 138 (34.4%) <0.001 

Smoking Pack-Years 2,663 39.3 (20.3) 43.0 (22.4) 52.7 (26.6) <0.001 

GOLD grade 2,646    <0.001 

Normal Spirometry  473 (52.3%) 589 (43.7%) 108 (27.4%)  

1  115 (12.7%) 154 (11.4%) 27 (6.9%)  

2  160 (17.7%) 293 (21.8%) 68 (17.3%)  

3  56 (6.2%) 104 (7.7%) 85 (21.6%)  

4  9 (1.0%) 32 (2.4%) 52 (13.7%)  

Total GOLD 2–4 (Moderate-Severe COPD)  225 (24.9%) 429 (31.8%) 205 (52.0%) <0.001 

PRISm  92 (10.2%) 175 (13.0%) 54 (13.7%) 0.077 

Comorbidity Count 2,665 1.1 (1.1) 1.4 (1.2) 2.0 (1.4) <0.001 

Total N = 2665. N with data available for each characteristic shown. Continuous variables reported as mean (standard deviation). 
Categorical variables reported as n (%). Abbreviations: BMI: body mass index (kg/m2). GOLD: Global Initiative for Chronic 
Obstructive Lung Disease; COPD: Chronic Obstructive Pulmonary Disease; PRISm: Preserved Ratio Impaired Spirometry. 
Comorbidity count is the sum of the following reported comorbidities: diabetes, coronary artery disease (including reported 
coronary artery disease, myocardial infarction, angina, angioplasty, or coronary artery bypass graft surgery), congestive heart 
failure, cerebrovascular disease (including reported stroke or transient ischemic attack), kidney disease, liver disease, cancer 
(excluding non-melanoma skin cancer), osteoarthritis, and osteoporosis. Expanded characteristics are available in 
Supplementary Table 1. *p-values are calculated by the Kruskal-Wallis rank sum test for continuous variables and by Pearson’s 
chi-squared test for categorical variables. 

 

spirometry (9%) (Supplementary Figure 1). 

Comorbidities including cardiovascular disease and 

osteoarthritis were associated with frailty. Frailty 

distribution across BMI categories was U-shaped 

(Supplementary Figure 1). Frail subjects were more 

likely to report needing assistance with basic and 

independent activities of daily living (BADLs/IADLs); 

25% of frail subjects reported needing help with IADLs, 

compared to less than 1% of robust subjects. Frailty 

category was also associated with probable cognitive 

impairment based on the Mini-Cog assessment 

(Supplementary Table 1). 

 
Frailty category was associated with a higher Modified 

Medical Research Council (MMRC) dyspnea score and 

higher mean airway wall thickness (Pi10) on 

quantitative computed tomography (CT) scan across all 

respiratory subgroups (Table 2). 

 

In this population of current and former smokers, 

current smoking and smoking pack-years were 

associated with frailty category (Table 2), including 

among individuals with normal spirometry. In a 

combined model adjusted for age, sex, and forced 

expiratory volume in one second (FEV1) % predicted, 

the association with frailty in individuals with normal 

spirometry persisted for current smoking (Odds Ratio 

(OR) 2.8 (95% CI 1.7–4.8), p < 0.001) but not smoking 

pack-years. 
 

In the post hoc analysis of the 249 never-smoker 

controls with frailty assessments (mean age = 67), 
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Table 2. Respiratory characteristics and exacerbations by frailty category. 

  All participants Normal spirometry GOLD 1 

(A)  Robust Prefrail Frail p* Robust Prefrail Frail p Robust Prefrail Frail p 

Characteristic N 912 1352 401  473 589 108  115 154 27  

Age 2665 69 (7) 70 (8) 71 (9) <0.001 68 (7) 69 (8) 71 (9) <0.001 71 (8) 73 (8) 74 (10) 0.27 

FEV1 % pred 2646 85 (22) 81 (24) 65 (28) <0.001 99 (13) 100 (14) 97 (12) 0.20 92 (11) 92 (10) 92 (7) 0.57 

Current Smoking 2663 
26.2% 
(239) 

34.2% 
(462) 

34.4% 
(138) 

<0.001 
22.8% 
(108) 

31.6% 
(186) 

34% 
(37) 

0.003 
(31%) 

36 
(37%) 

57 
(52%) 

14 
0.13 

Smoking Pack-Years 2663 39 (20) 43 (22) 53 (27) <0.001 35 (18) 38 (21) 42 (21) 0.003 43 (22) 48 (24) 56 (30) 0.055 

BODE score† 2645 0 (0, 1) 1 (0, 2) 4 (2, 6) <0.001 0 (0, 0) 0 (0, 1) 2 (1, 3) <0.001 0 (0, 0) 1 (0, 2) 3 (2, 5) <0.001 

MMRC score† 2663 0 (0, 1) 0 (0, 2) 3 (1, 3) <0.001 0 (0, 1) 0 (0, 1) 1 (0, 3) <0.001 0 (0, 1) 0 (0, 2) 2 (0, 3) <0.001 

Pi10 2433 
2.16 

(0.50) 
2.28 

(0.55) 
2.64 

(0.61) 
<0.001 

1.95 
(0.40) 

1.99 
(0.41) 

2.14 
(0.43) 

<0.001 
2.08 

(0.36) 
2.16 

(0.42) 
2.47 

(0.45) 
<0.001 

(B) 

Outcome N 793 1122 307  407 489 80  104 127 21  

Annual exacerbation 
rate 

2222 
0.14 

(0.50) 
0.28 

(0.75) 
0.67 

(1.46) 
<.001 

0.10 
(0.43) 

0.19 
(0.71) 

0.39 
(1.48) 

0.173 
0.22 

(0.68) 
0.20 

(0.57) 
0.71 

(2.56) 
0.78 

Any severe 
exacerbation 

2222 
7.8% 
(62) 

13.4% 
(150) 

26.1% 
(80) 

<.001 
4.4% 
(18) 

7.4% 
(36) 

15.0% 
(12) 

.002 
12.5% 
(13) 

12.6% 
(16) 

24% (5) 0.34 

Frequent 
exacerbations 

2222 
3.4% 
(27) 

9.4% 
(105) 

22.1% 
(68) 

<.001 2.0% (8) 
6.1% 
(30) 

11.3% 
(9) 

<.001 5.8% (6) 7.1% (9) 10% (2) 0.74 

 
GOLD 2–4 PRISm 

Robust Prefrail Frail p Robust Prefrail Frail p 

Characteristic 225 429 205  92 175 54  

Age 70 (7) 71 (8) 73 (9) 0.008 67 (8) 67 (8) 67 (8) 0.86 

FEV1 % pred 59 (14) 56 (16) 43 (17) <0.001 72 (8) 70 (8) 67 (10) 0.01 

Current Smoking 27.6% (62)  32.9% (141) 30.7% (63) 0.38 34% (31) 44% (77) 39% (21) 0.26 

Smoking Pack-Years 45 (20) 50 (23) 58 (27) <0.001 40 (21) 38 (20) 52 (27) 0.003 

BODE score† 1 (0, 3) 2 (1, 4) 6 (4, 7) <0.001 0 (0, 1) 1 (0, 3) 3 (3, 5) <0.001 

MMRC score† 1 (0, 2) 2 (0, 3) 3 (3, 4) <0.001 0 (0, 2) 1 (0, 3) 3 (2, 3) <0.001 

Pi10 2.54 (0.49) 2.69 (0.52) 2.91 (0.56) <0.001 2.35 (0.50) 2.43 (0.50) 2.65 (0.55) 0.003 

Outcome 198 358 160  78 145 42  

Annual exacerbation rate 0.18 (0.48) 0.45 (0.91) 0.88 (1.38) <.001 0.18 (0.59) 0.20 (0.53) 0.42 (0.85) 0.026 

Any severe exacerbation 12.6% (25) 22.6% (81) 33.1% (53) <.001 8% (6) 11.7% (17) 21% (9) 0.087 

Frequent exacerbations 4.0% (8) 15.9% (57) 31.9% (51) <.001 6% (5) 6.2% (9) 12% (5) 0.44 

(A) Cross-sectional respiratory characteristics. (B) Longitudinal follow-up exacerbations (mean follow-up time: 2.8 years). Note that 19 
participants did not have spirometry data reported, and not all participants had longitudinal follow-up data (N reported separately for 2A 
and 2B). Continuous variables reported as mean (standard deviation) unless otherwise specified; categorical variables reported as % (n). 
Abbreviations: GOLD: Global Initiative for Chronic Obstructive Lung Disease; PRISm: Preserved Ratio Impaired Spirometry; FEV1 % pred: 
Forced expiratory volume in 1 second % predicted; BODE: Body mass index, airflow Obstruction, Dyspnea, and Exercise capacity; MMRC: 
Modified Medical Research Council Dyspnea Scale; Pi10: standardized airway wall thickness on quantitative CT scan (mm). *p-value across 
frailty category (using Kruskal-Wallis rank sum test for continuous data, Pearson’s chi-squared test for categorical data with cell counts >5, 
and Fisher’s Exact test for categorical data with cell counts ≤5). †Median (IQR). 
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4 individuals (2%) were frail, and 84 individuals (34%) 

were prefrail (Supplementary Table 2). 

 

Distribution of frailty components 

 

Shrinking and weakness were the most common 

features in the study cohort. Among frail individuals 

with moderate to very severe COPD, slowness and low 

activity were the most common (Supplementary Table 3 

and Supplementary Figure 2). Principal Component 

Analysis (PCA) demonstrated cross-loading between 

low activity, slowness, and fatigue, and Multiple 

Correspondence Analysis (MCA) demonstrated 

contributions of low activity, slowness, and fatigue to 

the primary dimension (with which frailty was highly 

correlated) (Supplementary Figure 3). 

 

Respiratory characteristics and exacerbations 

 

Exacerbation analyses included 2222 individuals with at 

least 180 days of follow-up (mean follow-up time = 2.8 

years) (Supplementary Table 4 describes those without 

follow-up). Frail participants had significantly higher 

mean annual exacerbation rates compared to robust 

participants (0.67 events/year vs. 0.14 events/year, p < 

0.001) and a higher unadjusted incidence of severe 

(26% vs. 8%, p < 0.001) and frequent (22% vs. 3%, p < 

0.001) exacerbations (Table 2). 

 

In adjusted models, frailty was associated with 

increased exacerbation rate (Incidence Rate Ratio [IRR] 

3.4 (95% CI 2.4–4.8), p < 0.001) and with increased 

odds of severe (OR 2.8 (1.8–4.2), p < 0.001) and 

frequent (OR 5.5 (3.2–9.3), p < 0.001) exacerbations 

(Figure 1 and Supplementary Table 5). Prefrailty was 

likewise associated with increased exacerbation rate 

(IRR 1.8 (1.4–2.3), p < 0.001), severe exacerbations 

(OR 1.6 (1.1–2.2), p = 0.005), and frequent 

exacerbations (OR 2.6 (1.7–4.1), p < 0.001). The frailty 

associations (and most prefrailty associations) persisted 

in subgroups analyses of those with moderate-very 

severe COPD and of those with normal spirometry 

 

 
 

Figure 1. Forest plot of frailty category on respiratory exacerbations. Abbreviations: OR: odds ratio of frailty/prefrailty on severe 

exacerbations; IRR: incident rate ratio of frailty/prefrailty on annual exacerbation rate; GOLD: Global Initiative for Obstructive Lung Disease. 
OR/IRR and 95% confidence intervals (adjusted for age, sex, current smoking, and forced expiratory volume in one second (FEV1) 
%predicted) are shown on log-transformed x-axis. Full details in Supplementary Table 5. 
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(Figure 1). In the subgroups with fewer individuals 

(GOLD 1 and PRISm), associations between frailty and 

respiratory exacerbations did not consistently reach 

statistical thresholds, although effect estimates were in 

the same direction as in the overall analysis. Among 

individuals with PRISm, severe exacerbations were 

significantly associated with frailty (p = 0.047), and 

exacerbation rate had a trend towards association with 

frailty (p = 0.051) (Supplementary Table 5). 

 

Survival analysis - results 

 

For the 2512 participants with mortality and covariate 

data (mean follow-up time = 2.6 years), adjusted risk 

curves of frailty and prefrailty on mortality are shown in 

Figure 2. Both frail (Adjusted Hazard Ratio (AHR) 4.5, 

95% CI 2.4–8.5, p < 0.001) and pre-frail (AHR 2.5 

(1.5–4.2), p < 0.001) individuals had an increased risk 

of death. These findings persisted in subgroup analyses 

of participants with GOLD 2–4 COPD (frailty AHR 4.0 

(1.7–9.3), p = 0.001; prefrailty AHR 2.1 (1.02–4.4), p = 

0.045) and with normal spirometry (frailty AHR 7.9 

(1.9–32.5), p = 0.004; prefrailty HR 4.2 (1.4–12.6), p = 

0.01). Adjusted survival analyses for the PRISm and 

GOLD 1 subgroups were not performed due to low 

event counts (details in Supplementary Table 6). 

 

Epigenetic pace of aging – results 

 

Of 2104 subjects with DNA methylation data available 

at Phases 1 and 2 (Supplementary Table 7), analyses 

revealed associations between DunedinPACE of aging 

at Phase 1 and Phase 2 and frailty category (frail, 

prefrail, or robust) at Phase 3 (p < 0.001) 

(Supplementary Table 8 and Supplementary Figure 4). 

Associations persisted when stratified by smoking status 

at the time of blood draw, although unsurprisingly, 

individuals who were currently smoking tended to  

have higher DunedinPACE overall despite being 

chronologically younger (Supplementary Table 8 and 

Supplementary Figure 4). A sensitivity analysis of 

only those who did not report current smoking at 

Phase 1 nor at Phase 2 (“former-former” smoking) 

confirmed an association between DunedinPACE and 

frailty category. A sex-stratified sensitivity analysis of 

DunedinPACE on frailty status redemonstrated the 

association between DunedinPACE and frailty. Logistic 

regression demonstrated an association between 

baseline DunedinPACE and 10-year frailty (OR 2.8; 

95% CI 2.3–3.4) and prefrailty (OR 1.9 (1.6–2.3)) 

(Supplementary Table 9 and Supplementary Figure 5). 

(Original DunedinPACE units were used, in which a 

value of one corresponds to one year of biological aging 

per year of chronological aging). 

 

Secondary analyses 

 

There was no evidence of effect modification of FEV1 

% predicted on the relationship between frailty and 

prefrailty and longitudinal outcomes. 

 

Evaluation of the relationship between the number of 

frailty components on longitudinal outcomes demonstrated 

higher exacerbations and increased risk of death in 

individuals with more components present (Supplementary 

Figures 6, 7 and Supplementary Table 10). 

 

 
 

Figure 2. Adjusted all-cause mortality cumulative incidence curves by frailty category. Adjusted cumulative incidence (fraction) 

curves for (A) all participants, (B) individuals with GOLD 2–4 COPD, and (C) individuals with normal spirometry. The Cox adjusted Hazard 
Ratios (AHR) by frailty category (compared to robust group) are shown as: AHR (95% Confidence Interval); p-value. AHR was adjusted for 
age, sex, body mass index, smoking pack-years, FEV1 % predicted, diabetes, and heart disease (any of: coronary artery disease, myocardial 
infarction, angina, angioplasty, coronary artery bypass graft surgery, or congestive heart failure). 
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In an adjusted Cox model evaluating all five frailty 

components together, shrinking, weakness, and slow-

ness remained independently associated with mortality. 

In sex-stratified analyses, frailty remained associated 

with exacerbation and mortality outcomes for both men 

and women, although the effect estimates for women 

tended to be higher (Supplementary Table 11). 

 

Sensitivity analyses 

 

When the frailty phenotype was operationalized using 

the slowness definition from the NETT trial [6], 

associations between frailty and prefrailty and primary 

outcomes (respiratory exacerbations and mortality) 

persisted. Two subgroup analyses (1. excluding 

individuals with probable cognitive impairment on the 

Mini-Cog, and 2. excluding those with body mass index 

(BMI) under 21) likewise demonstrated persistent 

associations between frailty and prefrailty and outcomes. 

 

In an analysis excluding individuals who were frail or 

prefrail due to slowness (to rule out excessive influence 

of low six-minute walk distance (6MWD)), the 

associations between frailty and prefrailty and outcomes 

persisted. In analyses of the subgroup of only 

individuals who were frail or prefrail due to shrinking 

(since shrinking could represent successful dieting), 

frailty and prefrailty associations with mortality 

persisted, as did all frailty associations with 

exacerbation outcomes. Prefrailty’s association with 

some exacerbation outcomes attenuated in the subgroup 

of individuals with prefrailty due to shrinking. 

 

We conducted a sensitivity analysis of respiratory 

exacerbation outcomes stratified by the timing of the 

Phase 3 visit (before or after the onset of the Covid-19 

pandemic in March 2020). 28% of participants had 

visits after March 2020. Mean follow-up time was 3.4 

years (pre-pandemic) vs. 1.3 years (post-pandemic). 

Frailty associations with exacerbations persisted in both 

the pre- and post-pandemic groups (Supplementary 

Table 12), although prefrailty findings lost statistical 

significance in the post-pandemic group. We were 

unable to perform a similar stratified analysis of 

mortality outcomes due to the small event number in the 

group whose site visit was post-pandemic. 

 

DISCUSSION 
 

In this cohort of people with a history of cigarette 

smoking, frailty and prefrailty were prevalent regardless 

of spirometry. Current smoking status was associated 

with frailty, even among individuals with normal 

spirometry. The prevalence of frailty in our study cohort 

was within the range described in the literature; 

however, the frailty prevalence observed in post-hoc 

analysis of nonsmoker controls was low (2%), 

underscoring the connection between cigarette smoking 

and frailty. 

 

Among participants 80 years of age or younger, age was 

not significantly associated with frailty, reinforcing that 

frailty is not simply a trait of chronologic aging. Frail 

individuals had increased need for support with 

activities of daily living and higher prevalence of 

probable cognitive impairment, highlighting the multi-

system nature of this syndrome. 

 

In models adjusted for lung function and smoking 

status/intensity, individuals with frailty had threefold 

higher exacerbation rates and fourfold higher hazard of 

death than robust individuals; findings persisted in 

subgroup analyses of individuals with normal 

spirometry and with moderate-very severe COPD. 

 

The association between frailty and prospective 

respiratory exacerbations among people with normal 

spirometry has not to our knowledge been previously 

described. Frail individuals with normal spirometry also 

reported higher baseline dyspnea scores and had 

increased airway wall thickening, suggesting a potential 

inflammatory link between frailty and respiratory 

symptoms. These findings, combined with the emerging 

recognition of smoking-related respiratory pathology in 

people with normal spirometry, suggest that frailty 

should be considered in all people with a smoking 

history. 

 

We did not observe significant associations between 

frailty and respiratory exacerbations among individuals 

with GOLD grade 1 COPD. Among the subgroup with 

PRISm, only severe exacerbations reached statistical 

significance for association with frailty, and a trend was 

observed for exacerbation rate. This may be related to 

the much smaller sample sizes in these two subgroups, 

in which we calculated lower power to detect 

differences. Further attention to these at-risk spirometric 

groups in follow-up studies is indicated. 

 

This study underscores the risks associated with the 

prefrail state, as prefrail individuals had a roughly 

doubled exacerbation rates and increased mortality risk 

compared to robust individuals. On a more granular 

level, we identified that the presence of just one frailty 

component was associated with increased risk of 

adverse outcomes; which has previously been 

demonstrated for mortality but not for respiratory 

exacerbations [39]. 

 
These findings highlight the importance of recognizing 

frailty and prefrailty in the clinical setting and suggest a 

role for frailty screening in all adults with a smoking 
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history, even those with normal spirometry. Improved 

recognition of prefrailty may inform earlier intervention 

points for preventing frailty, such as protein sup-

plementation or nutritional counseling among prefrail 

individuals [40, 41]. Pulmonary rehabilitation has been 

associated with improvements in frailty status among 

individuals with COPD [6]; the potential benefits of 

pulmonary rehabilitation in pre-frail individuals may 

warrant investigation in future clinical studies. 

 

Other metrics such as the BODE score have been used 

to predict outcomes in COPD [42]. While the Fried 

Frailty Phenotype (FFP) overlaps with some features of 

the BODE score, it evaluates for a distinct phenotype. 

For example, the modified FFP can identify frailty in 

individuals without airflow obstruction or with a BMI 

above 21 and is thus generalizable to a broader 

population. This is relevant as we found frailty and 

prefrailty in such individuals. 

 

Frailty has been described as a state of physiologic 

dysregulation and disrupted homeostasis at a metabolic 

and cellular level, which leads to the observed 

phenotype [43]. In keeping with this, epigenetic 

associations between cigarette smoking and frailty have 

been identified [21]. In this study, we demonstrated that 

DunedinPACE, a novel metric of epigenetic aging, was 

associated with frailty status at 5- and 10-year follow-

up. To our knowledge, this is the largest such analysis 

to be conducted and the first in a population enriched 

for a history of cigarette smoking. While baseline 

(Phase 1) frailty assessments were not performed, this 

adds to a recent prior study suggesting that an increased 

pace of aging could pre-date clinical frailty 

manifestations [38]. Despite the myriad effects of 

cigarette smoking on the epigenome, these findings 

were robust to stratification by current smoking status. 

Further research into the epigenetic underpinnings of 

frailty in populations with a smoking history could 

provide insight into disease mechanisms. 

 

The strengths of our study include the large, well-

phenotyped cohort and the presence of longitudinal 

follow-up for respiratory exacerbations and mortality. 

Its limitations include the length of follow-up time 

(which spanned the Covid-19 pandemic) and lack of 

cause-specific mortality data. Future research into 

respiratory-specific mortality related to frailty is 

needed. Furthermore, some spirometric subgroups had a 

low number of events, leading to widened confidence 

intervals of effect estimates for these subgroup analyses. 

As our study population had a history of smoking, the 

generalizability to never-smokers is unclear. 
 

In conclusion, in a population of adults with a smoking 

history, frailty and prefrailty are associated with 

increased respiratory exacerbations and increased risk 

of death. The association between frailty and adverse 

outcomes is present in individuals with moderate to 

very severe COPD and in those with normal spirometry 

(and in PRISm for some exacerbation outcomes). 

Cigarette smoking was associated with frailty 

prevalence, even among those with normal spirometry. 

Frailty prevalence did not vary significantly with age 

among individuals under age 80. These findings 

highlight the importance of assessing for frailty and 

prefrailty in all adults with a history of smoking, even in 

those without advanced age and with normal 

spirometry. 

 

METHODS 
 

Study design and population 

 

The COPDGene study (clinicaltrials.gov ID 

NCT00608764) is an ongoing multicenter cohort study 

[44]. Non-Hispanic White (NHW) and African 

American adults with a reported age 45–80 and a 

minimum 10 pack-year smoking history were eligible. 

Exclusion criteria included pulmonary fibrosis and 

active cancer under treatment. Participants had on-site 

evaluations at baseline (Phase 1) and every 5 years 

(Phases 2 and 3). All participants provided informed 

consent, and study protocols were approved by the 

institutional review board at each site. 

 

The current study is an analysis of the COPDGene 

cohort limited to participants who returned for the Phase 

3 (10-year follow-up) visit (2018–2023) and had an 

assessment of all five frailty components (Figure 3). 

Data were also collected on a smaller number of never-

smoker controls; frailty prevalence was assessed in a 

post hoc analysis of this group. 

 

Measurements 

 

Physiologic, spirometric, chest CT scan, and 

questionnaire data were collected by trained personnel 

at the Phase 3 visit. Hand grip strength (average of three 

efforts) was measured with Jamar dynamometers. Six-

minute Walk tests (6MWT) were conducted in 

accordance with American Thoracic Society (ATS) 

guidelines [45]. Pre- and post-bronchodilator spirometry 

was performed using ndd EasyOne Spirometers (ndd 

Medical Technologies, Andover, MA, USA). 

Questionnaires included the 36-Item Short Form Survey 

(SF-36) and portions of the Center for Epidemiologic 

Studies Depression Scale (CES-D) [46, 47]. Additional 

details are in the Supplementary Methods. 

 

We generated a modified FFP from the five frailty 

components: shrinking, weakness, low activity, fatigue, 
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and slowness (Figure 3) [1]. Shrinking was defined as 

weight loss ≥4.6 kg or ≥5% of body weight from the 

prior (Phase 2) visit [1]; weakness was based on hand 

grip strength (with sex- and BMI-stratified cutoffs [1]); 

fatigue was assessed with standard questions from the 

CES-D; slowness was defined by the lowest quintile of 

6MWD in the baseline population (adjusted for sex and 

height); low activity was defined by the sex-stratified 

lowest quintile of baseline SF-36 Physical Functioning 

scores. Defining frailty components by the lowest 

 

 
 

Figure 3. Methods. (A) CONSORT Diagram. (B) Frailty Phenotype Assessment. The frailty phenotype was evaluated based on five components: 

weakness, fatigue, slowness, shrinking, and low activity. Participants with three or more traits present were considered frail, those with one or 
two present were prefrail, and those without any traits present were classified as robust. Abbreviations: BMI: body mass index; 6MWD: six-
minute walk distance; kg: kilograms; CHS: cardiovascular health study. Created in BioRender. Phillips, E. (2025) https://BioRender.com/6r3agi1 
and https://BioRender.com/t42asu1. 

https://biorender.com/6r3agi1
https://biorender.com/t42asu1
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quintile in the baseline population is established in the 

literature [1, 18]. Individuals were classified as frail if 

three or more of these components were present, 

prefrail if one or two were present, and robust if none 

were present [1]. 

 

Longitudinal outcome measurements 

 

Longitudinal follow-up on respiratory exacerbations 

was collected at six-month intervals by telephone or 

web-based survey. Exacerbation data and unadjudicated 

all-cause mortality data are reported through July 2023. 

 

Participants with fewer than 180 days of follow-up were 

excluded from exacerbation analyses. Exacerbations 

were defined as an episode of increased cough and 

phlegm or shortness of breath which lasted for at least 

48 hours and required treatment with antibiotics, 

steroids, emergency room (ER) visit, or hospitalization. 

We evaluated annual exacerbation rate, presence of 

severe exacerbations, and presence of frequent 

exacerbations (defined in Supplementary Methods). 

 

Epigenetic pace of aging measurement 

 

Whole blood samples for assessment of DNA 

methylation were obtained at baseline (Phase 1) visit 

and at 5-year follow-up (Phase 2) visit. DNA 

methylation was assessed using the Illumina Infinium 

EPIC 850 k BeadChip array. After regression on 

correlated probes for bias correction and functional 

normalization, methylation beta values were used to 

calculate the DunedinPACE of Aging using the 

DunedinPACE package in R statistical software. 

Individuals who were missing either Phase 1 or Phase 2 

methylation data were excluded from epigenetic pace of 

aging analyses. 

 

Statistical analysis 

 

Continuous variables are reported as mean (standard 

deviation) unless specified. Differences across frailty 

categories were assessed with Kruskal-Wallis rank sum 

test, Pearson’s chi-squared test, and Fisher’s Exact test. 

 

To evaluate how the five frailty components combined 

to generate the frailty phenotype, we performed a PCA 

of the five continuous characteristics from which frailty 

components were derived and a complementary MCA 

of the five binary traits. 

 

For longitudinal outcomes analyses, robust individuals 

were used as the comparator group for frail and prefrail 

individuals. Frequent and severe exacerbations were 

modeled using multivariable logistic regression. 

Exacerbation rate was modeled by multivariable 

negative binomial regression of total exacerbation count 

with an offset term of log(follow-up time) [48]. 

Exacerbation models were adjusted for participant age, 

sex, % predicted post-bronchodilator forced expiratory 

volume in 1 second (FEV1), and smoking status. 

 

Multivariable Cox proportional hazards models adjusted 

for a priori covariates of age, sex, BMI, smoking pack-

years, diabetes, and heart disease (defined in 

Supplementary Methods) were used to calculate 

adjusted hazard ratios (AHR) for frailty and prefrailty. 

 

Subgroup analyses were performed by spirometric 

category (definitions in Supplementary Methods): 

normal spirometry, GOLD 1, GOLD 2–4, and PRISm. 

Secondary and sensitivity analyses (including 

evaluation of the interaction term between FEV1 

%predicted and frailty on outcomes and evaluation of 

outcomes by the number of frailty components) are 

described in the Supplementary Methods. 

 

The frequency of missing cross-sectional covariate data 

is reported, as are characteristics of subjects without 

longitudinal follow-up data and of those without 

epigenetic pace of aging data. In cases of missing data, 

complete case analysis was performed. 

 

The association between epigenetic pace of aging 

(DunedinPACE) at baseline (Phase 1) and at 5-year 

follow-up (Phase 2) and frailty status at 10-year follow-

up (Phase 3) was assessed. To evaluate for potential 

confounding epigenetic effects of current smoking, 

analyses were stratified by smoking status at the time of 

blood sample collection. Crude associations were 

assessed using Kruskal-Wallis rank sum test. Logistic 

regressions of Phase 1 and Phase 2 DunedinPACE of 

Aging on the outcome of Phase 3 frailty (vs. robustness) 

and prefrailty (vs. robustness) were performed. One unit 

of DunedinPACE can be interpreted as one year of 

biological aging per year of chronological aging; 

medians and interquartile ranges of these values 

(stratified by Phase and smoking status) are reported. A 

sensitivity analysis evaluating only former-former 

smokers (former at both Phase 1 and Phase 2) was 

conducted, as was a sensitivity analysis comparing 

DunedinPACE with frailty status when stratified by sex. 

 

Statistical analyses were conducted in R 4.3.0 (with the 

exception of the calculation of DunedinPACE, which 

was conducted in R 4.2.0). 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Methods 
 

Study design and population 

 

The COPDGene study (clinicaltrials.gov ID 

NCT00608764) is an ongoing multicenter cohort study 

[1]. Non-Hispanic White and African American adults 

with a reported age 45–80 and a minimum 10 pack-year 

smoking history were eligible to participate. Exclusion 

criteria included pulmonary fibrosis, active cancer 

under treatment, and history of chest radiation. 

Participants had on-site evaluations at baseline (Phase 

1) and every 5 years (Phases 2 and 3). Participants 

provided written documentation of the informed consent 

process, and study protocols were approved by the 

institutional review board of each clinical center. 

 

The current study is an analysis of the COPDGene 

cohort limited to the participants who returned for the 

Phase 3 (10-year follow-up) visit (2018–2023) and had 

an assessment of all five frailty components (Figure 3). 

Data were also collected on a small number of never-

smoker controls; frailty prevalence was assessed in a 

post hoc analysis of this group.  

 

Measurements 

 

Physiologic, spirometric, questionnaire, and CT data 

were collected by trained personnel at the Phase 3 visit. 

Hand grip strength (average of three efforts) was 

measured with Jamar dynamometers. Six-minute walk 

tests (6MWT) were conducted in accordance with ATS 

guidelines [2].  

 

Pre- and post-bronchodilator spirometry was performed 

using ndd EasyOne Spirometers. Post-bronchodilator 

forced expiratory volume in one second (FEV1) % 

predicted was defined based on NHANES III 

references [3]. COPD was defined as an FEV1/FVC 

(forced vital capacity) ratio of <0.7, and GOLD grade 

was defined according to standard criteria [4]. 

Preserved Ratio Impaired Spirometry (PRISm) was 

defined as an FEV1 of <80% predicted and an 

FEV1/FVC ratio of >0.7 [5]. 

 

Questionnaires included the 36-Item Short Form Survey 

(SF-36) and portions of the Center for Epidemiologic 

Studies Depression Scale (CES-D) [6, 7]. 

 

Two self-reported questions about need for assistance 

with basic and instrumental activities of daily living 
(ADLs) were asked based on recommendations by the 

Alzheimer’s Association’s Medicare Detection of 

Cognitive Impairment Workgroup [8]: 

(1) “During the past 7 days, did you need help from 

others to perform everyday activities such as 

eating, getting dressed, grooming, bathing, 

walking, or using the toilet?” (Yes/No) 

(2) “During the past 7 days, did you need help from 

others to take care of things such as laundry and 

housekeeping, banking, shopping, using the 

telephone, food preparation, transportation, or 

taking your own medications?” (Yes/No) 

 

The Mini-Cog was administered as a brief standardized 

screen for cognitive impairment, with probable 

cognitive impairment defined as a total score ≤3. This 

cutoff was chosen based on prior literature examining 

the Mini-Cog sensitivity and specificity relative to the 

gold standard assessment [9, 10]. 

 

Comorbidities and smoking status were self-reported by 

survey. For this study, comorbidity count was defined 

as the sum of the following: congestive heart failure, 

coronary artery disease (CAD) composite, cerebro-

vascular disease, kidney disease, liver disease, 

diabetes, osteoarthritis, osteoporosis, and cancer 

(excluding non-melanoma skin cancers).  CAD 

(composite) was defined by the presence of any of the 

following: self-reported CAD, myocardial infarction, 

angina, angioplasty, or coronary artery bypass graft 

surgery. Heart disease (composite) was defined if 

participants reported any of the following: CAD, 

myocardial infarction, angina, angioplasty, coronary 

artery bypass graft surgery, or congestive heart failure. 

Cerebrovascular disease (composite) was defined as the 

presence of reported stroke and/or transient ischemic 

attack (TIA). 

 

Detailed protocols regarding CT scan data collection 

and analysis have been described previously [1]. 

Volumetric CT acquisitions were obtained, and images 

were reconstructed using sub-millimeter slice thickness. 

Quantitative CT measurement of the standardized 

airway wall thickness (Pi10) was calculated using 

Thirona software based on the average wall thickness of 

a hypothetical airway with a lumen perimeter of 10mm. 

 

Frailty assessment  

 

We generated a modified FFP from the five frailty 

components of shrinking, weakness, low activity, 

fatigue, and slowness (Figure 1) [11]. 
 

Shrinking was defined as weight loss ≥4.6kg or ≥5% of 

body weight from the prior (Phase 2) visit [11]. 
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Weakness was based on hand grip strength (with sex- 

and body mass index (BMI)-stratified cutoffs [11]).  

 

Fatigue was assessed with two questions from the 

CES-D: 

 

(1) “I feel that everything I do is an effort”  

(2) “I cannot get going” 

 

Response options were “None of the time”, “Some of 

the time (1–2 days per week)”, “A moderate amount (3–

4 days per week)”, and “Most of the time.” Individuals 

who answered “A moderate amount (3–4 days per 

week)” or “Most of the time” to either question were 

considered to have fatigue. 

 

Slowness was defined by the lowest quintile of 6MWD 

in the baseline (Phase 1) population (stratified by sex 

and adjusted for height). Defining frailty components by 

the lowest quintile in the baseline population is 

established in the literature [11, 12]. 

 

Low activity was based on responses to the SF-36 

survey Physical Functioning (PF) section. This section 

consists of 10 questions as follows: 

 

“The following questions are about activities you might 

do during a typical day. Does your health now limit you 

in these activities? If so, how much? 

 

(a) Vigorous activities, such as running, lifting heavy 

objects, participating in strenuous sports  

(b) Moderate activities, such as moving a table, 

pushing a vacuum cleaner, bowling, or playing 

golf  

(c) Lifting or carrying groceries 

(d) Climbing several flights of stairs  

(e) Climbing one flight of stairs 

(f) Bending, kneeling, or stooping 

(g) Walking more than a mile 

(h) Walking several hundred yards 

(i) Walking one hundred yards 

(j) Bathing or dressing yourself” 

 

SF-36 PF response options were “Yes, limited a lot”, 

“Yes, limited a little”, and “No, not limited at all”. 

Responses were scored 0 (not limited), 50 (somewhat 

limited), or 100 (limited a lot), and the mean of the 

responses was used as the PF section score [6]. Low 

activity was defined by the sex-stratified lowest 

quintile of baseline (Phase 1) SF-36 PF scores. 

 

Individuals were classified as frail if three or more  
of these components were present, prefrail if one or 

two were present, and robust if none were present 

[11]. 

Longitudinal outcome measurements 

 

Longitudinal follow-up on respiratory exacerbations 

was collected at six-month intervals by telephone or 

web-based survey. Exacerbation data and unadjudicated 

all-cause mortality data are reported through July 2023. 

 

Participants with fewer than 180 days of follow-up were 

excluded from exacerbation analyses. Exacerbations 

were defined as an episode of increased cough and 

phlegm or shortness of breath which lasted for at least 

48 hours and which required treatment with antibiotics, 

steroids, emergency room (ER) visit, or hospitalization. 

Exacerbations requiring an ER visit or hospitalization 

were classified as severe. The exacerbation outcomes 

evaluated were annual exacerbation rate, presence of 

severe exacerbations, and presence of frequent 

exacerbations (annual rate of ≥1/year). 

 

Epigenetic pace of aging measurement  

 

Whole blood samples for assessment of DNA 

methylation were obtained at baseline (Phase 1) visit 

and at 5-year follow-up (Phase 2) visit. DNA 

methylation was assessed using the Illumina Infinium 

EPIC 850k BeadChip array. After regression on 

correlated probes for bias correction and functional 

normalization, methylation beta values were used to 

calculate the DunedinPACE of Aging using the 

DunedinPACE package in R statistical software. 

Individuals who were missing either Phase 1 or Phase 2 

methylation data were excluded from epigenetic pace of 

aging analyses. 

 

Statistical analysis  

 

Continuous variables are reported as mean (standard 

deviation) unless otherwise specified. Differences 

across frailty categories were assessed with Kruskal-

Wallis rank sum test (continuous data), Pearson’s chi-

squared test (categorical data), and Fisher’s exact test 

(categorical data with cell counts ≤5).  

 

To evaluate how the five frailty components combined 

to generate the frailty phenotype, we performed a 

principal component analysis (PCA) of the five 

continuous underlying characteristics from which frailty 

traits were derived. PCA was performed on scaled data 

using the variance-covariance method. A complementary 

multiple correspondence analysis (MCA) of the five 

binary frailty traits was conducted using an indicator 

matrix. 

 
For analyses of exacerbation data, robust individuals 

were used as the comparator group for frail and prefrail 

individuals. Frequent and severe exacerbations were 
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modeled using multivariable logistic regression. 

Exacerbation count was analyzed using multivariable 

negative binomial regression of total exacerbation count 

with an offset term for the log(follow-up time) [13]. 

Exacerbation models were adjusted for participant age, 

sex, % predicted post-bronchodilator forced expiratory 

volume in 1 second (FEV1), and smoking status. 

 

Multivariable Cox proportional hazard models adjusted 

for a priori covariates of age, sex, BMI, smoking pack-

years, diabetes, and heart disease (defined above) were 

used to calculate adjusted hazard ratios (AHR) for 

frailty and prefrailty. Robust individuals were used as 

the comparison group. Linearity was tested using 

likelihood ratios comparing the model used to model 

with covariate terms including second order poly-

nomials. A sensitivity analysis was performed using a 

parametric (Weibull) multivariable model to confirm 

persistence of frailty and prefrailty effects. Covariates 

were selected based on factors that had been (clinically 

or scientifically) associated with both frailty and 

mortality and thus could potentially confound analyses. 

For this reason, covariate selection differed slightly 

between exacerbation and mortality analyses (for 

example, diabetes was included in the model for 

mortality but not in those for respiratory exacerbations). 

Adjusted cumulative incidence curves were obtained 

using the G-formula method [14]. 

 

Subgroup analyses were performed by spirometric 

category (normal spirometry, GOLD 1, GOLD 2–4, and 

PRISm; defined above), with a focus on the two 

subgroups with the largest number of participants 

(normal spirometry and GOLD 2–4).  

 

The association between epigenetic pace of aging 

(DunedinPACE) at baseline (Phase 1) and at 5-year 

follow-up (Phase 2) and frailty status at 10-year follow-

up (Phase 3) was assessed. To evaluate for potential 

confounding epigenetic effects of current smoking, 

analyses were stratified by smoking status at the time of 

blood sample collection. Crude associations were 

assessed using Kruskal-Wallis rank sum test. Logistic 

regressions of Phase 1 and Phase 2 DunedinPACE of 

Aging on the outcome of Phase 3 frailty (vs robustness) 

and prefrailty (vs robustness) were performed. One unit 

of DunedinPACE can be interpreted as one year of 

biological aging per year of chronological aging; 

medians and interquartile ranges of these values 

(stratified by Phase and smoking status) are reported.  

 

Statistical analyses were conducted in R 4.3.0 (with the 

exception of the calculation of DunedinPACE, which 
was conducted in R 4.2.0). Software packages used 

included survival, adjustedCurves, methylCIPHER, and 

FactoMineR. A two-sided p-value of <0.05 was 

considered statistically significant unless otherwise 

specified. 

 

Missing data 

 

The frequency of missing cross-sectional covariate data 

is reported. Characteristics of subjects with and without 

missing follow-up and methylation data are reported. In 

cases of missing data in regression models, complete 

case analysis was performed.  

 

Secondary analyses 

 

To explore the observed cross-sectional associations 

between cigarette smoking and frailty category, we 

performed exploratory post-hoc multivariable logistic 

regressions of outcomes of frailty and prefrailty against 

covariates of age, sex, FEV1 % predicted, smoking 

status, and smoking pack-years. The purpose of this was 

to evaluate if the association between frailty and 

prefrailty and smoking persisted after adjusting for age 

and lung function. These were performed on the entire 

study population and for each spirometric subgroup 

(normal spirometry, GOLD 1, GOLD 2–4, and PRISm). 

 

For longitudinal outcomes, we evaluated for effect 

modification of lung function on frailty/prefrailty’s 

association with outcomes by adding an interaction term 

for FEV1% predicted * frailty (or FEV1 % predicted 

*prefrailty) to above models.  

 

We also evaluated the association between the number 

of frailty traits (0–5, categorical) and respiratory 

exacerbations (exacerbation rate, severe exacerbations, 

and frequent exacerbations) and with mortality 

(collapsing the groups with 4 and 5 traits due to low 

event counts).  

 

To assess if any one frailty component was overly 

influential to mortality risk, we separately performed a 

Cox proportional hazard model (adjusted for covariates 

in primary mortality model) including all five individual 

frailty components (instead of frailty category) as 

predictors.  

 

We also performed sex-stratified analyses of the 

associations between prefrailty and frailty and 

longitudinal outcomes.  

 

Lastly, we characterized the prevalence of frailty and 

prefrailty in the non-smoker control group. 

 

Sensitivity analyses 

 

We performed several sensitivity analyses of the 

associations between frailty and prefrailty and the 
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primary outcomes of exacerbations and mortality (of the 

primary effects only; not respiratory subgroup 

analyses). 
 

(1) We used an alternative frailty and prefrailty 

definition based on the slowness criteria used in 

the NETT trial, which defined slowness as a 

6MWD of ≤770 feet for men 173 cm or shorter and 

women 159cm or shorter, and otherwise as a 

6MWD of ≤900 feet [15]. 

(2) We excluded individuals with a Mini-Cog score of 

3 or lower from analyses (since frailty status 

ascertainment involved self-reported measures). 

(3) To assess for overly influential effects of 

underweight subjects, we performed a subgroup 

analysis on only those with BMI over 21. 

(4) To confirm that frailty effects were not simply 

driven by low 6MWD, we excluded individuals 

who were frail due to slowness (that is, had exactly 

3 frailty components, one of which was slowness) 

or who were prefrail due to slowness (that is, had 

only one frailty component: slowness). 

(5) We looked only at the subgroup of individuals who 

were frail and prefrail due to shrinking to see if 

associations with adverse outcomes persisted in 

this group as well (since successful dieting could 

be classified as shrinking). Individuals who were 

considered frail “due to shrinking” had exactly 

three frailty components, one of which was 

shrinking. Individuals who were prefrail “due to 

shrinking” had only one frailty component present 

(shrinking).  

(6) We performed stratified analyses based on whether 

participants had their Phase 3 visit before or after 

2020 to assess for pandemic effects. 
 

For epigenetic pace of aging analyses, a sensitivity 

analysis evaluating only former-former smokers (former 

at both Phase 1 and Phase 2) was conducted, as was a 

sensitivity analysis comparing DunedinPACE with 

frailty status when stratified by sex. 
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Supplementary Figures 
 

 
 

Supplementary Figure 1. Frailty prevalence by age group, GOLD grade, and BMI category. Stacked bar graphs demonstrating the 

prevalence of frailty category (frail, prefrail, and robust) (A) across age categories (B) within each GOLD grade and (C) by BMI stratum. ap-
values by Kruskal-Wallis rank sum test of participant age (continuous) across frailty category (frail, prefrail, robust) for all subjects (upper) 
and for subjects aged 80 or younger (lower). bPearson’s chi-squared P-value across all 6 categories (GOLD 0–4 and PRISm) shown. 
Abbreviations: GOLD: Global Initiative for Chronic Obstructive Lung Disease; PRISm: Preserved Ratio Impaired Spirometry; BMI: Body Mass 
Index (kg/m2). 
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Supplementary Figure 2. Loading of frailty components. Proportional Euler diagrams of frailty components, (A) for all participants and 

(B–E) by spirometric category (in order of group size). Participants with 3 or more components present were frail, those with one or two 
present were prefrail. Number of participants with missing spirometry = 19. Abbreviation: GOLD: Global Initiative for Chronic Obstructive 
Lung Disease. 
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Supplementary Figure 3. Correlation of frailty characteristics. (A) Principal Component Analysis (PCA) biplot with table of 

eigenvalues and principal component loadings. The intensity of a variable (arrow) color is based on the strength of its contribution. Speed: 
6-minute walk distance, Activity: 36-Item Short Form Survey Physical Function Score, Energy: inverse score of fatigue questions on the 
Center for Epidemiologic Studies Depression Scale (CES-D), Strength: grip strength (kilograms), Weight: inverse weight loss (or 0 if weight 
gain). Note that for the underlying characteristics, higher levels indicate a more robust status. Cum. var. %: cumulative variance %. (B) 
Multiple Correspondence Analysis (MCA) variable map of individual frailty traits (red) and the supplementary variable of overall frailty 
(green) against the two principal dimensions. (C) Correlation matrix of frailty components (degree of shading is Pearson’s correlation 
coefficient between components). 
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Supplementary Figure 4. Scatter plot of DunedinPACE (Phase 1 and Phase 2) by frailty status (Phase 3). DunedinPACE values 
at Phase 1 (baseline, top) and Phase 2 (5-year follow-up, bottom), stratified by smoking status (current, left; former, right) are displayed by 
frailty category at Phase 3 (10-year follow-up). Stars indicate Kruskal-Wallis rank sum test p-value across frailty category for that phase and 
stratum (***p < .001, ****p < .0001). Tabular format of this data is in Supplementary Table 8. 
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Supplementary Figure 5. Forest plot of DunedinPACE (Phase 1 and Phase 2) by frailty status (Phase 3). Odds ratios (OR) and 

95% Confidence Intervals (95% CI) of DunedinPACE levels at Phase 1 (baseline) and Phase 2 (5-year follow-up) on frailty and prefrailty at 
Phase 3 (10-year follow-up) are shown. These are stratified by smoking status. The original units of DunedinPACE are used (one unit = one 
year of biological aging per year of chronological aging). Tabular format of this data is in Supplementary Table 9. 

 

 
 

Supplementary Figure 6. Respiratory exacerbations by number of frailty components. Top left: unadjusted annual exacerbation 

rate and 95% bootstrap confidence intervals among participants with n frailty components. Top right: % of subjects with severe 
exacerbations with 95% Wilson confidence intervals. Bottom left: % of subjects with frequent exacerbations with 95% Wilson confidence 
intervals. Dashed lines indicate the cutoffs between frailty categories (robust: 0, prefrail: 1–2, frail: 3–5). Bottom right: source data for figures. 
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Supplementary Figure 7. Mortality by number of frailty components. Adjusted all-cause mortality risk curve by the number of 
frailty components present. Models adjusted for age, sex, body mass index, smoking pack-years, FEV1 % predicted, diabetes, and heart 
disease (presence of any of: coronary artery disease, myocardial infarction, angina, angioplasty, coronary artery bypass graft surgery, or 
congestive heart failure). Individuals with 4 and 5 frailty components are plotted together due to small size of individuals with 5 
components. Risk table is displayed beneath the cumulative incidence curve. Cox adjusted Hazard Ratios (AHR), 95% confidence intervals 
(95% CI), and P-values are displayed to the right (comparator group is robust individuals with 0 frailty traits). 
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Supplementary Tables 
 

Supplementary Table 1. Expanded participant characteristics. 

Characteristic N Robust Prefrail Frail pa 

n (%) 2,665 912 (34%) 1,352 (51%) 401 (15%)  

Age 2,665 68.6 (7.4) 69.7 (8.1) 71.5 (9.2) <0.001 

Sex 2,665    0.39 

Male  450 (49.3%) 640 (47.3%) 204 (50.9%)  

Female  462 (50.7%) 712 (52.7%) 197 (49.1%)  

Race 2,665    <0.001 

Non-Hispanic White  742 (81.4%) 933 (69.0%) 270 (67.3%)  

African American  170 (18.6%) 419 (31.0%) 131 (32.7%)  

Married or Partnered 2,660 476 (52.4%) 565 (41.8%) 145 (36.3%) <0.001 

BMI 2,665 28.6 (5.5) 28.5 (6.1) 30.1 (7.6) 0.002 

Current Smoking 2,663 239 (26.2%) 462 (34.2%) 138 (34.4%) <0.001 

Smoking Pack-Years 2,663 39.3 (20.3) 43.0 (22.4) 52.7 (26.6) <0.001 

GOLD grade 2,646    <0.001 

Normal Spirometry  473 (52.3%) 589 (43.7%) 108 (27.4%)  

1  115 (12.7%) 154 (11.4%) 27 (6.9%)  

2  160 (17.7%) 293 (21.8%) 68 (17.3%)  

3  56 (6.2%) 104 (7.7%) 85 (21.6%)  

4  9 (1.0%) 32 (2.4%) 52 (13.7%)  

Total GOLD 2–4  

(Moderate-Severe COPD) 
 225 (24.9%) 429 (31.8%) 205 (52.0%) <0.001 

PRISm  92 (10.2%) 175 (13.0%) 54 (13.7%) 0.08 

BADL Assistance 2,664 3 (0.3%) 24 (1.8%) 34 (8.5%) <0.001 

IADL Assistance 2,665 6 (0.7%) 55 (4.0%) 102 (25.4%) <0.001 

Probable Cognitive 

Impairment by Mini-Cog 
2,654 144 (15.9%) 325 (24.1%) 124 (31.1%) <0.001 

Comorbidity Count 2,665 1.1 (1.1) 1.4 (1.2) 2.0 (1.4) <0.001 

Diabetes  113 (12.4%) 289 (21.4%) 149 (37.2%) <0.001 

Coronary Artery Disease  133 (14.6%) 247 (18.3%) 118 (29.4%) <0.001 

Congestive Heart Failure  21 (2.3%) 54 (4.0%) 40 (10.0%) <0.001 

Cerebrovascular Disease  45 (4.9%) 121 (8.9%) 57 (14.2%) <0.001 

Kidney Disease  24 (2.6%) 61 (4.5%) 36 (9.0%) <0.001 

Liver Disease  36 (3.9%) 82 (6.1%) 31 (7.7%) 0.013 

Cancer  171 (18.8%) 265 (19.6%) 91 (22.7%) 0.25 

Osteoarthritis  307 (33.7%) 535 (39.6%) 204 (50.9%) <0.001 

Osteoporosis  132 (14.5%) 202 (14.9%) 64 (16.0%) 0.78 

Total N = 2665. N with data available for each characteristic shown. Continuous variables reported as mean (standard 
deviation). Categorical variables reported as n (%). Abbreviations: BMI: body mass index (kg/m2); GOLD: Global Initiative for 
Chronic Obstructive Lung Disease; COPD: Chronic Obstructive Pulmonary Disease; PRISm: preserved ratio impaired 
spirometry; BADL Assistance: required assistance with basic activities of daily living in the past 7 days; IADL: required 
assistance with independent activities of daily living in the past 7 days. Probable cognitive impairment: score of 3 or lower on 
the Mini-Cog screening tool. Coronary artery disease (CAD) defined as reporting any of the following: CAD, myocardial 
infarction, angina, angioplasty, or coronary artery bypass graft surgery. Cerebrovascular disease defined as reporting a history 
of stroke or transient ischemic attack (TIA). Comorbidity count is the sum of the following reported comorbidities: diabetes, 
coronary artery disease, congestive heart failure, cerebrovascular disease, kidney disease, liver disease, cancer (excluding 
non-melanoma skin cancer), osteoarthritis, and osteoporosis. ap-values for continuous variables are calculated by the Kruskal-
Wallis rank sum test; for categorical variables by Pearson's chi-squared test. 
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Supplementary Table 2. Characteristics of never-smoker control group. 

Characteristic 

Never smoked  

(control population)  

(n = 249) 

Smoking history  

(study population)  

(N = 2,665) 

pa 

Age 66.7 (10.0) 69.6 (8.1) <0.001 

Sex   0.34 

Male 113 (45.4%) 1,294 (48.6%)  

Female 136 (54.6%) 1,371 (51.4%)  

Race   <0.001 

Non-Hispanic White 215 (86.3%) 1,945 (73.0%)  

African American 34 (13.7%) 720 (27.0%)  

BMI 27.7 (4.8) 28.8 (6.1) 0.02 

FEV1 (% predicted) 102.3 (14.9) 80.2 (24.7) <0.001 

Comorbidity Count 0.7 (0.9) 1.4 (1.2) <0.001 

Diabetes 21 (8.4%) 551 (20.7%) <0.001 

Coronary Artery Disease 10 (4.0%) 498 (18.7%) <0.001 

Congestive Heart Failure 1 (0.4%) 115 (4.3%) 0.003 

Cerebrovascular Disease 6 (2.4%) 223 (8.4%) <0.001 

Kidney Disease 2 (0.8%) 121 (4.5%) 0.005 

Liver Disease 2 (0.8%) 149 (5.6%) 0.001 

Cancer 43 (17.3%) 527 (19.8%) 0.34 

Osteoarthritis 69 (27.7%) 1,046 (39.2%) <0.001 

Osteoporosis 28 (11.2%) 398 (14.9%) 0.12 

Frailty Category   <0.001 

Robust 161 (64.7%) 912 (34.2%)  

Prefrail 84 (33.7%) 1,352 (50.7%)  

Frail 4 (1.6%) 401 (15.0%)  

Characteristics of the never-smoker group (evaluated in a post hoc analysis) compared with the study population. Continuous 
variables reported as mean (standard deviation). Categorical variables reported as n (%). ap-values for continuous variables 
are calculated by the Wilcoxon rank sum test; for categorical variables by Pearson's chi-squared test. 

 

 

Supplementary Table 3. Prevalence of frailty components. 

 

Prevalence (%) 

All subjects Normal Spirometry GOLD 1 GOLD 2–4 PRISm 

All Rob Pre Frail All Rob Pre Frail All Rob Pre Frail All Rob Pre Frail All Rob Pre Frail 

N 2665 912 1352 401 1170 473 589 108 296 115 154 27 859 225 429 205 321 92 175 54 

Fatigue 19.5 – 19.9 62.8 15.6 – 18.3 69.4 17.2 – 20.8 70 23.5 – 19.1 58.5 24.3 – 25.1 63 

Slowness  23.0 – 21.4 80.5 13.8 – 16.1 62.0 15.9 – 16.2 81 34.5 – 27.0 87.8 30.8 – 29.1 89 

Weakness  29.7 – 37.6 70.8 25.6 – 36.7 77.8 25.0 – 36.4 67 34.0 – 36.1 66.8 37.4 – 46.3 72 

Low Activity  15.1 – 9.7 67.6 8.0 – 6.6 50.9 8.8 – 6.5 59 25.5 – 14.2 77.1 18.4 – 12.0 70 

Shrinking  33.1 – 45.5 66.6 33.4 – 51.6 80.6 32.8 – 52.6 59 37.3 – 43.8 64.4 21.5 – 23.4 52 

Prevalence of the five frailty components among prefrail and frail participants. For robust participants, the prevalence is 0% by definition. 
Prevalence is reported in the entire study cohort and by spirometric subgroup. N with frailty measurements but missing spirometry = 19. 
Rob = robust, Pre = prefrail. GOLD = Global Initiative for Chronic Obstructive Lung Disease. PRISm = Preserved Ratio Impaired Spirometry.  
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Supplementary Table 4. Characteristics of participants with missing follow-up data. 

 Missing mortality data Missing exacerbation data 

Characteristic 
Analyzed  

(n = 2512) 

Missing  

(n = 153) 
pa Analyzed  

(n = 2222) 

Missing  

(n = 443) 
pa 

Age 69.7 (8.2) 68.0 (7.2) 0.009 69.8 (8.1) 68.7 (8.1) 0.003 

Sex   0.91   0.03 

Male 1,219 (48.5%) 75 (49.0%)  1,058 (47.6%) 236 (53.3%)  

Female 1,293 (51.5%) 78 (51.0%)  1,164 (52.4%) 207 (46.7%)  

Race   <0.001   <0.001 

Non-Hispanic White 1,869 (74.4%) 76 (49.7%)  1,698 (76.4%) 247 (55.8%)  

African American 643 (25.6%) 77 (50.3%)  524 (23.6%) 196 (44.2%)  

BMI 28.8 (6.1) 28.5 (6.2) 0.52 28.9 (6.2) 28.6 (6.0) 0.54 

Current Smoker 771 (30.7%) 68 (44.4%) <0.001 662 (29.8%) 177 (40.0%) <0.001 

Smoking Pack-Years 43.3 (22.9) 42.5 (22.6) 0.64 43.1 (22.7) 43.9 (23.7) 0.61 

GOLD grade   0.61   0.81 

Normal Spirometry 1,106 (44.3%) 64 (42.4%)  976 (44.2%) 194 (44.4%)  

1 280 (11.2%) 16 (10.6%)  252 (11.4%) 44 (10.1%)  

2 489 (19.6%) 32 (21.2%)  435 (19.7%) 86 (19.7%)  

3 233 (9.3%) 12 (7.9%)  200 (9.1%) 45 (10.3%)  

4 90 (3.6%) 3 (2.0%)  81 (3.7%) 12 (2.7%)  

PRISm 297 (11.9%) 24 (15.9%)  265 (12.0%) 56 (12.8%)  

Comorbidity Count 1.4 (1.2) 1.3 (1.2) 0.79 1.4 (1.2) 1.4 (1.3) 0.55 

Diabetes 515 (20.5%) 36 (23.5%) 0.37 439 (19.8%) 112 (25.3%) 0.009 

Coronary Artery Disease 474 (18.9%) 24 (15.7%) 0.33 422 (19.0%) 76 (17.2%) 0.37 

Congestive Heart Failure 108 (4.3%) 7 (4.6%) 0.87 90 (4.1%) 25 (5.6%) 0.13 

Cerebrovascular Disease 204 (8.1%) 19 (12.4%) 0.06 179 (8.1%) 44 (9.9%) 0.19 

Kidney Disease 109 (4.3%) 12 (7.8%) 0.04 92 (4.1%) 29 (6.5%) 0.03 

Liver Disease 139 (5.5%) 10 (6.5%) 0.60 107 (4.8%) 42 (9.5%) <0.001 

Cancer  28 (18.3%)  440 (19.8%) 87 (19.6%) 0.94 

Osteoarthritis 993 (39.5%) 53 (34.6%) 0.23 893 (40.2%) 153 (34.5%) 0.03 

Osteoporosis 381 (15.2%) 17 (11.1%) 0.17 345 (15.5%) 53 (12.0%) 0.055 

Frailty Category   0.04   <0.001 

Robust 872 (34.7%) 40 (26.1%)  793 (35.7%) 119 (26.9%)  

Prefrail 1,270 (50.6%) 82 (53.6%)  1,122 (50.5%) 230 (51.9%)  

Frail 370 (14.7%) 31 (20.3%)  307 (13.8%) 94 (21.2%)  

Characteristics of individuals with missing longitudinal follow-up data (exacerbations and mortality data) compared with those with follow-
up data. Continuous variables reported as mean (standard deviation). Categorical variables reported as n (%). Abbreviations: GOLD: Global 
Initiative for Chronic Obstructive Lung Disease; COPD: Chronic Obstructive Pulmonary Disease; PRISm: Preserved Ratio Impaired 
Spirometry. ap-values for continuous variables are calculated by the Wilcoxon rank sum test; for categorical variables by Pearson's chi-
squared test. 
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Supplementary Table 5. Odds of respiratory exacerbations by frailty and spirometric category. 

(A) Adjusted models 

 

All subjects Normal Spirometry GOLD 2–4 

Robust 

(n = 787) 

Prefrail 

(n = 1119) 

Frail 

(n = 303) 

Robust 

(n = 407) 

Prefrail 

(n = 489) 

Frail 

(n = 80) 

Robust 

(n = 198) 

Prefrail 

(n = 358) 

Frail 

(n = 160) 

OR/IRR OR/IRR p OR/IRR p OR/IRR OR/IRR p OR/IRR p OR/IRR OR/IRR p OR/IRR p 

Exacerbation 
Rate 

1 
1.8  

(1.4–2.3) 
<0.001 

3.4  

(2.4–4.8) 
<0.001 1 

2.0  

(1.2–3.2) 
0.006 

4.2  

(1.8–9.6) 
<0.001 1 

2.6  

(1.8–3.7) 
<0.001 

3.9  

(2.5–6.2) 
<0.001 

Severe 

Exacerbations 
1 

1.6  

(1.1–2.2) 
0.005 

2.8  

(1.8–4.2) 
<0.001 1 

1.6  

(0.9–3.0) 
0.10 

3.4  

(1.5–7.7) 
0.004 1 

1.9  

(1.1–3.1) 
0.02 

2.7  

(1.5–5.1) 
0.002 

Frequent 
Exacerbations 

1 
2.6  

(1.7–4.1) 
<0.001 

5.5  

(3.2–9.3) 
<0.001 1 

3.2  

(1.4–7.1) 
0.004 

9.1  

(3.0–27.9) 
<0.001 1 

4.3  

(2.0–9.4) 
<0.001 

9.8  

(4.1–23.5) 
<0.001 

 

 

GOLD 1 PRISm 

Robust 

(n = 104) 

Prefrail 

(n = 127) 

Frail 

(n = 21) 

Robust 

(n = 78) 

Prefrail 

(n = 145) 

Frail 

(n = 42) 

OR/IRR OR/IRR p OR/IRR p OR/IRR OR/IRR p OR/IRR p 

Exacerbation Rate 1 1.2 (0.6–2.4) 0.68 2.6 (0.7–9.1) 0.15 1 1.1 (0.5–2.4) 0.90 2.5 (.99–6.1) 0.051 

Severe Exacerbations 1 1.1 (0.5–2.5) 0.83 1.9 (0.6–6.7) 0.31 1 1.3 (0.5–3.7) 0.56 3.2 (1.01–10.3) 0.047 

Frequent Exacerbations 1 1.5 (0.5–4.6) 0.47 – – 1 0.8 (0.3–2.7) 0.78 1.9 (0.5–7.4) 0.38 

 

(B) Unadjusted models 

 

All subjects Normal Spirometry GOLD 2–4 

Robust Prefrail Frail Robust Prefrail Frail Robust Prefrail Frail 

OR/IRR OR/IRR p OR/IRR p OR/IRR OR/IRR p OR/IRR p OR/IRR OR/IRR p OR/IRR p 

Exacerbation 

Rate 
1 

2.1  

(1.6–2.7) 
<0.001 

5  

(3.6–6.9) 
<0.001 1 

2.1  

(1.3–3.3) 
0.003 

4.3  

(1.9–9.7) 
<0.001 1 

2.5  

(1.7–3.6) 
<0.001 

4.8  

(3.2–7.2) 
<0.001 

Severe 

Exacerbations 
1 

1.8  

(1.3–2.5) 
<0.001 

4.2  

(2.9–6) 
<0.001 1 

1.7  

(1–3.1) 
0.07 

3.8  

(1.8–8.3) 
<0.001 1 

2.0  

(1.2–3.3) 
0.005 

3.4  

(2.0–5.8) 
<0.001 

Frequent 

Exacerbations 
1 

2.9  

(1.9–4.5) 
<0.001 

8.1  

(5.1–12.9) 
<0.001 1 

3.3  

(1.5–7.2) 
0.003 

6.3  

(2.4–16.9) 
<0.001 1 

4.5  

(2.1–9.6) 
<0.001 

11.1  

(5.1–24.3) 
<0.001 

 

 

GOLD 1 PRISm 

Robust Prefrail Frail Robust Prefrail Frail 

OR/IRR OR/IRR p OR/IRR p OR/IRR OR/IRR p OR/IRR p 

Exacerbation Rate 1 1.1 (0.5–2.2) 0.87 3.0 (0.9–10.4) 0.08 1 1.2 (0.5–2.6) 0.73 2.5 (1.0–6.1) 0.06 

Severe Exacerbations 1 1.0 (0.5–2.2) 0.98 2.2 (0.7–7.0) 0.19 1 1.6 (0.6–4.2) 0.35 3.3 (1.1–10) 0.04 

Frequent Exacerbations 1 1.2 (0.4–3.6) 0.69 - - 1 1 (0.3–3.0) 0.95 2.0 (0.5–7.2) 0.31 

Odds ratio of frailty (vs robustness) and prefrailty (vs robustness) on exacerbations for all subjects and for subgroups of participants by 
spirometric category. Abbreviations: OR: odds ratio; IRR: incident rate ratio; GOLD: Global Initiative for Chronic Obstructive Lung Disease; 
PRISm: Preserved Ratio Impaired Spirometry. N is # of individuals within each category who had over 180 days of follow-up exacerbation 
data and spirometry collected. Reported as OR/IRR (95% confidence interval). (A) Models adjusted for age, sex, current smoking status, and 
forced expiratory volume in 1 second (FEV1) %predicted. OR for frailty not calculated for frequent exacerbations in GOLD 1 subgroup due 
to low cell count (<5). (B) Results from unadjusted model. 
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Supplementary Table 6. Crude and adjusted all-cause mortality. 

(A) Crude event counts and log-rank p-values for all-cause mortality by spirometric category 

 
All subjects Normal Spirometry GOLD 1 GOLD 2–4 PRISm 

Rob Pre Frail pa Rob Pre Frail p Rob Pre Frail p Rob Pre Frail p Rob Pre Frail p 

# Events 18 70 58 
<0.001 

4 20 8 
<0.001 

2 8 3 
0.049 

9 37 42 
<0.001 

3 5 4 
0.2 

n 872 1270 370 449 556 101 111 143 26 215 406 191 90 160 47 

 

(B) Unadjusted and adjusted hazard ratios of frailty and prefrailty for all-cause mortality 

 

All subjects GOLD 2–4 GOLD 0 

Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted 

HR  

(95% CI) 
pb AHR 

(95% CI) 
p 

HR  

(95% CI) 
p 

AHR  

(95% CI) 
p 

HR  

(95% CI) 
p 

AHR 

(95% CI) 
p 

Prefrailty 
3.0  

(1.8–5.1) 
<0.001 

2.5  

(1.5–4.2) 
<0.001 

2.5  

(1.2–5.2) 
0.014 

2.1  

(1.02–4.4) 
0.045 

5.0  

(1.7–14.5) 
0.003 

4.2  

(1.4–12.6) 
0.01 

Frailty 
9.9  

(5.8–16.8) 
<0.001 

4.5  

(2.4–8.5) 
<0.001 

7.1  

(3.5–14.7) 
<0.001 

4.0  

(1.7–9.3) 
0.001 

15.4  

(4.6–51.6) 
<0.001 

7.9  

(1.9–32.5) 
0.004 

(A) Crude event counts and log-rank p-values for all-cause mortality by spirometric category. Abbreviations: Rob: robust; Pre: prefrail; 
GOLD: Global Initiative for Chronic Obstructive Lung Disease. PRISm: Preserved Ratio Impaired Spirometry. alog-rank p-value for frailty 
category (frail, prefrail, or robust) vs all-cause mortality. (B) Unadjusted and adjusted hazard ratios of frailty and prefrailty for all-cause 
mortality. Unadjusted Hazard Ratios (HR) adjusted Hazard Ratios (AHR), 95% confidence intervals (95% CI) and bp-values from Cox models 
are reported overall and for the largest spirometric subgroups. For both frailty and prefrailty, robust groups were the comparator. Adjusted 
Cox models adjusted for age, sex, body mass index, smoking pack-years, forced expiratory volume in one second (FEV1) % predicted, 
diabetes, and heart disease (presence of any of: coronary artery disease, myocardial infarction, angina, angioplasty, coronary artery bypass 
graft surgery, or congestive heart failure). 

 

Supplementary Table 7. Characteristics of participants with missing DNA methylation data. 

Characteristic 

Missing DNA Methylation data 

(Either Phase) 

Missing DNA Methylation data 

(Phase 1) 

Missing DNA Methylation data 

(Phase 2) 

Analyzed 

(n = 2104) 

Missing 

(n = 561) 
pa Present 

(n = 2247) 

Missing 

(n = 418) 
pa 

Present 

(n = 2376) 

Missing 

(n = 289) 
pa 

Age 69.4 (8.1) 70.3 (8.1) 0.02 69.4 (8.1) 70.6 (8.0) 0.004 69.6 (8.1) 69.3 (8.1) 0.51 

Sex   0.61   0.83   0.93 

Male 1,027 (48.8%) 267 (47.6%)  1,089 (48.5%) 205 (49.0%)  1,153 (48.5%) 141 (48.8%)  

Female 1,077 (51.2%) 294 (52.4%)  1,158 (51.5%) 213 (51.0%)  1,223 (51.5%) 148 (51.2%)  

Race   0.01   0.02   <0.001 

Non-Hispanic White 1,559 (74.1%) 386 (68.8%)  1,659 (73.8%) 286 (68.4%)  1,761 (74.1%) 184 (63.7%)  

African American 545 (25.9%) 175 (31.2%)  588 (26.2%) 132 (31.6%)  615 (25.9%) 105 (36.3%)  

BMI 28.9 (6.2) 28.6 (6.1) 0.24 28.9 (6.2) 28.5 (5.7) 0.32 28.8 (6.1) 28.6 (6.4) 0.21 

Current Smoker 672 (32.0%) 167 (29.8%) 0.32 719 (32.0%) 120 (28.7%) 0.18 745 (31.4%) 94 (32.5%) 0.69 

Smoking Pack-Years 43.0 (22.7) 44.0 (23.5) 0.52 43.0 (22.8) 44.2 (23.1) 0.38 43.0 (22.6) 45.2 (24.6) 0.27 

GOLD grade   0.03   0.006   0.20 

Normal Spirometry 907 (43.4%) 263 (47.2%)  973 (43.6%) 197 (47.5%)  1,047 (44.4%) 123 (42.9%)  

1 236 (11.3%) 60 (10.8%)  250 (11.2%) 46 (11.1%)  268 (11.4%) 28 (9.8%)  

2 429 (20.5%) 92 (16.5%)  459 (20.6%) 62 (14.9%)  464 (19.7%) 57 (19.9%)  

3 188 (9.0%) 57 (10.2%)  205 (9.2%) 40 (9.6%)  214 (9.1%) 31 (10.8%)  

4 65 (3.1%) 28 (5.0%)  68 (3.0%) 25 (6.0%)  76 (3.2%) 17 (5.9%)  

PRISm 264 (12.6%) 57 (10.2%)  276 (12.4%) 45 (10.8%)  290 (12.3%) 31 (10.8%)  

Comorbidity Count 1.3(1.2) 1.5(1.3) 0.05 1.3(1.2) 1.4(1.3) 0.21 1.4(1.2) 1.4(1.3) 0.27 

Diabetes 430 (20.4%) 121 (21.6%) 0.56 462 (20.6%) 89 (21.3%) 0.74 484 (20.4%) 67 (23.2%) 0.27 

Coronary Artery 

Disease 
378 (18.0%) 120 (21.4%) 0.06 406 (18.1%) 92 (22.0%) 0.06 433 (18.2%) 65 (22.5%) 0.08 



www.aging-us.com 32 AGING 

Congestive Heart 

Failure 
89 (4.2%) 26 (4.6%) 0.68 97 (4.3%) 18 (4.3%) 0.99 99 (4.2%) 16 (5.5%) 0.28 

Cerebrovascular 

Disease 
164 (7.8%) 59 (10.5%) 0.04 179 (8.0%) 44 (10.5%) 0.08 190 (8.0%) 33 (11.4%) 0.05 

Kidney Disease 95 (4.5%) 26 (4.6%) 0.90 104 (4.6%) 17 (4.1%) 0.61 108 (4.5%) 13 (4.5%) 0.97 

Liver Disease 102 (4.8%) 47 (8.4%) 0.001 111 (4.9%) 38 (9.1%) <0.001 125 (5.3%) 24 (8.3%) 0.03 

Cancer 405 (19.2%) 122 (21.7%) 0.19 444 (19.8%) 83 (19.9%) 0.96 465 (19.6%) 62 (21.5%) 0.45 

Osteoarthritis 830 (39.4%) 216 (38.5%) 0.68 894 (39.8%) 152 (36.4%) 0.19 940 (39.6%) 106 (36.7%) 0.34 

Osteoporosis 313 (14.9%) 85 (15.2%) 0.87 329 (14.6%) 69 (16.5%) 0.33 365 (15.4%) 33 (11.4%) 0.08 

Frailty Category   0.10   0.37   0.004 

Robust 738 (35.1%) 174 (31.0%)  781 (34.8%) 131 (31.3%)  835 (35.1%) 77 (26.6%)  

Prefrail 1,062 (50.5%) 290 (51.7%)  1,128 (50.2%) 224 (53.6%)  1,198 (50.4%) 154 (53.3%)  

Frail 304 (14.4%) 97 (17.3%)  338 (15.0%) 63 (15.1%)  343 (14.4%) 58 (20.1%)  

Characteristics of individuals with missing methylation data at baseline (Phase 1) or 5-year follow-up (Phase 2) compared with those with 
methylation data. Continuous variables reported as mean (standard deviation). Categorical variables reported as n (%). Abbreviations: 
GOLD: Global Initiative for Chronic Obstructive Lung Disease; COPD: Chronic Obstructive Pulmonary Disease; PRISm: Preserved Ratio 
Impaired Spirometry. ap-values for continuous variables are calculated by the Wilcoxon rank sum test; for categorical variables by Pearson's 
chi-squared test. While complete case analysis was performed (only individuals with methylation data at both Phase 1 and Phase 2 were 
included in analysis – left hand columns), participant characteristics based on methylation missingness by Phase are also reported for 
completeness (right hand columns). 

 

 

Supplementary Table 8. DunedinPACE of Epigenetic Aging (Phases 1 and 2) by frailty status at phase 3 (stratified 
by smoking status). 

  
Frailty Status at Phase 3 

Robust Prefrail Frail p Robust Prefrail Frail p 

Phase 1 

Smoking Status 

(at Phase 1) 
Former (Phase 1) Current (Phase 1) 

n 431 576 159  307 486 145  

Mean Age (SD) 60 (7) 62 (8) 66 (8)  54 (7) 55 (7) 55 (7)  

DunedinPACE 
1.01 

(0.12) 

1.05 

(0.12) 

1.10 

(0.11) 
<0.001 

1.10 

(0.12) 

1.14 

(0.12) 

1.17 

(0.13) 
<0.001 

Phase 2 

Smoking Status 

(at Phase 2) 
Former (Phase 2) Current (Phase 2) 

n 497 660 187  241 402 117  

Mean Age (SD) 65 (7) 67 (8) 70 (9)  60 (7) 60 (7) 61 (7)  

DunedinPACE 
1.02 

 (0.11) 

1.07  

(0.12) 

1.12  

(0.12) 
<0.001 

1.12  

(0.11) 

1.14  

(0.12) 

1.18  

(0.13) 
<0.001 

The DunedinPACE of epigenetic aging (units represent biological years aged per chronological year aged) as measured by 
methylation data collected at baseline (Phase 1) and at 5-year follow up (Phase 2) stratified by smoking status at time of 
blood draw. DunedinPACE is reported as mean (standard deviation). This is reported by frailty status at 10-year (Phase 3) 
follow-up. p-values were calculated by Kruskal-Wallis rank sum test across the frailty categories. For reference, mean age 
(standard deviation) at each Phase is also reported across smoking status category and frailty category. 
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Supplementary Table 9. Odds of frailty at phase 3 by DunedinPACE of Aging (Phases 1 and 2) (stratified by 
smoking status). 

  Prefrailty Frailty 

Phase Smoking Status  OR (95% CI) p OR (95% CI) p 

1 

Current 1.99 (1.51–2.60) <0.001 2.58 (1.85–3.60) <0.001 

Former 1.91 (1.49–2.45) <0.001 3.22 (2.43–4.27) <0.001 

Overall 1.90 (1.60–2.25) <0.001 2.78 (2.26–3.40) <0.001 

2 

Current 1.38 (1.01–1.90) 0.045 2.56 (1.75–3.76) <0.001 

Former 2.25 (1.79–2.84) <0.001 3.70 (2.86–4.79) <0.001 

Overall 1.91 (1.60–2.28) <0.001 3.05 (2.49–3.73) <0.001 

OR (odds ratio) and 95% CI (95% Confidence Interval) of blood DunedinPACE (epigenetic pace of aging – one unit represents 
one biological year aged per chronological year aged) on the outcome of subsequent prefrailty and frailty (compared to 
robustness) is calculated. The odds of DunedinPACE from Phase 1 (baseline) blood draw and from Phase 2 (5-year) blood 
draw on Phase 3 (10-year) frailty and prefrailty are reported. Results are stratified by smoking status at the time of blood 
draw. 

 

 

Supplementary Table 10. Odds of respiratory exacerbations by number of frailty components. 

Outcome 
# Frailty 

components 

Unadjusted Adjusted 

OR/IRR (95% CI) p OR/IRR (95% CI) p 

Exacerbation Rate 

0 – – – – 

1 1.8 (1.4–2.4) <0.001 1.7 (1.3–2.2) <0.001 

2 2.6 (1.9–3.6) <0.001 2.0 (1.5–2.8) <0.001 

3 4.2 (2.8–6.3) <0.001 3.2 (2.1–4.7) <0.001 

4 5.5 (3.2–9.3) <0.001 3.2 (1.9–5.3) <0.001 

5 8.9 (3.5–22.5) <0.001 5.3 (2.1–12.9) <0.001 

Severe Exacerbations 

0 – – – – 

1 1.5 (1.1–2.1) 0.02 1.5 (1.0–2.1) 0.04 

2 2.5 (1.7–3.6) <0.001 2 (1.3–2.9) <0.001 

3 3.4 (2.2–5.2) <0.001 2.3 (1.5–3.7) <0.001 

4 4.9 (2.9–8.1) <0.001 2.5 (1.4–4.3) 0.002 

5 8.6 (3.8–19.6) <0.001 4.3 (1.7–10.4) 0.001 

Frequent Exacerbations 

0 – – – – 

1 2.5 (1.6–3.9) <0.001 2.4 (1.5–3.9) <0.001 

2 3.9 (2.4–6.5) <0.001 3.2 (1.9–5.3) <0.001 

3 6.6 (3.9–11.3) <0.001 4.9 (2.8–8.6) <0.001 

4 10.0 (5.5–18.1) <0.001 5.2 (2.7–10.0) <0.001 

5 12.6 (5–31.5) <0.001 6.6 (2.4–18.0) <0.001 

Crude and adjusted odds ratios (OR) and 95% confidence interval (95% CI) of the number of frailty components (0–5, treated 
categorically using 0 as comparator) on odds of severe and frequent exacerbations, and crude and adjusted incident rate 
ratio (IRR) of the number of frailty components on exacerbation rate. Covariates in adjusted models: age, sex, smoking status, 
and forced expiratory volume in 1 second (FEV1) %predicted (exacerbation rate models also included an offset term for the 
log(follow-up time)). (See Supplementary Figure 4 for raw exacerbation counts). 
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Supplementary Table 11. Sex-stratified analysis of frailty category on respiratory exacerbations and mortality. 

 

Prefrailty Frailty 

Men Women Men Women 

OR/IRR/AHR p OR/IRR/AHR p OR/IRR/AHR p OR/IRR/AHR p 

Exacerbation Rate 1.3 (0.9–1.9) 0.24 2.5 (1.8–3.5) <0.001 2.3 (1.3–4.1) 0.003 4.7 (3.1–7.2) <0.001 

Severe Exacerbations 1.3 (0.8–2.0) 0.32 1.9 (1.2–3.1) 0.004 2.2 (1.2–4.1) 0.01 3.4 (1.9–6.0) <0.001 

Frequent Exacerbations 1.9 (1.0–3.3) 0.04 4.0 (2.0–8.0) <0.001 3.6 (1.7–7.6) <0.001 8.9 (4.1–19.6) <0.001 

Mortality 2.4 (1.3–4.6) 0.01 2.5 (1.0–6.2) 0.05 4.3 (2.0–9.2) <0.001 5.0 (1.7–14.5) 0.003 

Odds ratio (OR - severe exacerbations and frequent exacerbations), incident rate ratio (IRR - exacerbation rate), and adjusted hazard ratio 
(AHR; mortality from Cox proportional hazard model) are reported as OR/IRR/AHR (95% confidence interval). 

 

 

Supplementary Table 12. Frailty category vs. Odds of respiratory exacerbations stratified by time of Phase 3 
visit relative to the Covid-19 pandemic (Sensitivity Analysis). 

 

Pre-Pandemic 

(n = 1596) 

Post-Pandemic 

(n = 626) 

Robust 

(n = 588) 

Prefrail 

(n = 790) 

Frail 

(n = 218) 

Prefrailty 

OR/IRR 

Frailty 

IRR/OR 

Robust 

(n = 205) 

Prefrail 

(n = 332) 

Frail 

(n = 89) 

Prefrailty 

OR/IRR 

Frailty 

OR/IRR 

Annual 

exacerbation rate 

0.14  

(0.45) 

0.28 

(0.71) 

0.64a 

(1.15) 

1.8  

(1.4–2.4) 

3.0  

(2.1–4.4) 

.14 

(.61) 

.28 

(.86) 

.76a 

(2.0) 

1.8  

(0.97–3.5) 

4.8  

(1.9–11.9) 

Severe 

exacerbations 

9.2% 

(54) 

15.6%  

(123) 

29.8%a 

(65) 

1.6  

(1.1–2.2) 

2.6  

(1.7–4.2) 

3.9%  

(8) 

8.1% 

(27) 

17%a 

(15) 

2.0 (0.9–

4.7) 

4.5  

(1.6–12.5) 

Frequent 

exacerbations 

2.9% 

(17) 

9.5% 

(75) 

22.9%a 

(50) 

3.1  

(1.8–5.4) 

6.5  

(3.4–12.3) 

4.9% 

(10) 

9.0% 

(30) 

20%a 

(18) 

1.7  

(0.8–3.6) 

3.6  

(1.4–9.3) 

Annual exacerbation rate reported as mean (standard deviation). Frequencies reported as % (n). For exacerbation rate, the incident rate 
ratio (IRR) (95% CI) is reported. For severe and frequent exacerbations, the odds ratio (OR) (95% CI) is reported. Frailty and prefrailty 
OR/IRR are compared to robust group. ap-value < 0.05 across frailty category by Kruskal-Wallis rank sum test for exacerbation rate or 
Pearson’s chi-squared test for severe and frequent exacerbations. 

 

 


