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Summary for social media 



Female sex, ageing and inflammation significantly increased relative but not absolute lung function 

decline in new Swedish study. NHANES III may offer better lung function reference equations than 

GLI for elderly –findings from large material aged 65-102 

 

 

 

  

 



 

Abstract 

 

Data on longitudinal lung function change in the elderly are scarce. Uncertainty remains about 

whether to use absolute or relative change and how it relates to subjects' demographics. 

 

We studied absolute and relative FEV1 and FVC change in a population-based geriatric sample using 

a repeated measurements model adjusted for age, sex, smoking habits, heart failure, hypertension, 

diabetes, coronary heart disease, educational level, occupation, alcohol consumption, CRP and BMI. 

3736 participants aged 60-102 completed one to five spirometries during 13.5-years follow-up. Lung 

volumes, FEV1Q, GLI-2012 and NHANES III Z-scores were presented from 6932 spirometries. 

 

Adjusted absolute change per year was -51.7 ml (-63.7, -39.9) for FEV1 and -56.2 ml (-73.6, -38.8) for 

FVC. Adjusted relative change per year was -2.97% (-3.53, -2.40) for FEV1 and -2.46% (-3.07, -1.85) 

for FVC. Risk factors for increased relative FVC and FEV1 decline were female sex, higher age, 

current smoking habits, elevated CRP (non-significant for FEV1, p 0.057) and low educational level. 

For increased absolute decline the risk factors were male sex and being a current smoker for FEV1 

and low education for FVC. Relative but not absolute change correlated significantly with clinically 

relevant markers of functional status and may be superior to absolute change in risk factor analysis. 

Cross-sectional reduction in terms of FEV1Q was approximately 1 unit/10 years for both sexes. 

Proportions of subjects with results <LLN using NHANES III were close to anticipated but were 2 to 4 

times higher than expected using GLI-2012.  

 



Background 

  

Although forced expiratory volume in 1 second (FEV1) is an independent predictor of death and 

morbidity in general populations[1] and severity of airflow limitation in COPD is determined by it[2,3], 

recent studies covering change of FEV1 in general populations are scarce and there are no previous 

studies reporting findings for ages >90[4]. It is also unclear whether the rate of lung function decline 

increases with high age or whether it remains unaffected by ageing[1,4–7]. In addition, the importance 

of other risk factors besides smoking is becoming increasingly clear with female sex[1,4,8] and socio-

economic status [9] linked to poor lung function and increased lung function decline. C-reactive 

protein (CRP), a biomarker for inflammation, has also been linked to increased lung function decline 

in an elderly population[4]. Occupational category as well as exposure to dusts, gases and fumes 

have in younger general populations been linked to increased lung function decline and respiratory 

symptoms [10–12], but the long term effects of occupation have not been studied in populations that 

are past retirement age. In light of this, more studies on the effects of sex, socio-economic status and 

occupational exposure on lung function are requested by the ERS[13]. There is no consensus as to 

what is the appropriate measure of change. Modelling change relatively has recently been proposed 

as an alternative to an absolute model of change [14–16]. 

 

We used 13-year follow-up data of subjects aged 60-102 years from the general population cohort 

study Good Aging in Skåne (GÅS) in order to assess the rates of absolute and relative change in 

FEV1 and forced vital capacity (FVC) and how they are affected by the aforementioned characteristics 

[17]. 

 

We hypothesized that the rate of absolute and relative lung function decline is increased with higher 

age, active smoking habits, low educational level, high risk occupations, high CRP and with female 

sex. As a secondary aim, we also examined the influence of comorbidities previously linked to poor 

lung function or increased lung function decline. 



 

Methods 

 

Study design and participants 

This study is part of the ongoing longitudinal GÅS study, which in turn is part of the Swedish National 

Study on Ageing and Care (SNAC). These have been described previously[17–19]. In short, GÅS 

includes subjects randomly selected from the Swedish Municipality register of the rural and urban 

general population of the southern Swedish province of Skåne. Two separate random selections of 

participants were made: Cohort I, aged 60-95 at baseline, with baseline examinations in 2001 and 

cohort II, aged 60-81 at baseline, with baseline examinations in 2006. The overall response rate was 

63%. The study designs for the two cohorts were identical with subjects aged <80 invited for follow-up 

examination every six years and subjects 80 years or older every three years. To date, three 

examinations involving cohort I participants aged <80 are completed. The corresponding numbers for 

cohort I participants 80 years or older, cohort II participants aged <80 and cohort II participants 80 

years or older are five, two and three examinations, respectively.  

 

All examinations were performed according to the same protocol with the same data collected on 

each occasion. Assessments consisted of questionnaires, physical examinations, spirometry and 

blood sampling as detailed below. The assessments were performed during one or in some cases two 

consecutive days at the research clinic or at the subject’s home or in sheltered housing. Making home 

calls was a deliberate strategy to reduce selection bias due to morbidity and frailty.  

 

Inclusion criterion: At least one acceptable spirometry according to ATS criteria[20]. 

 

Definition of variables and subgroups 



Subjects filled out a self-report questionnaire regarding their history of smoking habits, alcohol 

consumption and medical history. Subjects uncertain of their medical history had their medical 

records reviewed by a physician. A nurse recorded height, weight, Timed get Up and Go test (TUG) 

and time required to walk 15 meters at subjects’ maximum speed. TUG was defined as time required 

to getting up from a straight backed armchair, walking 3 meters and returning to a seated position. 

Shoes and walking aids were allowed. Maximum handgrip strength was measured with an electronic 

gauge (Grippit®)[21]. Smoking habits were categorized as current smokers, ex-smokers or never-

smokers. We used the attained level of education as a marker of socio-economic status. Educational 

level was categorized as low (did not complete elementary school or equivalent), medium (completed 

elementary school) or high (at least 1 year of post-elementary school education). Subjects were 

asked how many times per month they consume alcohol and how many glasses they consumed on a 

typical occasion; the product of these numbers was used as an approximation of monthly alcohol 

consumption measured in glasses per month. Occupations were coded according to the Swedish 

standard for occupational classification (SSYK 96). Three out of the ten SSYK 96’s main categories 

were identified as potential risk occupations. These categories were “farming, forestry and gardening”, 

“construction and manufacturing” and “unqualified work”. The first two due to possible exposure to 

dusts and fumes. “Unqualified work” was identified as a potential risk occupational category by 

representing low socio-economic status. The remaining categories (managerial occupations, 

theoretical specialty competency, shorter college education, office work, customer service, nursing 

and sales, process and machine operators and military) were merged into a reference category. In 

order to identify cognitive impairment, a Mini Mental State Examination (MMSE) was conducted[22]. 

 

Spirometry 

Five specially trained and highly experienced nurses performed the spirometries. The tests were 

performed using the Vitalograph model 2120 spirometer using Spirotrac IV software (Vitalograph Ltd., 

Buckingham, UK). The spirometry, including daily calibration, was performed according to ATS 

guidelines[20] at all examinations with the exception that a bronchodilator was not administered at 

baseline for cohort I. At all other examinations subjects received 1.0 mg of Beta-2-receptor agonist 

Terbutaline 10 minutes prior to the spirometry. In addition, only one acceptable manoeuvre was 



required for inclusion in the study sample. The motivation was to not introduce selection bias among 

the very old who may not be able to perform multiple manoeuvres[23]. The Spirotrac software offers 

built in ATS test quality criteria with automatic feedback to the technician as a guidance when 

interpreting the quality of the spirometry. Up to a maximum of 8 consecutive breathing manoeuvres 

were performed with the goal of completing at least three acceptable curves. Reproducibility criteria 

was used as an indication of whether more manoeuvres were necessary and not a basis for exclusion 

of subjects[20]. The same spirometer was used at all examinations including when the test was 

performed outside of the research clinic. FEV1 and forced expiratory vital capacity (FVC) were 

analysed.  

  

Statistical analysis 

For each participant, we identified examinations with non-missing FEV1 and FVC measurements that 

were 5.5-6.5 years apart. With a follow-up time of 13 years this means that each subject may 

contribute with one or two separate trajectories. The absolute outcome was the change in mL per 

year (calculated by subtracting the initial measurement from the follow up measurement and dividing 

the result by the time between examinations). The relative outcome was constructed in the same way 

using logarithms of lung volumes rather than the volumes themselves. The multivariate models 

of change were modelled in repeated measurement models adjusted for sex[1,4], smoking habits[7], 

heart failure[24], hypertension[25], diabetes[25], coronary heart disease[6], socio-economic 

status[1,4,6], occupation[10–12], alcohol consumption[6], CRP[4,26] and BMI[27, 28](at the initial 

exam). The covariates included in the statistical analyses were all chosen a priori to analysing, i.e., no 

form of data-driven covariate selection process was applied. Crude estimates of relative change per 

year and corresponding least squares means for an ideal population were computed in order to 

facilitate the interpretation of results, see supplementary material for details. If covariate information 

was missing but available at an earlier or later exam we used these values in order to reduce the 

number of excluded subjects (if information was available at both an earlier and later exam we used 

data from the earlier one). Additional analyses to estimate the significances of age-CRP interaction 

and sex-smoking interaction were conducted (with interaction terms added to the full model). To 

analyse which factors increased the risk of being excluded from the analyses, we conducted logistic 



regressions adjusted for the factors of interest (one at the time), age and sex with “participation with 

less than two spirometries” as outcome. The 2012 Global Lungs Initiative (GLI) and NHANES III 

reference equations were used to calculate Z-scores[29,30]. The GLI-2012 SAS Macro version 2 was 

used to calculate the GLI Z-scores[31]. In analysis using Z-scores, GLI Z-scores were used unless 

otherwise stated. For subjects aged >95 years GLI equations were truncated by setting age to 95. To 

illustrate the relevance of functional status as a marker of frailty and its association with poorer lung 

function, these covariates (walking speed, TUG and grip strength) were added separately to the full 

model. They were also analysed in the total population for estimation of effects on FEV1 and FVC GLI 

Z-scores. FEV1 was also expressed as FEV1Q, the number of remaining turnovers for the estimated 

lowest sex-specific survivable FEV1  [32]. Trajectories with bronchodilation at first spirometry and 

those without were analysed separately to estimate whether they differed in outcome and significance 

pattern of risk factors. Since there was no a priori suspicion of disease the lower limit of normal (LLN) 

was defined as a Z-score <-1.96[33], which is the lower 2.5
th
 percentile. See the supplementary 

material for more details regarding the statistical analyses. 

 

Statistical software 

All analyses and figures were performed using SAS 9.3, Cary, N.C. and R Studio Version 0.99.482 – 

© 2009-2015 RStudio, Inc. 

 

Ethics 

The study was approved by the regional ethics committee of Lund University (2002; registration 

No. LU 744-00) and all participants or carers provided written consent. 

 

  



Results 

 

Participants 

See Table 1 for subject characteristics according to level of participation. Out of the 7611 invited 57% 

were female and mean age was 72 years. In total 6932 spirometries were performed. After invalid 

values were removed, 6768 FEV1 and 6804 FVC manoeuvres remained. The number of longitudinal 

trajectories are displayed in Tables 3 to 6. Age and smoking habit specific FEV1, FVC, FEV1/FVC and 

FEV1Q for the total population are presented in Table 2 together with GLI-2012 Z-scores. NHANES III 

Z-scores are available in the supplementary material. Across the study period the youngest 

participant was aged 60 and the oldest 102 years old at the time of examination. At baseline, 4.5% of 

subjects who completed at least 2 spirometry visits had a FEV1/FVC ratio below the GLI-2012 LLN. 

The proportion of Z-scores below the GLI-2012 LLN for FEV1 and FVC were 8.2% and 9.9%. The 

proportions for NHANES Z-scores below the LLN were 2.1% for the FEV1/FVC ratio, 1.9% for FEV1 

and 1.8% for FVC. Among 387 never-smokers the proportions of GLI-2012 Z-scores below the LLN 

were 3.9% for the FEV1/FVC ratio, 6.2% for FEV1 and 8.8% for FVC. The proportions below the 

NHANES III LLN were 2.3% for the FEV1/FVC ratio, 2.3% for FEV1 and 2.1% for FVC. 

 

The risk of contributing with less than two spirometric measurements was significantly increased by 

markers of morbidity and frailty; active smoking habits relative to never smokers (OR 1.6, 1.4-1.9), 

being >90 years old relative to being 60-70 years old (OR 2.7, 2.0-3.7), longer time to walk 15 meters 

(OR 1.1, 1.1-1.1 per 1 second), FEV1 and FVC <LLN (OR 5.4, 4.7-6.1 and OR 5.1, 4.4-5.8) and 

MMSE below 24 (OR 4.1, 3.4-4.9). 

 

  



TABLE 1 Baseline characteristics according to study participation 

  

Characteristics All 

participants 

main study 

Number of registered visits with acceptable spirometry 

  None 1 2 3 4 5 

Subjects n 4454 718 1513 1442 627 116 38 

Female sex % 55.8 56.6 55.7 55.6 54.7 58.6 65.8 

Age years  70.6±10.6 68.7±10.9 72.0±11.2 68.9±9.9 71.7±10.2 75.0±4.3 80.1±2.7 

Weight kg  75.8±15.3 76.1±17.3 75.6±16.0 76.1±14.1 76.5±14.7 74.8±15.4 72.8±11.0 

Height cm  167.5±9.8 167.5±10.8 166.8±9.7 168.2±9.5 168.1±9.5 166.2±10.1 164.7±8.3 

BMI kg/m
2 

26.9±4.5 27.1±5.0 26.9±4.8 26.8±4.2 27.0±4.3 27.0±4.4 26.8±3.4 

FEV1 L  2.37±0.86 NA 2.18±0.87 2.51±0.85 2.48±0.80 2.37±0.73 2.36±0.73 

FEV1 Z-score* -0.42±1.2 NA -0.67±1.29 -0.32±1.1 -0.25±1.2 -0.16±0.92 0.36±1.2 

FVC Z-score* -0.59±1.2 NA -0.83±1.2 -0.47±1.1 -0.45±1.2 -0.34±0.91 -0.06±1.1 

FEV1/FVC Z-score* 0.25±1.3 NA 0.20±1.4 0.23±1.3 0.36±1.3 0.28±0.89 0.61±0.95 

Social characteristics        

Current smokers % 17.3 21.2 19.5 16.4 13.2 6.0 2.6 

Alcohol glasses/month 7.6±12.4 9.1±15.7 6.5±11.1 8.3±12.7 7.7±12.1 5.2±7.4 3.6±4.8 

Low Socioeconomic status 

% 

3.1 3.5 3.5 2.8 2.9 2.6 2.6 

Morbidity        

Hypertension % 30.4 32.1 35.7 26.4 26.0 26.7 31.6 

Type II Diabetes % 7.3 8.9 9.0 6.0 5.6 4.3 5.3 

Heart failure % 7.6 5.7 11.0 6.7 4.3 2.6 10.5 

Coronary heart disease % 16.4 15.7 19.4 13.6 16.6 16.4 7.9 

Frailty markers        



 

 

  

Time to walk 15 meters s 9.6±3.3 9.1±4.3 10.1±3.8 9.6±2.5 9.6±2.5 9.5±1.9 9.9±1.7 

Timed Get Up and Go s 8.5±4.7 8.4±5.9 9.3±5.5 7.9±3.0 7.9±3.0 7.8±1.8 7.9±1.4 

Grip strength (N)   290.8±126.4 267.0±696.0 287.4±133.4 280.6±118.6 255.5±101.8 232.8±93.2 

Biomarkers        

Anemic** % 9.1 11.9 13.7 6.3 6.8 4.4 8.3 

CRP >20 % 3.1 2.8 4.2 2.3 2.9 2.6 0 

Cognition        

MMSE<24 % 18.7 39.0 23.5 9.4 8.6 5.2 7.9 

 

BMI: Body mass index; CRP: C-reactive protein; MMSE: Mini Mental State Examination. 

*GLI-2012 Z-score  

**Anaemic according to the sex-specific reference levels of the local laboratory 



TABLE 2 Lung volumes, FEV1Q and GLI 2012 Z-scores for ages 60-102* 

  

FEV1 (L) [n] 

   Sex 60-69 70-79 80-89 90-102 Exams (n) 

Male 3.24 (3.19, 3.29) [1126] 2.76 (2.71, 2.80) [852] 2.27 (2.22, 2.32) [809] 1.98 (1.88, 2.09) [141] 2997 

Female 2.29 (2.25, 2.32) [1212] 1.92 (1.89, 1.95) [966] 1.55 (1.52, 1.58) [1173] 1.29 (1.23, 1.34) [323] 3771 

  

FVC (L) [n] 

   Sex 60-69 70-79 80-89 90-102 Exams (n) 

Male 4.12 (4.06, 4.18) [1125] 3.59 (3.53, 3.65) [854] 2.94 (2.89, 3.01) [820] 2.61 (2.46, 2.74) [142] 3010 

Female 2.93 (2.90, 2.97) [1213] 2.51 (2.47, 2.55) [970] 2.01 (1.97, 2.04) [1186] 1.68 (1.61, 1.74) [327] 3794 

  

FEV1/FVC [n] 

   Sex 60-69 70-79 80-89 90-102 Exams (n) 

Male 0.79 (0.78, 0.80) [1125] 0.77 (0.76, 0.78) [851] 0.77 (0.76, 0.78) [809] 0.77 (0.75, 0.79) [141] 2995 

Female 0.78 (0.78, 0.79) [1212] 0.77 (0.76, 0.77) [966] 0.78 (0.77, 0.78) [1173] 0.77 (0.76, 0.78) [323] 3771 

  

FEV1 GLI-2012 Z-score  

[n] 

   Sex 60-69 70-79 80-89 90-102 Exams (n) 

Male -0.28 (-0.36, -0.21) [1123] -0.40 (-0.49, -0.31)  [851] -0.62 (-0.72, -0.52) [805] 

-0.67 (-0.87, -0.46)  

[141] 2988 

Female -0.34 (-0.41, -0.26) [1212] -0.40 (-0.48, -0.32)  [965] 

-0.52 (-0.61, -0.44)  

[1168] 

-0.77 (-0.92, -0.61)  

[320] 3760 

  

FVC GLI-2012 Z-score 

[n] 

   Sex 60-69 70-79 80-89 90-102 Exams (n) 

Male -0.47 (-0.54, -0.40) [1122] -0.58 (-0.66, -0.50) [853] -0.92 (-1.01, -0.83) [816] -0.97 (-1.20, -0.74) [142] 3001 

Female -0.34 (-0.41, -0.28) [] -0.39 (-0.46, -0.32) [] -0.64 (-0.72, -0.56) [1181] -0.90 (-1.05, -0.75) [324] 3783 

  

FEV1/FVC GLI-2012 Z-

score [n] 

   Sex 60-69 70-79 80-89 90-102 Exams (n) 

Male 0.35 (0.27, 0.43) [1122] 0.21 (0.12, 0.30) [850] 0.32 (0.21, 0.42) [805] 0.32 (0.12, 0.53) [141] 2986 

Female 0.00 (-0.079, 0.08) [1212] -0.077 (-0.16, 0.00) [965] 0.18 (0.10, 0.27) [1168] 0.17 (0.03, 0.31) [141] 3760 

  

FEV1Q [n] 

   Sex 60-69 70-79 80-89 90-102 Exams (n) 

Male 6.53 (6.45, 6.61) [1159] 5.53 (5.45, 5.62) [866] 4.60 [4.51, 4.68) [830] 3.99 [3.79, 4.18) [142] 2997 

Female 5.75 (5.69, 5.82) [1256] 4.81 (4.74, 4.88) [980] 3.92 (3.86, 3.98) [1203] 3.31 (3.20, 3.42) [332] 3771 

 

*Presented results are from repeated measurements models containing intercepts only. All Z-Scores are calculated from the GLI-2012 



reference equations 

 

 

FEV1 and FVC change  

Absolute and relative FEV1 change are presented in tables 3 and 4 while tables 5 and 6 containing 

FVC change can be found in the supplementary material. Adjusted absolute change per year was        

-56.2 ml (-73.6, -38.8) for FVC. Adjusted relative change per year was -2.46% (-3.07, -1.85) for FVC. 

Presented effects exclusively come from the multivariate analyses unless otherwise stated. The 

significant risk factors for increased relative FVC and FEV1 decline were female sex, all age-groups 

(compared to the youngest), being a current smoker (but only compared to ex-smokers for FVC), 

elevated CRP (only close to significant for FEV1, p 0.057) and low educational level. For increased 

absolute decline the risk factors were male sex, being a current smoker (compared to ex-smokers) for 

FEV1 and low education vs intermediate or high education for FVC. BMI>35 compared to BMI 20-25 

for decreased absolute decline in FEV1. One unit increase in CRP (mg/L) increased relative FEV1 and 

FVC decline by 0.02 percentage points per year (p 0.019 for FVC) but did not significantly increase 

absolute decline (-0.06 ml/year, p 0.74). Level of alcohol consumption did not increase relative or 

absolute FEV1 or FVC decline (results not shown). Adjusted and crude change per year for an ideal 

population stratified by risk factors are displayed in Tables 3 to 6. The age effect on FEV1 and FVC 

change is illustrated in Figure 1. 

 

Functional status 

Several markers of functional status correlated significantly to relative lung function decline, whereas 

absolute decline did not correlate to any marker (results not shown). When added to the full model 

both walking speed and TUG significantly influenced relative FEV1 change rates (p 0.0036 and p 

0.0056). TUG (p 0.0090) but not walking speed (p 0.30) significantly affected relative FVC change 

rate. There was no significant effect of Grip strength on either relative FEV1 (p 0.061) or FVC change 

(p 0.24). Walking speed, grip strength and TUG were also highly correlated to FEV1 and FVC GLI Z-



scores in the total population (p <0.0005 for all) with the exception of the combination FVC GLI Z-

score and TUG (p 0.083). 

 

Sensitivity analysis 

Pairs of spirometries were of two types. Either a bronchodilator was given only at the second 

measurement (Type 1) or at both measurements (Type 2). Type 1 corresponded to a lower adjusted 

overall rate of relative decline in FEV1 and FVC compared to Type 2 (0.0019/year and 0.005/year 

corresponding to a difference in relative decline per year of 0.19 percentage points and 0.5 

percentage points, respectively). However, these differences were not statistically significant (p 0.38 

for FEV1) and (p 0.26 for FVC). In the absolute analysis, Type 1 corresponded to a slightly higher rate 

of FEV1 decline (3ml/year) and a lower rate of FVC decline (8ml/year). Differences were not 

statistically significant (p 0.59 and 0.33, respectively). Effects of risk factors did not significantly differ 

between the two types for any outcome. 

  



 

TABLE 3 Individually calculated absolute FEV1 change   

 

Characteristics Baseline 

FEV1 (mean ± 

SD) 

Crude FEV1 

absolute decline 

Adjusted (LSM) FEV1 absolute change* Number of 

trajectories 

BASIC MODEL FULL MODEL 

 

L mL/yr (95% CI) mL/yr (95% CI) p mL/yr (95% CI) p n 

Sex 

 

      

Male 3.09±0.69 -49.1 (-53.0, -45.1) -51.7 (-57.0, -41.9) . -55.2 (-67.5, -42.9) . 715 

Female 2.13±0.53 -38.3 (-41.9, -34.7) -40.9 (-45.8, -36.1) <0.0001 -48.3 (-60.6, -35.9) 0.018 844 

Age years 

       

60-69 2.83±0.74 -41.7 (-45.3, -38.0) -42.8 (-46.3, -39.2) . -47.6 (-59.8, -35.3) . 839 

70-79 2.48±0.71 -46.9 (-52.7, -41.1) -48.4 (-54.2, -42.6) 0.10 -54.3 (-67.1, -41.6) 0.061 339 

80-89 2.12±0.62 -42.9 (-48.8, -37.0) -44.7 (-50.7, -38.7) 0.57 -49.7 (-62.2, -37.2) 0.57 325 

90-102 1.74±0.55 -46.5 (-60.8, -32.2) -49.4 (-63.7, -35.3) 0.37 -55.4 (-72.9, -37.8) 0.29 56 

Smoking habits 

       

Current smoker 2.45±0.75 -47.0 (-54.4, -39.5) -50.3 (-58.0, -42.6) . -56.9 (-70.2, -43.4) . 224 

Former smoker 2.67±0.75 -41.2 (-45.5, -36.8) -42.2 (-47.4, -37.0) 0.039 -47.9 (-60.2, -35.5) 0.03 661 

Never smoker 2.50±0.80 -44.0 (-48.4, -39.7) -46.4 (-51.2, -41.7) 0.32 -50.5 (-63.0, -37.9) 0.13 674 

Hypertension 

       

Yes 2.44±0.75 -44.4 (-49.4, -39.3) 

  

-53.7 (-66, -41.4) . 452 

No 2.62±0.78 -42.8 (-46.0, -39.5) 

  

-49.8 (-62.2,-37.3) 0.20 1107 

Diabetes type II 

       

Yes 2.48±0.75 -44.3 (-55.9, -32.8) 

  

-51.0 (-66.1, -35.9) . 98 

No 2.58±0.78 -43.2 (-46.2, -40.2) 

  

-52.5 (-63.5, -41.4) 0.80 1461 

CHD 

       

Yes 2.38±0.75 -42.4 (-50.2, -34.6) 

  

-51.2 (-64.3, -38.1) . 195 

No 2.60±0.78 -43.4 (-46.3, -40.4) 

  

-52.2 (-64.6, -39.9) 0.82 1364 

Heart failure 

       

Yes 2.01±0.57 -40.5 (-54.9, -26.1) 

  

-52.7 (-68.5, -36.9) . 65 

No 2.59±0.77 -43.4 (-46.3, -40.4) 

  

-50.8 (-62.1, -39.6) 0.79 1494 

BMI 

       

<20 2.28±0.79 -37.5 (-57.8, -17.3) 

  

-54.1 (-78.9, 29.2) 0.80 29 

20-24.99 2.58±0.80 -46.4 (-51.3, -41.5) 

  

-57.1 (-68.9, -45.2) . 491 

25-35 2.58±0.77 -42.8 (-46.3, -39.3) 

  

-51.4 (-62.3, -40.4) 0.062 956 

>35 2.47±0.66 -32.0 (-44.0, -20.1) 

  

-44.4 (-58.5, -30.3) 0.041 83 



Occupation 

       

Low risk 2.56±0.76 -42.7 (-45.7, -39.7) 

  

-49.7 (-61.1, -38.3) . 1280 

Farming etc. 2.34±0.74 -42.3 (-57.9, -26.7) 

  

-50.1 (-68.6, -31.6) 0.96 46 

Unqualified work 2.09±0.69 -37.0 (-49.3, -24.8) 

  

-49.3 (-64.9, -33.7) 0.96 75 

Construction etc. 2.96±0.74 -50.3 (-58.7, -41.9) 

  

-57.8 (-71.9, -43.7) 0.08 158 

Education 

       

Low 2.18±0.66 -46.4 (-62.1, -30.7) 

  

-57.8 (-76.5, -33.9) . 46 

Intermediate 2.51±0.77 -41.3 (-44.5, -38.1) 

  

-44.9 (-55.8, -34.0) 0.12 1103 

High 2.78±0.76 -48.2 (-53.4, -42.9) 

  

-52.4 (-64.9, -40.0) 0.53 410 

ALL 2.57±0.78 -43.2 (-45.9, -40.6) -46.3 (-50.8, -41.9) 

 

-51.7 (-63.7, -39.8) 

 

1559 

   
    

 LSM: least squares means; CHD: coronary heart disease, CRP: C-reactive protein. Basic model is adjusted for the categorical variables age, 

sex and smoking status. The Full model is also adjusted for the categorical variables hypertension, CHD, heart failure, diabetes type II, 

occupation, BMI, education and the continuous variables CRP and alcohol consumption. Values used for LSM calculations were: alcohol 

consumption: 8.4 glasses/month and CRP: 5.4 mg/L. Missing values for covariates resulted in 25 trajectories being excluded. 

 

 

 

 

TABLE 4 Individually calculated relative FEV1 change 

Characteristics Baseline 

FEV1 (mean 

± SD) 

Crude FEV1 relative 

change 

Adjusted (LSM) FEV1 relative change* Number of 

trajectories 

BASIC MODEL FULL MODEL 

 L % per year (95% CI) % per year (95% CI) p % per year (95% CI) p n 

Sex 

 

     

 

Male 3.09±0.69 -1.80 (-1.99, -1.61) -2.28 (-2.53, -2.02) . -2.76 (-3.34, -2.18) . 715 

Female 2.13±0.53 -2.07 (-2.24, -1.89) -2.51 (-2.75, -2.28) 0.055 -3.18 (-3.76, -2.60) 0.0020 844 

Age years 

       

60-69 2.83±0.74 -1.64 (-1.82, -1.47) -1.74 (-1.91, -1.57) . -2.31 (-2.89, -1.73) . 839 

70-79 2.48±0.71 -2.14 (-2.41, -1.86) -2.26 (-2.53, -1.98) 0.0016 -2.90 (-3.50, -2.30) 0.0005 339 

80-89 2.12±0.62 -2.35 (-2.64, -2.07) -2.47 (-2.76, -2.18) <.0001 -2.98 (-3.57, -2.39) 0.0001 325 

90-102 1.74±0.55 -3.00 (-3.67, -2.32) -3.10 (-3.78, -2.42) 0.0001 -3.68 (-4.50, -2.85) <.0001 56 

Smoking habits 

       



Current smoker 2.45±0.75 -2.23 (-2.59, -1.87) -2.78 (-3.15, -2.41) . -3.41 (-4.03, -2.78) . 224 

Former smoker 2.67±0.75 -1.79 (-2.00, -1.58) -2.18 (-2.43, -1.93) 0.0015 -2.76 (-2.34, -2.17) 0.0009 661 

Never smoker 2.50±0.80 -2.00 (-2.21, -1.80) -2.23 (-2.46, -2.00) 0.0038 -2.74 (-3.33, -2.15) 0.0008 674 

Hypertension 

       

Yes 2.44±0.75 -2.06 (-2.30, -1.81) 

  

-3.04 (-3.62, -2.46) . 452 

No 2.62±0.78 -1.90 (-2.06, -1.75) 

  

-2.90 (-3.48, -2.31) 0.33 1107 

Diabetes type II 

       

Yes 2.48±0.75 -2.02 (-2.57, -1.46) 

  

-3.02 (-3.73, -2.31) . 98 

No 2.58±0.78 -1.94 (-2.09, -1.80) 

  

-2.92 (-3.48, -2.31) 0.71 1461 

CHD 

       

Yes 2.38±0.75 -2.11 (-2.48, -1.73) 

  

-3.01 (-3.63, -2.39) . 195 

No 2.60±0.78 -1.92 (-2.07, -1.78) 

  

-2.93 (-3.51, -2.35) 0.69 1364 

Heart failure 

       

Yes 2.01±0.57 -2.35 (-3.04, -1.65) 

  

-3.11 (-3.85, -2.37) . 65 

No 2.59±0.77 -1.93 (-2.07, -1.78) 

  

-2.83 (-3.36, -2.29) 0.37 1494 

BMI 

       

<20 2.28±0.79 -1.88 (-2.86, -0.89) 

  

-3.09 (-4.25, -1.92) 0.97 29 

20-24.99 2.58±0.80 -2.03 (-2.26, -1.79) 

  

-3.11 (-3.67, -2.55) . 491 

25-35 2.58±0.77 -1.94 (-2.11, -1.77) 

  

-2.99 (-3.51, -2.47) 0.39 956 

>35 2.47±0.66 -1.54 (-2.12, -0.96) 

  

-2.68 (-3.35, -2.01) 0.14 83 

Occupation 

       

Low risk 2.56±0.76 -1.93 (-2.07, -1.79) 

  

-2.86 (--3.40, -2.32) . 1280 

Farming etc. 2.34±0.74 -1.88 (-2.63, -1.12) 

  

-2.87 (-3.73, -1.99) 0.99 46 

Unqualified work 2.09±0.69 -2.18 (-2.77, -1.58) 

  

-2.95 (-3.68, -2.22) 0.76 75 

Construction etc. 2.96±0.74 -1.90 (-2.31, -1.49) 

  

-3.20 (-3.86, -2.54) 0.12 158 

Education 

       



Low 2.18±0.66 -2.48 (-3.23, -1.73) 

  

-3.51 (-4.38, -2.62) . 46 

Intermediate 2.51±0.77 -1.91 (-2.06, -1.75) 

  

-2.56 (-3.07, -2.04) 0.0144 1103 

High 2.78±0.76 -1.99 (-2.24, -1.73) 

  

-2.85 (-3.43, -2.26) 0.10 410 

ALL 2.57±0.78 -1.94 (-2.08, -1.82)  -2.39 (-2.61, -2.18) 

 

-2.97 (-3.53, -2.40) 

 

1559 

   
    

 LSM: least squares means; CHD: coronary heart disease, CRP: C-reactive protein. Basic model is adjusted for the categorical variables 

age, sex and smoking status. The Full model is also adjusted for the categorical variables hypertension, CHD, heart failure, diabetes type 

II, occupation, BMI, education and the continuous variables CRP and alcohol consumption. Values used for LSM calculations were: 

alcohol consumption: 8.4 glasses/month and CRP: 5.4 mg/L. Missing values for covariates resulted in 25 trajectories being excluded.  

 

Discussion 

 

Brief synopsis of key findings 

In the relative analysis, we confirmed the hypothesis that age, female sex, current smoking habits, low 

educational level and elevated CRP increased FEV1 and FVC decline. None of these, except 

smoking, are widely accepted risk factors for rate of lung function decline. In the absolute analysis, 

current (compared to former) smoking was confirmed as a risk factor for increased FEV1 and low 

educational level for FVC decline, while BMI >35 significantly decreased decline for FEV1. For 

absolute decline, male sex rather than female sex increased the rate of decline.  

 

Interpretation and comparison with previous studies 

 

Relative and absolute change 

Please see the statistical appendix in the supplement for more background on relative and absolute 

change. We found some support in our data for the relevance of relative change in a risk factors 

analysis. In a separate analysis presented in the supplementary material we discovered that absolute 



but not relative change was significantly associated to initial volume, giving some credit to the theory 

that change is relative in nature. This will lead to bias if it is not accounted for[16]. To exemplify the 

importance of initial volume, for FEV1 change we would expect that current smokers with the same 

initial lung volumes lose a larger absolute volume per time unit compared to never-smokers. However, 

in this study the starting volume is lower for the never-smokers and the difference in absolute decline 

is expected to be reduced. This is also what we find, in this case leading to a non-significant 

difference in decline between current smokers and never-smokers for absolute decline. For relative 

change we do not have this bias and as expected current smoking increases relative decline 

compared to both ex-smokers and never smokers. To compare the clinical relevance of relative and 

absolute change we correlated them with markers of functional status. Relative change was 

significantly related to several clinically relevant functional markers, but absolute change was not, 

suggesting a weak correlation between absolute change and well established functional parameters. 

For more details on this analysis and on the models of change, see the statistical section in the 

supplementary material. We request more well designed studies on lung function change in the 

elderly with focus on the nature of change (shape of the decline) and its relation to clinically relevant 

outcomes such as death. 

 

Age 

Previous studies that report lung function change values in general elderly populations differ 

methodologically and do not report findings for ages ≥90 years, but can still be used for 

comparison[1,4,34]. One of these studies measured change relatively[1] and the other studies 

modelled absolute levels of lung function using linear mixed effects regression models and assessed 

change through suitable adjustment. Two of these studies reported weak or no age effect on rate of 

FEV1 decline or risk of being a “rapid decliner” in FEV1 [1,4]. An increased decline in FEV1 with 

higher age was also reported by Vaz Fragoso et. al and recently in a Korean COPD 

population[34,35]. Theories on normal and pathological aging of the lung include frequent/inadequate 

response to respiratory infections, oxidative stress and cumulative exposure to toxins leading to 

dysregulated inflammation[36]. Additionally, physiological changes with loss of elastic recoil, 

weakening of respiratory muscles and increased rigidity of the chest wall contribute[37]. 



 

FEV1Q  

The cross-sectional reduction in FEV1Q was about one turnover per decade, which is the same as 

previous estimates for smokers aged over 60[32]. That the reduction by age of FEV1Q was not lower 

than an all-smoking population could possibly be explained by the high age of the current study’s 

population or other differences between populations[32]. The ratio of absolute decline in FEV1 

between women and men for this study was approximately 0.8 which is similar to previous 

findings[32]. This is also the exact ratio between the FEV1 values of men and women at the 1
st
 

percentile that the FEV1Q formula is based upon. One interpretation of this is that the longitudinal 

overall reductions in FEV1Q by age can be broadly applied to both sexes[32]. This may be useful 

since FEV1Q has recently been suggested as a staging tool for COPD and forecasting future levels 

may be of clinical use[38]. 

 

Sex 

A sex-specific causal relationship with lung function decline is yet to be established[3,8,39,40]. 

Female sex was linked to increased decline of FEV1 in two out of the three relevant studies that 

reported sex-specific estimates. One of these studies measured change relatively while the other 

differed methodologically, making direct comparison difficult[1,4]. It has previously been demonstrated 

that female COPD subjects had greater relative but not absolute decline in FEV1[41]. The sex effect 

observed in this study on relative lung function decline is not likely to be explained by socio-economic 

differences between sexes (including smoking habits) or a higher proportion of females in the oldest 

age groups since these factors have been adjusted for. Further, it is not likely to be due to systemic 

inflammation since the sex effect remains after adjusting for CRP. One explanation for this finding is 

that women may be more sensitive to tobacco smoke, suggesting an interaction between sex and 

smoking habits [5,10]. However, this interaction was non-significant when added to the full model for 

both FEV1 and FVC decline. Other previous theories on the female sex effect include sex 

hormones[39], dimensional differences[40] and sex-specific differences in the morphology of 

COPD[42].  



 

CRP 

Elevated CRP levels has been linked to increased FEV1 decline in elderly general populations 

previously[4]. There is on-going research on potential biomarkers for COPD disease activity and the 

role of CRP in this context is still unclear[5,13]. It has been suggested that the association between 

high CRP and poor lung function may be the result of an age-related inflammation nick-named 

“inflammaging”[26]. However, a strong age effect remains in this study after adjusting for CRP and we 

did not find any significant interaction between CRP and age groups for either FEV1 or FVC decline. 

In other words, the effect of systemic inflammation on lung function decline seems to be constant 

across ages.  

 

Education and socio-economic status 

Even after adjusting for smoking habits, sex, alcohol consumption, coronary heart disease and 

occupational exposure, subjects reporting a low level of attained education had a greater rate of 

yearly FEV1 and FVC decline (except absolute decline of FEV1). Effects of educational level on lung 

function have been described before but longitudinal studies are rare and have often not been 

adjusted for possible confounders such as occupation and alcohol consumption[1,4,9]. However, the 

effects of education did not remain when using robust regression procedures and should be 

interpreted with caution. Our data do not clearly tell whether the results are due to chance and a small 

number of participants with low educational level or true differences in patterns of changes of lung 

volumes. The low educational level group seems to represent a high level of heterogeneity of change 

of lung volumes, which may reflect that effects of a low socio-economic status are complex and differ 

greatly between individuals. The effects of low education may enter early in life; low intrauterine 

growth, childhood respiratory tract infections, poor nutrition and housing, have all been suggested[9]. 

Low education level (<12 years/no degree) was close to significant compared to high education level 

(>12 years/degree) in one of the studies[1] on general elderly populations previously mentioned but 

not in the other study that tested for education level as a predictor[4]. These categories of education 



level are roughly, but not directly, comparable to this study’s categorisation due to differences in 

educational systems.  

 

Comorbidities 

A BMI >35 decreased absolute FEV1 decline. Apart from this, we did not find that comorbidities or 

BMI significantly correlated to FEV1 or FVC decline. Previous studies have found associations 

between lung function and CHD[6], heart failure[24], the metabolic syndrome and high BMI[25,27,28]. 

That BMI>35 reduced absolute FEV1 decline may be due to change being relative in nature and 

obesity leading to reduced lung volumes which in turn leads to smaller subsequent absolute decline 

values[25, 27,28]. This supports the idea that relative change is preferable to absolute change in a 

risk factor analysis. Most of these previous studies have been cross-sectional in design where 

reversed causality may be a concern. There are no previous studies accounting for socio-economics, 

occupation and CRP. This may have confounded the results.  

 

 

Limitations 

Longitudinal studies on very old participants are often subject to dropout due to morbidity or death of 

participants. We have addressed this by making house calls, conducting examinations in nursing 

homes and by examining those aged ≥80 more frequently. Still, after adjusting for age and sex, lower 

functional status, having an FEV1 and FVC GLI Z-score below the LLN and being a smoker was 

significantly associated with failure to complete more than two examinations with an acceptable 

spirogram. Functional status was correlated to FEV1 and FVC GLI Z-scores and relative change rates. 

39% of those who failed to complete any spirometry at all had a MMSE score below 24 which is likely 

to reflect the inability to perform a technically acceptable spirometry with a cognitive disorder[42]. To 

further reduce selection bias among the old and frail, we included a handful of subjects (1.9% of all 

spirometries, 5.1% of those aged 90+) with only one acceptable manoeuvre. This is in contrast to 

younger subjects who should be able to perform multiple acceptable manoeuvres or when spirometry 



is used diagnostically in a clinical context [20,23]. In spite of this we likely underestimate the true 

reduction in lung function by selection of the fittest. Mannino et al reported a dropout of 60% among 

those aged 86 or older which was very close to this study’s percentage of participants with only one 

spirometry measurement (62%) in the same age group. 

 

At time of baseline Cohort II participants were on average 7.5 years younger compared to Cohort I. 

This is a result of ages for Cohort I recruitment being 60-95 and for Cohort II 60-81. That is, those 

who received a bronchodilator at baseline were somewhat younger than those who did not, possibly 

leading to an underestimation of the observed age effect. However, adjusted decline rates and effects 

of risk factors did not significantly differ between data pairs with bronchodilation at first measurement 

and those without. Otherwise, Cohort I and Cohort II were examined using the same equipment, the 

same staff and were both randomly selected from the same population with similar participation rates. 

Bronchodilators may cause adverse reactions among elderly, which could affect spirometry 

performance and participation[44]. Studies have shown that relative bronchodilator response may be 

greater with lower FVC or FEV1 values which could introduce age-related differences in bronchodilator 

response[2]. 

 

Farmers and construction workers had elevated levels of FEV1 decline compared to low risk 

occupations, but these effects did not reach statistical significance. It is likely that with more data the 

occupational categories could be further subcategorised to identify specific subgroups who would be 

more exposed to dusts and fumes. We did not have access to self-reported exposure to dusts and 

fumes which would have been helpful in distinguishing the risk groups from the reference groups[45]. 

Moreover, this is a study of mostly retired subjects, thus only examining long term effects of previous 

occupational exposures. Considering the large difference between current and former exposure to 

tobacco smoke found in this study, we should not conclude that our findings can be generalised to 

current occupational exposure. 

 

NHANES III may offer a better choice for elderly 



There is uncertainty regarding reference equations in very high ages and although GLI includes ages 

up to 95 years it is noteworthy that extrapolated values from NHANES III have been shown to 

correlate better with survival and are possibly more accurate in high ages[43]. In this study NHANES 

III Z-scores were generally closer to zero compared with GLI Z-scores. Moreover: among never-

smokers we found the proportion of NHANES III Z-scores below the 2.5% LLN to be 2.1-2.3% for 

FEV1, FVC and FEV1/FVC but GLI Z-scores were roughly 2 to 4 times higher depending on index. 

This supports previous findings that NHANES III Z-scores may offer a better choice for elderly 

populations. Presented GLI Z-scores for ages above 95 are likely to be slightly too low since age was 

set to 95 for these subjects due to lacking reference equations. 

 

Generalisability 

This is a study on a randomly selected general population from both cities and rural areas. There was 

no exclusion criterion other than not performing at least one acceptable spirometry. Additionally, the 

age spectrum with no upper age limit and ability to make house calls to those unable to visit the clinic 

due to frailty also contribute to the study’s generalisability. However, age and morbidity associated 

dropouts may have led to bias by attrition, this is discussed further under the limitations section. The 

baseline FEV1 GLI Z-score for subjects with at least 2 spirometry measurements of -0.27 is 

comparable to the reported FEV1 Z-score of -0.21 in another slightly younger general population, 

suggesting that they are similar in terms of normality of lung function(34).  

 

Conclusion and possible contributions of this study 

This is the first longitudinal study to specifically observe and analyse individual FEV1 and FVC change 

in ages >90 years, thereby providing essential information on the natural history of lung function. 

Moreover, this study highlights the difference in outcome resulting from studying relative as opposed 

to absolute change. The rate of relative FEV1 and FVC decline increased with age, female sex, 

elevated CRP (only marginally significant for FEV1), current smoking habits and low educational level. 

The rate of absolute decline decreased with BMI>35, increased with male sex and current smoking 

habits for FEV1 and low education for FVC. In conclusion, risk factors for increased lung function 



decline will very much depend on how we model change. For a potential risk factor having a strong 

influence on initial volume (such as female sex) it is crucial to choose an appropriate model as 

outcomes of different models may be diametrically opposite. We found some support for the 

relevance of relative change when studying risk factors of lung function decline. We also found that 

NHANES III may offer better reference equations for elderly compared to GLI-2012. These findings 

should be replicated and further investigated. 

 

Acknowledgements 

We would like to acknowledge the comprehensive feedback from the editors and reviewers during the 

development of this manuscript. 

 

 



 

References 

1.  Mannino DM. Lung function decline and outcomes in an elderly population. Thorax. 2006 Jun 
1;61(6):472–7.  

2.  Pellegrino R. Interpretative strategies for lung function tests. Eur Respir J. 2005 Nov 
1;26(5):948–68.  

3.  Decramer, Vestbo. From the Global Strategy for the Diagnosis, Management and Prevention of 
COPD, Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2014. Available from: 
http://www.goldcopd.org/.  

4.  Yohannes AM, Tampubolon G. Changes in lung function in older people from the English 
Longitudinal Study of Ageing. Expert Rev Respir Med. 2014 Aug;8(4):515–21.  

5.  Vestbo J, Edwards LD, Scanlon PD, Yates JC, Agusti A, Bakke P, et al. Changes in Forced 
Expiratory Volume in 1 Second over Time in COPD. N Engl J Med. 2011 Sep 29;365(13):1184–
92.  

6.  Burchfiel CM, Marcus EB, Sharp DS, Enright PL, Rodriguez BL, Masaki KH, et al. 
Characteristics associated with rapid decline in forced expiratory volume. Ann Epidemiol. 1996 
May;6(3):217–27.  

7.  Fletcher C, Peto R. The natural history of chronic airflow obstruction. Br Med J. 1977 Jun 
25;1(6077):1645–8.  

8.  Luoto JA, Elmståhl S, Wollmer P, Pihlsgård M. Incidence of airflow limitation in subjects 65–100 
years of age. Eur Respir J. 2016 Feb;47(2):461–72.  

9.  Hegewald MJ, Crapo RO. Socioeconomic Status and Lung Function. Chest. 2007 
Nov;132(5):1608–14.  

10.  Krzyzanowski M, Jedrychowski W, Wysocki M. Factors Associated with the Change in 
Ventilatory Function and the Development of Chronic Obstructive Pulmonary Disease in a 13-
Year Follow-up of the Cracow Study: Risk of Chronic Obstructive Pulmonary Disease 

1–
 
3
. Am 

Rev Respir Dis. 1986 Nov;134(5):1011–9.  

11.  Mirabelli MC, London SJ, Charles LE, Pompeii LA, Wagenknecht LE. Occupation and three-
year incidence of respiratory symptoms and lung function decline: the ARIC Study. Respir Res. 
2012;13(1):24.  

12.  Humerfelt S, Gulsvik A, Skjaerven R, Nilssen S, Kvåle G, Sulheim O, et al. Decline in FEV1 and 
airflow limitation related to occupational exposures in men of an urban community. Eur Respir J. 
1993 Sep;6(8):1095–103.  

13.  Celli BR, Decramer M, Wedzicha JA, Wilson KC, Agustí A, Criner GJ, et al. An official American 
Thoracic Society/European Respiratory Society statement: research questions in COPD. Eur 
Respir J. 2015 Apr;45(4):879–905.  

14.  Thomsen LH, Dirksen A, Shaker SB, Skovgaard LT, Dahlbäck M, Pedersen JH. Analysis of FEV 

1 Decline in Relatively Healthy Heavy Smokers: Implications of Expressing Changes in FEV 1 in 
Relative Terms. COPD J Chronic Obstr Pulm Dis. 2014 Feb;11(1):96–104.  

15.  Vestbo J, Lange P. Fletcher and Peto 40 Years On. A Tribute and Reflection. Am J Respir Crit 
Care Med. 2017 Jun 1;195(11):1420–2.  



16.  Raimondi GA. FEV1 Decline in COPD Patients. Am J Respir Crit Care Med. 2017 Feb 7;  

17.  Ekström H, Elmståhl S. Pain and fractures are independently related to lower walking speed and 
grip strength: Results from the population study “Good Ageing in Skåne.” Acta Orthop. 2006 
Jan;77(6):902–11.  

18.  Stenhagen M, Ekström H, Nordell E, Elmståhl S. Falls in the general elderly population: a 3- and 
6- year prospective study of risk factors using data from the longitudinal population study “Good 
ageing in Skane.” BMC Geriatr. 2013;13(1):81.  

19.  Lagergren M, Fratiglioni L, Hallberg IR, Berglund J, Elmståhl S, Hagberg B, et al. A longitudinal 
study integrating population, care and social services data. The Swedish National study on 
Aging and Care (SNAC). Aging Clin Exp Res. 2004 Apr;16(2):158–68.  

20.  Standardization of Spirometry, 1994 Update. American Thoracic Society. Am J Respir Crit Care 
Med. 1995 Sep;152(3):1107–36.  

21.  Nordenskiöld UM, Grimby G. Grip force in patients with rheumatoid arthritis and fibromyalgia 
and in healthy subjects. A study with the Grippit instrument. Scand J Rheumatol. 1993;22(1):14–
9.  

22.  Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading the 
cognitive state of patients for the clinician. J Psychiatr Res. 1975 Nov;12(3):189–98.  

23.  Fragoso CAV. Epidemiology of Chronic Obstructive Pulmonary Disease (COPD) in Aging 
Populations. COPD J Chronic Obstr Pulm Dis. 2016 Mar 3;13(2):125–9.  

24.  Lizak MK, Zakliczyński M, Jarosz A, Zembala M. The influence of chronic heart failure on 
pulmonary function tests in patients undergoing orthotopic heart transplantation. Transplant 
Proc. 2009 Oct;41(8):3194–7.  

25.  Chen W-L, Wang C-C, Wu L-W, Kao T-W, Chan JY-H, Chen Y-J, et al. Relationship between 
Lung Function and Metabolic Syndrome. Stover CM, editor. PLoS ONE. 2014 Oct 
9;9(10):e108989.  

26.  Ahmadi-Abhari S, Kaptoge S, Luben RN, Wareham NJ, Khaw K-T. Longitudinal Association of 
C-Reactive Protein and Lung Function Over 13 Years: The EPIC-Norfolk Study. Am J 
Epidemiol. 2014 Jan 1;179(1):48–56.  

27.  Wang S, Sun X, Hsia T-C, Lin X, Li M. The effects of body mass index on spirometry tests 
among adults in Xi’an, China: Medicine (Baltimore). 2017 Apr;96(15):e6596.  

28.  Jones RL, Nzekwu M-MU. The Effects of Body Mass Index on Lung Volumes. Chest. 2006 
Sep;130(3):827–33.  

29.  Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-ethnic reference 
values for spirometry for the 3-95-yr age range: the global lung function 2012 equations. Eur 
Respir J. 2012 Dec;40(6):1324–43.  

30.  Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a sample of the 
general U.S. population. Am J Respir Crit Care Med. 1999 Jan;159(1):179–87.  

31.  Stanojevic S. GLI-2012 SAS Macro Version 2, 7 April 2013 [Internet]. Available from: 
https://www.ers-education.org/guidelines/global-lung-function-initiative/spirometry-tools/sas-
macro.aspx 

32.  Miller MR, Pedersen OF. New concepts for expressing forced expiratory volume in 1 s arising 
from survival analysis. Eur Respir J. 2010 Apr 1;35(4):873–82.  



33.  Quanjer PH, Stanojevic S, Cole TJ, Stocks J. Implementing GLI 2012 lung function regression 
equations [Internet]. [cited 2015 Jun 15]. Available from: 
http://www.lungfunction.org/files/implementingGLIequations.pdf 

34.  Vaz Fragoso CA, McAvay G, Van Ness PH, Metter EJ, Ferrucci L, Yaggi HK, et al. Aging-
Related Considerations When Evaluating the Forced Expiratory Volume in 1 Second (FEV1) 
Over Time. J Gerontol A Biol Sci Med Sci. 2016 Jul;71(7):929–34.  

35.  Kim SJ, Lee J, Park YS, Lee C-H, Yoon HI, Lee S-M, et al. Age-related annual decline of lung 
function in patients with COPD. Int J Chron Obstruct Pulmon Dis. 2015 Dec;51.  

36.  Vaz Fragoso CA, Lee PJ. The Aging Lung. J Gerontol A Biol Sci Med Sci. 2012 Mar 
1;67A(3):233–5.  

37.  Vaz Fragoso CA, Gill TM. Respiratory Impairment and the Aging Lung: A Novel Paradigm for 
Assessing Pulmonary Function. J Gerontol A Biol Sci Med Sci. 2012 Mar 1;67A(3):264–75.  

38.  Culver BH. Assessment of severity and prognosis in COPD: moving beyond percent of 
predicted. Eur Respir J. 2018 Aug;52(2):1801005.  

39.  Becklake MR, Kauffmann F. Gender differences in airway behaviour over the human life span. 
Thorax. 1999 Dec;54(12):1119–38.  

40.  Kanner RE, Connett JE, Altose MD, Buist AS, Lee WW, Tashkin DP, et al. Gender difference in 
airway hyperresponsiveness in smokers with mild COPD. The Lung Health Study. Am J Respir 
Crit Care Med. 1994 Oct;150(4):956–61.  

41.  Celli BR, Thomas NE, Anderson JA, Ferguson GT, Jenkins CR, Jones PW, et al. Effect of 
Pharmacotherapy on Rate of Decline of Lung Function in Chronic Obstructive Pulmonary 
Disease: Results from the TORCH Study. Am J Respir Crit Care Med. 2008 Aug 15;178(4):332–
8.  

42.  Dransfield MT. Gender Differences in the Severity of CT Emphysema in COPD. CHEST J. 2007 
Aug 1;132(2):464.  

43.  Allen SC, Yeung P. Inability to draw intersecting pentagons as a predictor of unsatisfactory 
spirometry technique in elderly hospital inpatients. Age Ageing. 2006 May 1;35(3):304–6.  

44.  Gershon A, Croxford R, Calzavara A, To T, Stanbrook MB, Upshur R, et al. Cardiovascular 
Safety of Inhaled Long-Acting Bronchodilators in Individuals With Chronic Obstructive 
Pulmonary Disease. JAMA Intern Med. 2013 Jul 8;173(13):1175.  

45.  Trupin L, Earnest G, San Pedro M, Balmes JR, Eisner MD, Yelin E, et al. The occupational 
burden of chronic obstructive pulmonary disease. Eur Respir J. 2003 Sep;22(3):462–9.  

46.  Miller MR, Thinggaard M, Christensen K, Pedersen OF, Sigsgaard T. Best lung function 
equations for the very elderly selected by survival analysis. Eur Respir J. 2014 May;43(5):1338–
46.  

 

 

  



 



 
 

Supplementary material 

Relative and absolute lung function change in a general population aged 60-102 years 

Contents: 

1. TABLE 5 Individually calculated absolute FVC change   page 1-2 

2. TABLE 6 Individually calculated relative FVC change  page 2-3 

3. TABLE 7 Lung volumes, FEV1Q and GLI 2012 Z-scores by smoking habits page 3-4 

4. TABLE 8 NHANES Z-scores for the total population  page 5-6 

5. Statistical appendix     page 6-11 

 

TABLE 5 Individually calculated absolute FVC change  

 

Characteristics Crude 

baseline FVC 

(mean ± SD) 

Crude FVC 

absolute decline 

Adjusted (LSM) FVC absolute change* Number of 

trajectories 

BASIC MODEL FULL MODEL 

 

L mL/yr (95% CI) mL/yr (95% CI) p mL/yr (95% CI) p n 

Sex 

       

Male 3.90±0.84 -42.3 (-47.9, -36.7) -45.9 (-53.4, -38.5) . -58.0 (-75.8, -40.2) . 714 

Female 2.70±0.66 -34.0 (-39.2, -28.9) -38.7 (-45.6, -31.9) 0.041 -54.4 (-72.3, -36.6) 0.40 844 

Age years 

       

60-69 3.58±0.90 -36.8 (-42.0, -31.6) -38.2 (-43.1, -33.2) . -51.6 (-69.4, -33.9) . 838 

70-79 3.16±0.87 -41.7 (-49.9, -33.4) -44.2 (-52.1, -36.2) 0.2 -58.6 (-77.1, -40.2) 0.18 339 

80-89 2.70±0.80 -34.9 (-43.3, -26.5) -38.3 (-46.7, -29.9) 0.97 -52.8 (-70.8, -34.7) 0.83 325 

90-102 2.19±0.70 -46.4 (-66.7, -26.0) -48.7 (-69.0, -28.4) 0.31 -61.8 (-87.8, -35.8) 0.36 56 

Smoking habits 

       

Current smoker 3.25±0.96 -39.5 (-50.2, -28.8) -44.9 (-55.7, -34.1) . -59.8 (-79.0, -40.6) . 223 

Former smoker 3.39±0.91 -35.7 (-41.9, -29.5) -38.4 (-45.6, -31.2) 0.23 -51.9 (-69.8, -34.0) 0.19 661 

Never smoker 3.12±0.98 -39.3 (-45.5, -33.2) -43.7 (-50.4, -37.0) 0.83 -56.9 (-75.1, -38.7) 0.64 674 

Hypertension 

       

Yes 3.10±0.93 -36.7 (-43.9, -29.5) 

  

-56.7 (-74.5, -38.9) . 452 

No 3.32±0.96 -38.3 (-42.3, -33.7) 

  

-55.7 (-73.8, -37.7) 0.83 1106 

Diabetes type II 

       

Yes 3.13±0.94 -41.9 (-58.3, -25.5) 

  

-56.3 (-78.2, -34.4) . 98 



 
 

No 3.26±0.96 -37.5 (-41.8, -33.2) 

  

-56.1 (-72.1, -40.1) 0.97 1460 

CHD 

       

Yes 3.05±0.94 -33.9 (-45.1, -22.8) 

  

-54.3 (-73.4, -35.3) . 195 

No 3.28±0.96 -38.4 (-42.6, -34.2) 

  

-58.1 (-76.0, -40.2) 0.56 1363 

Heart failure 

       

Yes 2.62±0.76 -26.3 (-46.7, -5.80) 

  

-56.7 (-74.5, -38.9) . 65 

No 3.28±0.96 -38.3 (-42.5, -34.1) 

  

-55.7 (-73.8, -37.7) 0.59 1493 

BMI 

       

<20 3.10±1.01 -46.5 (-75.3, -17.7) 

  

-67.0 (-103, -31.2) 0.47 29 

20-24.99 3.30±0.98 -40.4 (-47.4, -33.5) 

  

-54.7 (-72.0, -37.4) . 490 

25-35 3.25±0.95 -36.3 (-41.3, -31.3) 

  

-51.0 (-67.0, -35.1) 0.40 956 

>35 3.12±0.88 -36.7 (-53.7, -19.6) 

  

-52.2 (-72.6, -31.7) 0.78 83 

Occupation 

       

Low risk 3.23±0.94 -36.4 (-40.6, -32.2) 

  

-53.4 (-70.0, -36.8) . 1279 

Farming etc. 3.05±1.04 -33.1 (-55.4, -10.8) 

  

-59.8 (-86.2, -33.4) 0.57 46 

Unqualified work 2.64±0.80 -37.7 (-55.2, -20.3) 

  

-52.2 (-74.8, -29.7) 0.90 75 

Construction etc. 3.75±0.93 -46.1 (-58.1, -34.1) 

  

-59.5 (-79.8, -39.2) 0.36 158 

Education 

       

Low 2.94±0.90 -55.7 (-77.9, -33.4) 

  

-80.3 (-108, -52.9) . 46 

Intermediate 3.17±0.95 -36.4 (-41.0, -32.0) 

  

-41.8 (-57.5, -26.1) 0.0014 1103 

High 3.50±0.94 -39.0 (-46.4, -31.5) 

  

-46.5 (-64.4, -28.6) 0.0072 409 

ALL 3.25±0.96 -37.8 (-41.6, -34.0) -42.3 (-48,6, -36.1) 

 

-56.2 (-73.6, -38.8) 

 

1558 

LSM: least squares means; CHD: coronary heart disease, CRP: C-reactive protein. Basic model is adjusted for the categorical variables age, 

sex and smoking status. The Full model is also adjusted for the categorical variables hypertension, CHD, heart failure, diabetes type II, 

occupation, BMI, education and the continuous variables CRP and alcohol consumption. Values used for for LSM calculations were: alcohol 

consumption: 8.4 glasses/month and CRP: 5.4 mg/L. Missing values for covariates resulted in 25 trajectories being excluded. 

 

 

 

TABLE 6 Individually calculated relative FVC change 

Characteristics Baseline 

FVC (mean ± 

SD) 

Crude FVC relative 

change 

Adjusted (LSM) FVC relative change* Number of 

trajectories  

BASIC MODEL FULL MODEL 

 

L % per year (95% CI) % per year (95% CI) p % per year (95% CI) p n 

Sex 

       

Male 3.90±0.84 -1.18 (-1.39, -0.96) -1.57 (-1.85, -1.29) . -2.29 (-2.92, -1.66) . 714 



 
 

Female 2.70±0.66 -1.37 (-1.57, -1.18) -1.81 (-2.07, -1.56) 0.0618 -2.63 (-3.26, -2.00) 0.0189 844 

Age years 

       

60-69 3.58±0.90 -1.08 (-1.28, -0.89) -1.15 (-1.34, -0.97) . -1.90 (-2.53, -1.27) . 838 

70-79 3.16±0.87 -1.44 (-1.75, -1.13) -1.54 (-1.83, -1.25) 0.0266 -2.38 (-3.03, -1.72) 0.0095 339 

80-89 2.70±0.80 -1.43 (-1.75, -1.12) -1.58 (-1.89, -1.27 0.0139 -2.35 (-2.99, -1.71) 0.0164 325 

90-102 2.19±0.70 -2.45 (-3.20, -1.70) -2.49 (-3.24, -1.74) 0.0007 -3.21 (-4.13, -2.29) 0.0009 56 

Smoking habits 

       

Current smoker 3.25±0.96 -1.35 (-1.75, -0.94) -1.87 (-2.27, -1.47) . -2.70 (-3.38, -2.02) . 223 

Former smoker 3.39±0.91 -1.15 (-1.38, -0.92) -1.53 (-1.80, -1.26) 0.0907 -2.27 (-2.90, -1.63) 0.0411 661 

Never smoker 3.12±0.98 -1.39 (-1.62, -1.16) -1.68 (-1.93, -1.46) 0.3484 -2.41 (-3.06, -1.77) 0.1786 674 

Hypertension 

       

Yes 3.10±0.93 -1.26 (-1.71, -0.80) 

  

-2.44 (-3.07, -1.81) . 452 

No 3.32±0.96 -1.29 (-1.47, -1.12) 

  

-2.48 (-3.12, -1.84) 0.7808 1106 

Diabetes type II 

       

Yes 3.13±0.94 -1.37 (-1.99, -0.75) 

  

-2.55 (-3.32, -1.77) . 98 

No 3.26±0.96 -1.28 (-1.44, -1.11) 

  

-2.38 (-2.94, -1.81) 0.5560 1460 

CHD 

       

Yes 3.05±0.94 -1.24 (-1.66, -0.82) 

  

-2.42 (-3.09, -1.74) . 195 

No 3.28±0.96 -1.29 (-1.45, -1.13) 

  

-2.51 (-3.14, -1.87) 0.6977 1363 

Heart failure 

       

Yes 2.62±0.76 -1.11 (-1.88, -0.33) 

  

-2.44 (-3.25, -1.63) . 65 

No 3.28±0.96 -1.29 (-1.45, -1.13) 

  

-2.48 (-3.05, -1.91) 0.91 1493 

BMI 

       

<20 3.10±1.01 -1.67 (-2.74, -0.58) 

  

-2.83 (-4.08, -1.56) 0.43 29 

20-24.99 3.30±0.98 -1.37 (-1.63, -1.11) 

  

-2.35 (-2.96, -1.73) . 490 

25-35 3.25±0.95 -1.23 (-1.42, -1.05) 

  

-2.34 (-2.91, -1.78) 0.97 956 

>35 3.12±0.88 -1.21 (-1.88, -0.56) 

  

-2.33 (-3.05, -1.60) 0.94 83 

Occupation 

       

Low risk 3.23±0.94 -1.25 (-1.41, -1.09) 

  

-2.42 (-3.01, -1.83) . 1279 

Farming etc. 3.05±1.04 -0.68 (-1.52, 0.17) 

  

-2.42 (3.34, -1.49) 0.9949 46 

Unqualified work 2.64±0.80 -1.76 (-2.41, -1.10) 

  

-2.52 (-3.31, -1.72) 0.7494 75 

Construction 

etc. 
3.75±0.93 -1.26 (-1.71, -0.80) 

  

-2.48 (-3.20, -1.77) 0.7834 158 

Education 

       

Low 2.94±0.90 -2.08 (-2.91, -1.25) 

  

-3.69 (4.64, -2.73) . 46 

Intermediate 3.17±0.95 -1.25 (-1.42, -1.08) 

  

-1.75 (-2.31, -1.19) <.0001 1103 



 
 

High 3.50±0.94 -1.25 (-1.53, -0.97) 

  

-1.94 (-2.57, -1.30) <.0001 409 

ALL 3.25±0.96 -1.28 (-1.42, -1.14) -1.69 (-1.93, -1.46) 

 

-2.46 (-3.07, -1.85) 

 

1558 

 

LSM: least squares means; CHD: coronary heart disease, CRP: C-reactive protein. Basic model is adjusted for the categorical variables age, 

sex and smoking status. The Full model is also adjusted for the categorical variables hypertension, CHD, heart failure, diabetes type II, 

occupation, BMI, education and the continuous variables CRP and alcohol consumption. Values used for LSM calculations were: alcohol 

consumption: 8.4 glasses/month and CRP: 5.4 mg/L. Missing values for covariates resulted in 25 trajectories being excluded. 

 

 

 

 

 

 

 

TABLE 7 Lung volumes, FEV1Q and GLI 2012 Z-scores for ages 60-102* 

  

FEV1 (L) [n] 

   Never smokers 

     Male 3.41 (3.33, 3.48) [366] 2.92 (2.84, 2.99) [295] 2.32 (2.24, 2.40) [284] 2.02 (1.88, 2.17) [59] 1029 

Female 2.39 (2.34, 2.43) [431] 1.98 (1.94, 2.02) [501] 1.59 (1.56, 1.63) [804] 1.32 (1.26, 1.37) [264] 2046 

Current/former smokers 

     Male 3.17 (3.11, 3.23) [760] 2.68 (2.61, 2.74) [557] 2.26 (2.19, 2.33) [525] 1.97 (1.81, 2.12) [82] 1968 

Female 2.23 (2.19, 2.27) [781] 1.86 (1.82, 1.91) [465] 1.49 (1.43, 1.54) [369] 1.26 (1.13, 1.39) [59] 1725 

  

FVC (L) [n] 

   Never smokers 

     Male 4.19 (4.09, 4.29) [366] 3.69 (3.59, 3.79) [297] 2.96 (2.86, 3.06) [289] 2.56 (2.35, 2.77) [60] 1037 

Female 2.96 (2.91, 3.02) [432] 2.52 (2.46, 2.57) [505] 2.04 (2.00, 2.09) [814] 1.72 (1.65, 1.79) [267] 2064 

Current/former smokers 

     Male 4.10 (4.03, 4.16) [759] 3.55 (3.48, 3.62) [557] 2.96 (2.88, 3.03) [531] 2.66 (2.45, 2.87) [82] 1973 

Female 2.92 (2.88, 2.97) [781] 2.51 (2.46, 2.57) [465] 1.95 (1.89, 2.01) [372] 1.67 (1.52, 1.82) [60] 1730 

  

FEV1/FVC [n] 

   Never smokers 

     Male 0.82 (0.81, 0.83) [366] 0.79 (0.78, 0.80) [295] 0.78 (0.77, 0.80) [284] 0.79 (0.76, 0.82) [59] 1029 

Female 0.81 (0.80, 0.82) [431] 0.79 (0.78, 0.80) [501] 0.78 (0.78, 0.79) [804] 0.77 (0.76, 0.79) [264] 2046 

Current/former smokers 

     



 
 

Male 0.78 (0.77, 0.78) [759] 0.75 (0.75, 0.76) [556] 0.76 (0.75, 0.78) [525] 0.75 (0.72, 0.78) [82] 1966 

Female 0.77 (0.76, 0.77) [781] 0.74 (0.73, 0.75) [465] 0.77 (0.75, 0.78) [369] 0.75 (0.72, 0.78) [59] 1725 

  

FEV1 GLI-2012 Z-score  

[n] 

   Never smokers 

     Male 0.01 (-0.12, 0.14) [365] -0.07 (-0.25, 0.06)  [294] -0.51 (-0.66, -0.36) [282] -0.53 (-0.81, -0.25) [59] 1025 

Female -0.00 (-1.0, 0.097) [431] -0.17 (-0.27, -0.07) [501] -0.36 (-0.46, -0.26) [801] -0.64 (-0.81, -0.47) [262] 2040 

Current/former smokers 

     Male -0.41 (-0.50, -0.31) [758] -0.56 (-0.67, -0.45) [557] -0.65 (-0.78, -0.53) [523] -0.72 (-1.01, -0.43) [82] 1963 

Female -0.52 (-0.62, -0.41) [781] -0.62 (-0.74, -0.51) [464] -0.80 (-0.95, -0.65) [367] -0.91 (-1.30, -0.52) [58] 1720 

  

FVC GLI-2012 Z-score 

[n] 

   Never smokers 

     Male -0.39 (-0.52, -0.25) [365] -0.40 (-0.55, -0.26) [296] -0.89 (-1.04, -0.75) [287] -1.00 (-1.35, -0.66) [60] 1033 

Female -0.21 (-0.31, -0.12) [432] -0.32 (-0.42, -0.22) [505] -0.52 (-0.61, -0.43) [811] -0.79 (-0.96, -0.63) [265] 2058 

Current/former smokers 

     Male -0.50 (-0.58, -0.41) [757] -0.66 (-0.76, -0.56) [557] -0.92 (-1.04, -0.81) [529] -0.92 (-1.25, -0.60) [82] 1968 

Female -0.41 (-0.49, -0.32) [781] -0.45 (-0.56, -0.35) [464] -0.85 (-0.98, -0.71) [370] -1.00 ('-1.34, -0.66) [59] 1725 

  

FEV1/FVC GLI-2012 Z-

score [n] 

   Never smokers 

     Male 0.74 (0.62, 0.87) [365] 0.51 (0.39, 0.64) [294] 0.46 (0.32, 0.61) [282] 0.56 (0.24, 0.87) [59] 1025 

Female 0.35 (0.25, 0.44) [431] 0.21 (0.12, 0.31) [501] 0.25 (0.15, 0.35) [801] 0.20 (0.046, 0.36) [262] 2040 

Current/former smokers 

     Male 0.17 (0.06, 0.27) [757] 0.052 (-0.06, 0.17) [556] 0.25 (0.12, 0.39) [523] 0.16 (-0.13, 0.44) [82] 1961 

Female -0.20 (-0.31, -0.089) [781] -0.38 (-0.50, -0.26) [464] 0.066 (-0.091, 0.22) [367] -0.022 (-0.34, 0.30) [58] 1720 

  

FEV1Q [n] 

   Never smokers 

     Male 6.84 (6.71, 6.97) [376] 5.83 (5.70, 5.96) [300] 4.68 (4.55, 4.81) [293] 4.05 (3.77, 4.33) [60] 1029 

Female 5.98 (5.89, 6.08) [445] 4.97 (4.87, 5.06) [507] 3.99 (3.92, 4.06) [822] 3.35 (3.23, 3.47) [272] 2046 

Current/former smokers 

     Male 6.38 (6.29, 6.48)[783] 5.38 (5.27, 5.49) [566] 4.55 (4.44, 4.66) [537] 3.94 (3.67, 4.21) [82] 1968 

Female 5.63 (5.54, 5.71) [811] 4.65 (4.54, 4.75) [473] 3.75 (4.65, 3.86) [381] 3.14 (2.86, 3.41) [60] 1725 

*Presented results are from repeated measurements models containing intercepts only. All Z-Scores are calculated from the GLI-2012 

reference equations 

 

 



 
 

TABLE 8  

 

NHANES III Z-scores for ages 60-102 (SUPPLEMENTARY MATERIAL) * 

  
FEV1 NHANES Z-score  [n] 

   

All 60-69 70-79 80-89 90-102 
Exams 
(n) 

Male -0.11 (-0.14, -0.086) [1123] -0.15 (-0.18, -0.12)  [851] -0.15 (-0.20, -0.10) [805] 
0.087 (0.057, 0.23)  
[141] 2988 

Female -0.18 (-0.20, -0.15) [1212] -0.20 (-0.23, -0.17)  [965] 
                                           -
0.089 (-0.14, -0.043)  [1168] 0.14 (0.013, 0.26)  [320] 3760 

Never smokers 
     

Male -0.018 (-0.06, 0.025) [365] -0.021 (-0.073, 0.031)  [294] -0.092 (-0.17, -0.017) [282] 0.21 (-0.0017, 0.43) [59] 1025 

Female 0.065 (0.034, 0.097) [431] 0.10 (0.061, 0.14) [501] -0.010 (-0.065, 0.045) [801] -0.24 (-0.39, -0.11) [262] 2040 
Current/former 
smokers 

     
Male -0.15 (-0.18, -0.12) [758] -0.22 (-0.26, -0.18) [557] -0.17 (-0.23, -0.11) [523] 0.033 (-0.17, 0.24) [82] 1963 

Female -0.24 (-0.27, -0.21) [781] -0.29 (-0.34 -0.25) [464] -0.27 (-0.34, -0.19) [367] -0.069 (-0.35, 0.21) [58] 1720 

  
FVC NHANES Z-score [n] 

   

All 60-69 70-79 80-89 90-102 
Exams 
(n) 

Male -0.20 (-0.22, -0.18) [1122] -0.26 (-0.29, -0.23) [853] -0.35 (-0.38, -0.31) [816] -0.26 (-0.36, -0.15) [142] 3001 

Female -0.20 (-0.22, -0.18) [1256] -0.22 (-0.25, -0.19) [984] -0.18 (-0.22, -0.15) [1210] 
-0.031 (-0.13, 0.069) 
[333] 3783 

Never smokers 
     

Male -0.18 (-0.22, -0.14) [365] -0.20 (-0.25, -0.15) [296] -0.33 (-0.39, -0.27) [287] -0.26 (-0.42, -0.091) [60] 1033 

Female -0.16 (-0.19, -0.13) [432] -0.19 (-0.23, -0.15) [505] -0.12 (-0.16, -0.074) [811] 0.049 (-0.06, -0.16) [265] 2058 
Current/former 
smokers 

     
Male -0.21 (-0.24, -0.18) [757] -0.29 (-0.32, -0.25) [557] -0.34 (-0.39, -0.30) [529] -0.25 (-0.40, -0.10) [82] 1968 

Female -0.22 (-0.25, -0.19) [781] -0.25 (-0.29, -0.21) [464] -0.30 (-0.37, -0.24) [370] -0.16 (-0.38, 0.052) [59] 1725 

  

FEV1/FVC NHANES Z-score 
[n] 

   

All 60-69 70-79 80-89 90-102 
Exams 
(n) 

Male 0.10 (0.088, 0.11) [1122] 0.11 (0.088, 0.13) [850] 0.17 (0.14, 0.19) [805] 0.21 (0.16, 0.27) [141] 2986 

Female 
0.024 (0.0095, 0.039) 
[1212] 0.040 (0.023, 0.056) [965] 0.13 (0.11, 0.15) [1168] 0.16 (0.12, 0.19) [141] 3760 

Never smokers 
     

Male 0.17 (0.15, 0.20) [365] 0.17 (0.15, 020) [294] 0.20 (0.17, 0.24) [282] 0.28 (0.19, 0.36) [59] 1025 

Female 0.092 (0.074, 0.11) [431] 0.10 (0.083, 0.12) [501] 0.14 (0.12, 0.17) [801] 0.17 (0.13, 0.21) [262] 2040 
Current/former 
smokers 

     
Male 0.070 (0.051, 0.089) [757] 0.071 (0.045, 0.096) [556] 0.15 (0.12, 0.19) [523] 0.17 (0.09, 0.24) [82] 1961 

Female 
-0.014 (-0.035, 0.0060) 
[781] -0.025 (-0.051, -0.0001) [464] 0.095 (0.059, 0.13) [367] 0.10 (0.018, 0.18) [58] 1720 

  

Statistical appendix 

Absolute and relative change 



 
 

Absolute change is straightforward, relatable and useful for many purposes. However, if change in 

lung volume is proportional to the starting volume an absolute model of change will be inappropriate. 

In theory, when analysing risk factors for increased lung function decline risk factors leading to 

increased decline will result in smaller lung volumes and eventually resulting in smaller absolute 

changes if change is proportional to the starting volume (Thomsen et al., 2014; Vestbo & Lange, 

2017). Thus, applying an absolute model of change may lead to completely incorrect conclusions 

regarding effects of risk factors. It has recently been proposed that measuring change in lung function 

relatively is preferable to absolute change, especially in an old or diseased population where the 

starting volumes are on average lower with higher age or increased morbidity(Raimondi, 2017; 

Thomsen et al., 2014). We have measured change both absolutely and relatively to allow for 

comparison and this manuscript highlights the effects that the choice of analysis method will have on 

risk factor analysis. For example, in the absolute analysis, lung function decline was unaffected by 

age but the relative analysis showed that age had a marked effect on rate of decline. Males, who 

have on average greater lung capacity compared to females, had a greater absolute decline in lung 

function. However, females had the greater relative decline. This is consistent with previous findings 

(Celli et al., 2008). Thus, risk factors for increased lung function decline will depend on how we model 

change.  

 

Absolute and relative change models 

In what follows,      denotes the volume at time    ,       the change in volume during an 

infinitesimally short time period after time     and   is the model parameter (may differ between 

patients).  

In the absolute change model it is assumed that 

              

This leads to the following relationship between   (unit: ml/yr) and the absolute change in  . 

(         )  ⁄            

According to what we refer to as the relative change model (in which   has unit 1/yr) 

                   



 
 

which means that       is proportional to     . By dividing both sides of the equation by      and 

integrating from   to  , we obtain 

                      √        ⁄
 

  ⁄          

 

Now, we let       where   is a parameter that may depend on the patient’s characteristics and   

is a perturbation (random error with mathematical expectation equal to zero). It is clear that     (under 

the absolute model) and     (under the relative model) together with appropriate regularity 

assumptions regarding the perturbations provide a way to conduct inference about   and factors that 

possibly affect   given observations of  ,     ,      and other relevant variables coming from a group 

of patients.  

If the relative model is true |         |, unlike         ⁄ , increases with increasing initial volume 

(for fixed  ). To see this, just note that         ⁄      and 

|         |      |        ⁄   |      |     | 

In other words,      sets the scale of the change. Conversely, if nature is properly described by the 

absolute model there is an impact by      on         ⁄  but not on |         |.  

To assess if an application of the relative change model to our data made sense we did the following. 

We selected the group of never-smoking men aged 60 years with at least two measurements of 

volume and focused on FEV1. We visually inspected the data and removed patients corresponding to 

obvious outliers in absolute change in volume (it seemed likely that some of these over/under 

performed at baseline or were exceptional in some other sense). We were left with 192 observations. 

Next, we recorded (through variables taking values in (1, 2, 3)) which tertile of change (absolute and 

relative), initial volume and height the patients belonged to. These variables seemed crude but less 

sensitive to e.g. measurement error than the original ones. We cross-tabulated the variables 

corresponding to initial volume and absolute change. There was a strong effect of initial volume on 

change with ‘highest initial volume’ group having a much larger proportion of ‘steep change’ than the 

other groups (p=0.0003). Two plausible explanations of this result were: 1. It was an artefact due to 

random under/over performance at baseline (‘regression to the mean’) and 2. Initial volume 

represented potential volume that could be lost subsequently. As a second step we cross-tabulated 

the variables corresponding to body height and absolute change (the variable corresponding to body 



 
 

height served as a rough proxy for the variable corresponding to initial lung volume). It seemed as if 

the tallest patients lost the largest volumes (p=0.0096). If explanation 1 above was true this was 

unexpected and we were more willing to accept explanation 2. Finally, we cross-tabulated the 

variables corresponding to initial volume and relative change and there was no association (p=0.18) 

between initial volume and relative change. Given the above, the relative model seemed feasible. 

Note that there are many change models other than the relative and absolute that may be of interest. 

This issue will not be pursued here. 

The ideal population 

Let   denote mathematical expectation. By combining     and       we obtain the following 

interpretation of   in the relative model: 

    √        ⁄
 

   

In the presentation of the results we wish to return to the ‘original scale’ as we believe that this makes 

the interpretation easier. We note that         ⁄        which implies that           ⁄           

from which we infer that in general           ⁄      . An ‘ideal population’ corresponding to the 

study population is a hypothetical construct with the same mechanism governing   and perturbations 

degenerate at zero, i.e. every member of the ideal population has an   which coincides with the 

expected   for a member of the study population sharing his/her characteristics. Given a point 

estimate    and a confidence interval [     ] for   (based on data coming from the real population) 

we obtain a point estimate and a confidence interval for the expected relative change (expressed as 

% in one year) in the ideal population according to            and [                     ], 

respectively. Note that one can compute point estimates and confidence limits for the model 

parameter   by applying the transformation           ⁄     to the corresponding numbers for 

relative change presented in the text and tables. 

Sampling strategy 

Data were collected on two distinct cohorts recruited in 2001 and 2006, respectively. Participants 

younger than 80 years were re-invited to examinations every six years and patients older than 80 

years every three years. Note that the design was flexible in the sense that it took into account that 



 
 

participants aged during the course of the study. For example, a participant aged 78 years when 

entering the study would receive a re-invitation after six years and subsequently every three years. 

For each participant we identified pairs of examinations with non-missing information regarding lung 

volumes and examination dates 5.5 to 6.5 years apart. Pairs could be of three types: initial 

measurement at baseline, 3 years after baseline and 6 years after baseline. For the analysis of 

change we picked existing pairs of the first or third kind. If there were no pairs of the first or third kind 

we chose the pair of the second kind (if it existed). Note that the time periods between visits were 

disjoint for chosen pairs coming from the same patient. For the analysis of absolute levels of lung 

function we used all available measurements of lung volumes. 

A few additional details regarding the statistical analysis. 

The covariates included in the statistical analyses were all chosen a-priori to analysing, i.e., no form of 

data driven covariate selection process was applied. Each covariate was assigned a ‘block’ to which it 

belonged. The blocks were: Basic block (sex, smoking and age), co-morbidity block (heart failure, 

hypertension, diabetes and coronary-heart disease), socio-economic block (education, profession and 

alcohol consumption), bio-marker and BMI block (level of CRP and BMI) and functional-status block 

(GUG, grip strength and walking speed).  

We modelled annual absolute change and the logarithm of annual relative change in lung function 

through identical Gaussian repeated measurements models with a general within patient covariance 

structure. Since we had at most two measurements per patient this structure involved three 

covariance parameters. 

We modelled absolute levels of lung function through Gaussian repeated measurements models with 

a within patient spatial power covariance structure, i.e., the covariance between within patient 

measurements was assumed to decay exponentially with time distance. This structure involved two 

covariance parameters. 

For all regression models involving lung volumes we conducted a standard multicollinearity check 

(very closely related to principal component analysis) implemented in e.g. PROC REG in SAS and 

briefly described in the procedure’s online documentation. It appeared that multicollinearity was not a 



 
 

serious issue as long as we did not adjust for more than one covariate belonging to the functional-

status block (details not shown). 

All repeated measurements regression models were implemented using PROC MIXED in SAS. Note 

that the regression models described above contained no random effects. 

In the ‘crude’ analyses presented in the tables, the data were stratified by one covariate at a time and 

repeated measurements models containing only intercepts were run. In adjusted models, all 

covariates belonging to the same block were entered simultaneously (if entered) into the regression 

analyses, except for covariates belonging to the functional-status block. These were added one at a 

time to the model containing all other blocks. The results for the models containing either only the 

basic block or all blocks except the functional-status block were presented in the tables. The effect of 

age on change in lung volumes was modelled with age acting both as a categorical and continuous 

covariate. The latter analyses were conducted in order to produce figures. In these cases, the effect 

of age was modelled via restricted cubic splines. In an attempt to capture some additional dynamics 

of the data, age (when viewed as a categorical covariate) was re-classified into the next higher age 

category if a majority of the between-visits time period was spent in that category. For example, for a 

trajectory for which a patient was 69 years old at the initial examination and 75 years old at the follow 

up, we classified the patient as belonging to the ‘70-79’ age category rather than the ’60-69’ category. 

Sensitivity analyses 

A bronchodilator was administrated at all examinations except for the baseline examination of cohort 

I. As a way to assess the impact of this design flaw on the results regarding change we conducted a 

straightforward sensitivity analysis. All change measurements with initial measurement stemming from 

the baseline examination of cohort I were separated from the rest. This resulted in two data sets. For 

all outcomes regarding change we ran the analysis including all blocks but the functional-status block 

separately for both data sets. Subsequently, we tested whether the adjusted average decline was 

larger in the analysis corresponding to ‘bronchodilator inhaled at initial measurement’ and if the 

effects of risk factors differed between the analyses. All tests were statistically non-significant 

suggesting that the effect of this inconsistency in the design was limited and that no adjustment or 

stratification to compensate for it was necessary. It should be added that this sensitivity analysis 

ignored that measurements corresponding to the same patient are (likely to be) dependent. The 



 
 

reason for this was that the algorithm applied to estimate regression parameters when taking the 

repeated measurements design into account failed to converge after inclusion of the interaction terms 

necessary to assess the effects of interest.             

In order to assess whether (or rather: to what extent) the results of the regression analyses were due 

to influential outliers (observations with an extreme value of the dependent variable given covariate 

values) we used PROC ROBUSTREG in SAS to run additional robust regression analyses (results 

not shown). More precisely, for each outcome under consideration we ran regression analyses with 

M-estimation of effects using a bi-square weight function and an unspecified scale parameter. These 

were adjusted for covariates that were statistically significant in the original analyses. We could 

confirm that significant effects from the original analyses remained and that parameter estimates were 

similar except for the significant effects of education on changes in lung volumes. It appeared that the 

significant effects of low level of education in the original analyses were largely due to a combination 

of the small number of participants in this group and a few extreme measurements of lung volumes. 

Note that this did not rule out the possibility that the low education group actually represented a truly 

different pattern of change in lung volumes (e.g. through large heterogeneity).   
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