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A B S T R A C T

Background: Chronic obstructive pulmonary disease (COPD) substantially contributes to morbidity and mortality 
worldwide. We aimed at estimating Global Initiative for Chronic Obstructive Lung Disease (GOLD) spirometric 
grade-specific mortality in COPD for Germany, using data from a large-scale cohort of patients with COPD.
Methods: Using COSYCONET data, a cohort of 2741 patients diagnosed with COPD was followed over up to 9 
years. We estimated mortality rates for GOLD grades 1 to 4 and stratified into age and sex groups. An exponential 
survival model was used to estimate mortality after checking model assumptions. Additionally, a Cox propor
tional hazards model was estimated as plausibility check for the exponential model.
Results: A total of 345 deaths were observed during the follow-up period. The data fitted well to an exponential 
survival model when the first year of follow-up was excluded, suggesting a “healthy participant effect”. GOLD 
grade was a strong predictor of mortality, with hazard ratios of 1.6, 3.2, and 8.8 for GOLD 2–4 compared to 
GOLD 1. Hazard ratios of the Cox model were similar (1.7, 3.4, and 10.0 for grades 2–4 compared to grade 1). At 
a given grade, mortality strongly increased with age. 1-year mortality ranged from 0.5 % (GOLD 1, <55 years, 
females) to 54.9 % (GOLD 4, 80+ years, males). Mortality was lower among females by approximately 25 %.
Conclusion: Based on our findings, mortality in COPD depends on GOLD grade, age, sex and smoking status. 
Parametric estimation allowed to estimate 1-year mortality for each combination of COPD grade and age group, 
including uncertainty estimates.

Study highlights:

What is already known. 

- Chronic obstructive pulmonary disease (COPD) is a major cause 
of death, and more advanced COPD grades are associated with 
poorer survival.

- Age, smoking, comorbidities and acute exacerbations are further 
important predictors of mortality.

- Mortality rates according to spirometric grade, sex and age are 
crucial input parameters for Markov models in order to estimate 
the long-term health consequences and economic impact of 
COPD on a population level.

What this study adds. 

- We estimated 1-year mortality rates along with 95 % confidence 
intervals for COPD according to Global Initiative for Chronic 

Abbreviations: COPD, Chronic obstructive pulmonary disease; COSYCONET, German COPD and Systemic Consequences – Comorbidities Network; FEV1, Forced 
expiratory volume in 1 s; GOLD, Global Initiative for Chronic Obstructive Lung Disease; SE, Standard error; CI, Confidence interval; NA, Not applicable.

* Corresponding author.
E-mail address: tobias.niedermaier@ibe.med.uni-muenchen.de (T. Niedermaier). 

Contents lists available at ScienceDirect

Respiratory Medicine

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

https://doi.org/10.1016/j.rmed.2025.108280
Received 4 February 2025; Received in revised form 24 July 2025; Accepted 28 July 2025  

Respiratory Medicine 247 (2025) 108280 

Available online 29 July 2025 
0954-6111/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-7990-3437
https://orcid.org/0000-0001-7990-3437
https://orcid.org/0000-0001-5395-2695
https://orcid.org/0000-0001-5395-2695
mailto:tobias.niedermaier@ibe.med.uni-muenchen.de
www.sciencedirect.com/science/journal/09546111
https://www.elsevier.com/locate/rmed
https://doi.org/10.1016/j.rmed.2025.108280
https://doi.org/10.1016/j.rmed.2025.108280
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rmed.2025.108280&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Obstructive Lung Disease (GOLD) grades 1–4, using an expo
nential (parametric) survival model.

- Estimated 1-year mortality rates ranged from 0.5 % (females, 
GOLD 1, <55 years) to 55 % (males, GOLD 4, 80+ years). Within 
each age group, there was a strong gradient in mortality ac
cording to grade.

- Ignoring the first year after patient recruitment improved model 
fit and reduced the “healthy participant effect”.

1. Introduction

Chronic obstructive pulmonary disease (COPD) ranks among the top 
three causes of death globally [1]. In Germany, it is one of the most 
common causes of death, with approximately 30,000 deaths per year 
[2]. The prognosis of COPD is influenced by several factors, including 
more advanced spirometric GOLD (Global Initiative for Chronic 
Obstructive Lung Disease) grade (i.e., lower forced expiratory volume in 
1 s [FEV1]), dyspnea, lower exercise capacity, smoking, and cachexia 
[3].

Markov models, such as the lifetime COPD model by Menn et al. 
[21], can be used to project and compare long-term costs and health 
consequences e.g. of different treatments. Among other parameters like 
costs, utilities, and progression rates, accurate estimates for mortality 
according to age and grade are crucial inputs for such models. Numerous 
studies across various countries have established a strong association 
between GOLD grade and mortality risk [4–17]. However, only few 
studies have reported on the joint association between age and GOLD 
grade and mortality [18–20], and only one of them [20] also stratified 
by sex. Furthermore, existing studies have several drawbacks when 
using their results to derive parameters for a Markov model. Common 
limitations include insufficient case numbers for individual disease 
grades, and combining multiple grades into single categories (e.g., 
GOLD III and IV), or the use of uncommon reference groups (e.g. GOLD 
IV). In addition, Markov models require mortality rates that are assumed 
to be derived from an exponential survival model, whereas most studies 
on COPD mortality reported hazard ratios from a semi-parametric Cox 
model.

Our objectives were to estimate mortality rates for different combi
nations of GOLD grades, sex and age groups and to use these results to 
update the mortality parameters of a COPD Markov model previously 
established by Menn et al. [21]. To address this objective, we analyzed 
data from a 9-year follow-up of a large clinical COPD cohort from 
Germany.

2. Methods

2.1. Study design

The present analysis is based on the COSYCONET study (COPD – 
systemic consequences and comorbidities network), a large prospective 
observational cohort study of COPD patients conducted across 31 study 
centers in Germany (Trial registration: NCT01245933). Detailed de
scriptions of the study design and methodology have been published 
previously [22,23]. To be eligible for enrollment, patients had to be aged 
40 years or older, with a diagnosis of COPD or chronic bronchitis. Key 
exclusion criteria were major lung surgery, lung tumor, moderate or 
severe exacerbation in the past 4 weeks, or inability to walk or to un
derstand the intention of the study. The study was conducted in accor
dance with the Declaration of Helsinki and Good Clinical Practice 
Guidelines and has been approved by the ethics committees of the 
participating centers and by the concerned data security authority. All 
participants provided written informed consent.

At the initial study visit and the follow-up visits, a broad set of 
functional and clinical assessments were performed [22]. For the current 
analysis, only data on age and sex, smoking history, and on disease stage 

categorized by GOLD grades [24] were used. As additional variables to 
characterize the cohort, we used exacerbation history (severity), and 
quality of life (Saint George’s Respiratory Questionnaire [SGRQ] [25], 
3-level version of the EQ-5D (EQ-5D-3L)). Predicted values for spirom
etry were taken from the GLI consortium [26].

2.2. Mortality and dropout (censoring) data

We focused on all-cause mortality as primary outcome because it is 
more reliable to establish than cause-specific mortality. Moreover, in 
decision modelling, all existing Markov models use all-cause mortality 
instead of disease-specific mortality because it reflects the patient- 
centered perspective.

If a patient missed one of the follow-up visits (6, 18, 36, 54, 72, 90 
months after inclusion), the research assistants ascertained survival 
status (and, in the case of death, date of death) by contacting relatives, 
GPs, and hospitals. If the exact date of death was not available for a 
deceased patient, we applied midpoint imputation, i.e. the mean date 
between the date of the last visit and the next scheduled visit was 
assumed as date of death. For participants who withdrew from the study 
for reasons other than death, the date of their last completed visit was 
used as the censoring date.

2.3. GOLD classification

This analysis uses the well-established spirometric GOLD classifica
tion of grades 1–4, which has been maintained across all revisions and 
extensions of classifications over time. This classification also allowed to 
align with the structure of the Markov model, which assumes progres
sive transitions from one grade to the next. The updated systems (GOLD 
A–D classifications) based on a combination of symptoms and exacer
bation severity have been shown to be less stable over time, as they 
depend on disease aspects that are more variable such as number of 
symptoms (Medical Research Council [MRC] dyspnea scale) and fre
quency of exacerbations [11].

Formally, the GOLD 1–4 classification requires a FEV1/FVC ratio 
(Tiffeneau index) < 0.70 as indicator of airway obstruction. However, 
we also included 398 COSYCONET patients who did not fulfill this cri
terion at baseline (former GOLD 0). The reason is that these patients had 
a COPD diagnosis from their GP or specialist for more than one year and 
were treated accordingly. In addition, they also showed a spectrum of 
comorbidities typical for COPD [27], and a substantial part of these 
patients showed a FEV1/FVC ratio of <0.70 over one of the subsequent 
study visits.

2.4. Statistical analysis

Cumulative mortality was estimated using the Kaplan-Meier method, 
with survival curves stratified by GOLD grades 1–4 (FEV1 % predicted 
>80 %, 80– >50 %, 50– >30 %, and ≤30 % for grades 1, 2, 3, and 4, 
respectively). Participants with FEV1/FVC ratio ≥0.70 were also 
assigned to GOLD 1–4 grades according to their FEV1 levels.

In a Markov model, a constant annual mortality rate is assumed for 
GOLD grade 1–4. However, in our model, this rate increases when a 
patient transitions to a different 5-year age group, whereby age groups 
were chosen as 40–54, 55–59, …, 75–79, and 80+ years. A constant 
mortality rate implies an exponential distribution of survival times, so 
we estimated the mortality rates using a parametric exponential model 
applied to survival data from the COSYCONET cohort over a 5-year 
period. Model diagnostics, such as plotting -ln S(t) versus time t, were 
used to check how well the data fitted the exponential survival model. 
This was the case when the first and the last year of follow-up were 
excluded (for details see Results). However, all available data (from 
inception onward including the last year) were used in a sensitivity 
analysis. In further sensitivity analyses, we restricted the analysis to 
COPD patients of GOLD grades 1–4 and a FEV1/FVC ratio of <0.70. The 

T. Niedermaier et al.                                                                                                                                                                                                                           Respiratory Medicine 247 (2025) 108280 

2 



exponential survival model included GOLD grade, age (in 5-year groups) 
and sex as covariables. Using the “predict” function in R, we derived 1- 
year mortality rates for every combination of grade, age group and sex. 
This was the main outcome because those grade-, age group- and sex- 
specific rates are necessary input parameters for our Markov model. 
We additionally assessed the impact of smoking on mortality by deriving 
mortality rates stratified by smoking status and GOLD stage. To verify 
the robustness of the results, we also conducted semi-parametric Cox 
proportional hazards regression to estimate mutually adjusted (multi
variable) hazard ratios for GOLD grade, sex and age.

We used R version 4.4.2 (R Core Team (2024). R: A Language and 
Environment for Statistical Computing. R Foundation for Statistical 
Computing, Vienna, Austria) for all statistical analyses. The R packages 
used were “survival” (version 3.7-0) for analysis and “survminer” 
(version 0.4.9) for visualization. Parametric survival models were esti
mated with the “flexsurv” package (version 2.3.2).

3. Results

3.1. Study population characteristics at baseline

The study population (see Table 1) comprised 2741 participants, of 
which 40 were excluded because their COPD diagnosis was not 
confirmed by symptoms at the time of the study. Of the remaining 2701 
participants, the mean age at baseline was 65.1 years, and approxi
mately 60 % were male. Approximately 8 % of the patients had never 
smoked, whereas 68 % were former and 24 % were current smokers. 
Numbers of participants stratified by grade are shown in Fig. 1. Age 
distribution varied across GOLD grades, with younger participants (<55 
years) more prevalent in GOLD 1 and GOLD 2, while GOLD 3 and GOLD 
4 had a higher proportion of participants aged 65 years and older.

3.2. Factors associated with mortality

During the 9 years of follow-up, 345 deaths were recorded. Non- 
parametric Kaplan-Meier survival curves stratified by GOLD grade 
from end of year 1 to year 7.5 are shown in Fig. 2 (top). Survival was 
poorest in grade 4, and progressively better in grades 3, 2, and 1. Mor
tality was not reliably recorded for follow-up durations >7.5 years, 
leading to potentially inaccurate survival estimates in that time interval. 
When including all available follow-up and mortality data in sensitivity 
analysis, the overall pattern remained, but the drop in the survival 
curves became steeper towards the final 2 years of follow-up (Fig. 2, 

bottom).
Parametric exponential survival models, excluding data from the 

first year and censoring after 7.5 years, demonstrated a good fit to 
observed survival data (Fig. 3). By comparison, when fitting an expo
nential model over the complete 9 years of follow-up (Supplementary 
Fig. 1), we observed that the exponential distribution did not fit well the 
observed data in the first year (where observed survival was better than 
expected) and the last 1–2 years (where survival was worse than pre
viously predicted).

The parametric survival indicated that mortality increased strongly 
with grade, with hazard ratios of 1.6, 3.2, and 8.7 (Table 2, left). Age and 
sex were also strongly and independently associated with mortality. A 
gradual increase in hazard ratios was observed from 0.3 (40–54 years) to 
up to 4.0 (80+ years). At a given grade and age group, mortality was 
higher among males than females by approximately 1/3. Results of the 
Cox model (Table 2, right) were very similar to those of the exponential 
model. Only for grade 4 (HR 9.7) and the age group 80+ years (HR 4.9), 
estimates differed by more than 10 %. Results of analogous models with 
additional adjustment for smoking history are shown in Supplementary 
Table 1. In those models, former and never smoking were associated 
with significantly lower mortality. Risk estimates for sex remained 
virtually unchanged. By contrast, hazard ratios for the other estimates 
were qualitatively similar but suggested slightly stronger associations (e. 
g. HRs of 11–12 for GOLD grade 4).

3.3. Mortality rates

Numeric estimates for 1-year mortality including 95 % confidence 
intervals for the main and sensitivity analyses are shown in Table 3
(excluding the first and last year of follow-up). Estimated 1-year mor
tality rates ranged from 0.51 % (females, <55 years, GOLD 1) to 54.9 % 
(males, GOLD 4, 80+ years). Sensitivity analyses including the first and 
the last year of follow-up yielded trends consistent with this 
(Supplementary Table 2). In further sensitivity analysis, we excluded 
participants which may be classified as PRISm or pre-COPD according to 
the FEV1/FVC ratio, i.e., symptomatic individuals with FEV1/FVC ratio 
at baseline being >0.7. As shown in Supplementary Table 3, the 
resulting mortality estimates were generally somewhat lower than when 
including those participants, but in most cases estimates differed by less 
than 10 %. Only for GOLD grade 1, mortality increased considerably, 
suggesting that the subgroup with FEV1/FVC >0.7 may include some 
patients with questionable COPD diagnosis. This is also in agreement 
with hazard ratios which showed a smaller spread between GOLD grades 

Table 1 
Study population description (N = 2701, participants assigned to GOLD grades according to FEV1, irrespective of FEV1/FVC ratio).

Baseline characteristics Total N % GOLD 1 % GOLD 2 % GOLD 3 % GOLD 4 %

Age (years)
<55 327 12.1 60 14.8 121 10.6 98 11.0 46 18.3
55-<65 884 32.7 115 28.4 351 30.8 307 34.5 108 42.9
65-<75 1154 42.7 171 42.2 504 44.2 389 43.8 81 32.1
≥75 336 12.4 59 14.6 163 14.3 95 10.7 17 6.7
Sex
Male 1602 59.3 220 54.3 674 59.2 539 60.6 162 64.3
Female 1099 40.7 185 45.7 465 40.8 350 39.4 90 35.7
Smoking status
Current 657 24.4 114 28.1 309 27.2 194 21.8 36 14.3
Former 1828 67.8 240 59.3 733 64.5 642 72.3 202 80.5
Never 212 7.9 51 12.6 95 8.4 52 5.9 13 5.2
EQ-5D-3L (mean, SD) 0.8161 (0.209) 0.833 (0.203) 0.832 (0.203) 0.809 (0.208) 0.738 (0.239)
SGRQ (mean, SD) 42.9 (20.0) 30.8 (17.6) 39.5 (19.2) 48.5 (17.9) 58.2 (18.2)
AE severity (most severe AE in the previous 12 months)
None 1249 46.3 250 61.7 588 51.6 330 37.2 68 27.0
Mild only 135 5.0 17 4.2 73 6.4 35 4.0 10 4.0
Moderate 802 29.7 108 26.7 323 28.4 295 33.3 74 29.4
Severe 512 19.0 30 7.4 155 13.6 226 25.5 100 39.7

Abbreviations: AE, acute exacerbation; COPD, chronic obstructive pulmonary disease; FEV1, Forced expiratory volume in 1 s; GOLD, Global Initiative For Chronic 
Obstructive Lung Disease; SD, standard deviation; SGRQ, St. George’s Respiratory Questionnaire.
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(see Supplementary Table 4) than in the main analysis. When stratifying 
by smoking status, we observed distinctly lower mortality rates among 
former smokers and even more so among never smokers, compared to 
current smokers (Supplementary Table 5). Finally, including severity of 
AEs in the models did not alter the remaining coefficients meaningfully, 
although estimates for GOLD grade were slightly attenuated 
(Supplementary Table 6).

4. Discussion

In this study of 2741 patients from Germany with the diagnosis of 
COPD (either of GOLD grades 1–4 or the former grade 0), we investi
gated survival patterns according to GOLD grade using Kaplan-Meier, 
parametric (exponential) and semi-parametric (Cox) survival models. 
Our results showed a graded relationship between GOLD grade and 
survival. Survival was poorest in GOLD grade 4 and improved progres
sively across grades 3, 2, and 1, though differences between grades 1 and 
2 were relatively small. Male sex was a strong risk factor for mortality, 

Fig. 1. Flow-Diagram of study participants.
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independently of GOLD grade and age. Similarly, mortality strongly 
increased with age, independently of GOLD grade and sex. Smokers 
showed the highest mortality, followed by former smokers, whereas the 
lowest mortality was observed among never smokers.

Compared to other studies investigating mortality among COPD 
patients, our study differs in several important aspects. First, our aim 
was not primarily to estimate survival rates at specific time points using 
Kaplan-Meier plots. Instead, we focused on annual mortality rates which 
are assumed to be constant in a Markov model. Thus, we used a para
metric (exponential) survival model, adjusted for grade, age, and sex. 
Our focus was also not on predictors of mortality. Instead, the associa
tion between those factors and mortality was used to derive estimates for 
1-year mortality according to grade, age and sex for the Markov model. 

Corresponding 95 % confidence intervals can be translated into model 
parameters for probabilistic sensitivity analyses.

Furthermore, we observed that in the first year and at the end of 
follow-up, the exponential distribution did not fit well with the observed 
pattern. Participants in a terminal condition were not eligible for study 
recruitment, leading to a short initial “plateau” phase in survival curves. 
To avoid an underestimation of mortality rates over the entire follow-up, 
we thus excluded the first year of follow-up in the main analysis, which 
considerably improved the model fit. Furthermore, we also restricted 
follow-up to a maximum of 7.5 years because most study centers no 
longer participated after that time and follow-up information (including 
mortality) was thus less reliable than before.

When excluding patients with FEV1/FVC ratio ≥0.70, mortality rates 
in GOLD grade 1 increased, whereas estimates did not change substan
tially in the other grades. As can be seen in Fig. 1, only GOLD grade 1 
comprised a considerable proportion of patients with FEV1/FVC ratio 
≥0.70, and as already stated, all patients had a physician diagnosis of 
COPD and several of these showed a FEV1/FVC ratio <0.70 at a subse
quent study visit. Still, it might be questioned if all of these patients have 
been correctly diagnosed. While an in-depth analysis and discussion of 
the mortality patterns for patients categorized as Pre-COPD or PRISm 
are beyond the scope of this manuscript, future analyses should inves
tigate mortality for those groups in comparison to COPD. Previous 
studies mostly suggested that mortality in PRISm patients is similar to 
that of COPD patients in grades GOLD 2 [28] or 1–2 [29–32]. One study 
reported even higher all-cause mortality with PRISm compared to COPD 
[33].

Our findings confirm and extend previous research demonstrating 
the strong association between GOLD grade and mortality [4–17,19,20,
34–36]. While prior studies have often focused on a combination of 
grades, such as GOLD 2–4 [16] or 3 + 4 [35], or the GOLD A-D classi
fication, our analysis provides survival estimates for each individual 
grade (1–4). Moreover, we addressed methodological limitations noted 
in earlier studies, such as small sample size, by using a large, nationally 
representative cohort and by incorporating sensitivity analyses. The 
relatively high survival rates in the first year of follow-up might result 
from exclusion of patients with recent moderate or severe exacerbations.

Gedebjerg et al. [11] estimated cumulative all-cause and respiratory 
1-year and 3-year mortality among almost 34,000 patients in Denmark 
based on both, the GOLD 2007 (1–4) and GOLD 2017 (A-D) 

Fig. 2. Survival curves for COPD patients restricted to 7.5 years of follow-up in 
those who survived for at least 12 months (top) and over the entire COSYCO
NET cohort and study duration (bottom), stratified by GOLD grade.

Fig. 3. Parametric survival curves, stratified by GOLD grades 1–4, excluding 
first year and censoring >7.5 years of follow-up.
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classification. They found that the spirometric classification predicted 
mortality better than the A-D classification. A similar conclusion was 
drawn from a study of Athlin et al. [6] comprising 490 patients with up 
to 12 years of follow-up, in which mortality rates were 2.5, 5.5 and 7.8 
times higher in grades 2–4, respectively, compared to grade 1. Differ
ences in sex distribution (mostly female, compared to mostly male in our 
study) might explain the differences in hazard ratios compared to our 
study to some extent. Whittaker et al. [4] followed up on almost 340,000 
COPD patients in England for 5.5 years on average and found a strong 
relationship between GOLD grade and mortality, with adjusted 

mortality rates being 1.5, 2.5, and 4.2 times higher in grades 2–4, 
respectively, compared to grade 1. Except for grade 4, in which we 
estimated even much higher HRs, those estimates were fairly similar. An 
explanation for the higher HR for grade 4 in our study might be that the 
spread between the healthiest and the sickest participants was probably 
larger, possibly because we also included never smokers. Our study, 
while smaller than the studies of Whittaker or Gedebjerg, followed pa
tients effectively for up to 9 years, making it the largest study with such 
long mortality follow-up and stratification by GOLD grade.

Notably, men had a considerably higher mortality than women, by 
approximately one third. Lower mortality among females with COPD 
has been suggested also by previous studies [37,38], even though the 
presence of residual confounders might contribute to these differences 
[37]. For example, women with COPD tend to have fewer smoking 
pack-years than men [39], which is expected to have an effect on mor
tality (e.g., risk of cardiovascular disease). Some studies [40] that 
adjusted for pack-years of smoking did not find statistically significant 
differences in mortality by sex, whereas a strong difference persisted in 
other studies [41] and is also observed in the general population in 
Germany [42]. Although we reported mortality rates also stratified by 
smoking status, those numbers should be interpreted with caution 
because of potential measurement errors (recall bias) in smoking 
assessment and the lack of more detailed smoking assessment (i.e. 
pack-years).

Based on our analysis, we derived, age-, sex- and grade-specific 
mortality rates for COPD, including measures of uncertainty. These 
mortality rates are crucial input parameters for decision-analytic 
models, such as Markov models or microsimulation models, that aim 
to simulate the course of COPD in the population.

Strengths of our analysis include the large number of participants (N 
= 2701), all of whom were recruited from distinguished study centers all 
over Germany. Thereby, our study is not only the first study of COPD 
mortality in a German population. Its study population probably well 
represents COPD patients in Germany. Follow-up was comparably long 
(up to 9 years), with health assessments in reasonably short intervals of 
18 months. This resulted in comparably precise mortality estimates and 
reduced variability in the model parameters. During each study visit, a 
wide range of relevant variables was assessed in structured interviews, 
such as number and severity of exacerbations and quality of life. 
Spirometry (used for GOLD staging) was quality-assured by following 
established guidelines. Finally, this analysis is the first to our knowledge 
which derived age-, sex- and grade-specific mortality parameters for 
Markov models based on a representative German cohort of COPD pa
tients, using a parametric survival model.

Our study also has limitations. In some cases, FEV1 (seemingly) 
improved between visits, possibly as a result of submaximal effort dur
ing the earlier spirometry but also because of natural variability of FEV1. 
This diagnostic instability could lead to an underestimation of mortality 
for more advanced grades, because the group of (for example) grade 3 
patients at baseline might comprise some cases who were in fact in grade 
2 or even grade 1. Besides, Markov models themselves (for which the 
age- and stage-specific mortality rates were derived) have several limi
tations. This includes the Markov assumption (“no memory”, i.e. prob
abilities for future events like stage transition or death only depend on 
the current state and not the path taken to reach it). That assumption 
also implies an assumed exponential distribution of parameters. 
Furthermore, Markov models are not well-suited for very large numbers 
of possible states due to the exponential growth of possible transitions 
(“state-space explosion”).

Estimations of mortality could be enhanced in future studies in 
various ways. For example, potential differences and changes in treat
ment could not be taken into account. Adherence to guidelines has been 
suggested to be associated with better survival [43]. On the other hand, 
there are indications that COSYCONET patients more likely show a 
higher degree of treatment compared to recommendations than a lower 
degree, i.e., undertreatment [44,45]. Thus, this factor might not have 

Table 2 
Results of the parametric (exponential) survival model (left) and the Cox pro
portional hazard model (hazard ratios, right), along with 95 % confidence in
tervals and P values. Results were obtained excluding the first and last year of follow- 
up.

Parametric (exponential) 
survival model

Cox proportional hazard model

Variable Hazard ratio (95 % 
CI)

P value Hazard ratio (95 % 
CI)

P value

Grade 1 1 (Ref.) – 1 (Ref.) –
Grade 2 1.616 

(1.052–2.483)
0.0284 1.664 

(1.083–2.557)
0.0202

Grade 3 3.184 
(2.077–4.880)

<0.0001 3.285 
(2.142–5.037)

<0.0001

Grade 4 8.802 
(5.467–14.170)

<0.0001 9.678 
(5.993–15.630)

<0.0001

Male sex 1.369 
(1.070–1.751)

0.0124 1.392 
(1.088–1.781)

0.0086

40–54 
years

0.302 
(0.179–0.511)

<0.0001 0.297 
(0.175–0.502)

<0.0001

55–59 
years

0.402 
(0.253–0.639)

0.0001 0.406 
(0.256–0.645)

0.0001

60–64 
years

0.540 
(0.376–0.777)

0.0009 0.524 
(0.364–0.755)

0.0005

65–69 
years

1 (Ref.) – 1 (Ref.) –

70–74 
years

1.039 
(0.761–1.420)

0.8092 1.056 
(0.772–1.443)

0.7333

75–79 
years

1.570 
(1.051–2.345)

0.0273 1.606 
(1.075–2.399)

0.0208

80+ years 4.160 
(2.633–6.572)

<0.0001 4.872 
(3.070–7.731)

<0.0001

The following results were obtained when including the entire study period:

Parametric (exponential) 
survival model

Cox proportional hazard model

Variable Hazard ratio (95 % 
CI)

P value Hazard ratio (95 % 
CI)

P value

Grade 1 1 (Ref.) – 1 (Ref.) –
Grade 2 1.655 

(1.088–2.516)
0.0186 1.711 

(1.125–2.604)
0.0121

Grade 3 3.388 
(2.240–5.124)

<0.0001 3.633 
(2.401–5.499)

<0.0001

Grade 4 8.869 
(5.618–14.003)

<0.0001 10.475 
(6.612–16.594)

<0.0001

Male sex 1.330 
(1.056–1.675)

0.0153 1.361 
(1.080–1.714)

0.0090

40–54 
years

0.279 
(0.166–0.469)

<0.0001 0.267 
(0.159–0.449)

<0.0001

55–59 
years

0.425 
(0.277–0.653)

<0.0001 0.425 
(0.276–0.652)

<0.0001

60–64 
years

0.555 
(0.394–0.781)

0.0007 0.532 
(0.377–0.749)

0.0003

65–69 
years

1 (Ref.) – 1 (Ref.) –

70–74 
years

1.035 
(0.770–1.391)

0.8216 1.052 
(0.782–1.414)

0.7383

75–79 
years

1.573 
(1.088–2.274)

0.0161 1.686 
(1.165–2.441)

0.0056

80+ years 4.272 
(2.836–6.436)

<0.0001 5.246 
(3.468–7.936)

<0.0001

CI, confidence interval; Ref., reference. GOLD grades were defined by FEV1, 
irrespective of the FEV1/FVC ratio.
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played a role. Other factors, particularly those arising from specific 
characteristics of the German health care system, can probably only be 
addressed by international comparisons. In addition, in future analyses 
it should be explored to which extent, particularly at the margins of the 
observation period and high COPD grades, comorbidities had an impact 
by disproportionally raising mortality risk [46]. Even if the prevalence 
of comorbidities did not strongly depend on COPD grade, their effect on 
mortality could.

5. Conclusions

In summary, in this work we estimated age-, sex-, and grade-specific 
survival of COPD patients from Germany and used the results to derive 
corresponding mortality rates which are needed in order to update a 
Markov model of COPD progression. Such updated mortality parameters 
are particularly helpful for long-term predictions of treatment costs and 
effects in the German context. Notably, COPD grade, age, sex, and 
smoking status were all relevant predictors of mortality. The results 
provided in this analysis might also help to develop general prediction 
models on survival in COPD patients. Future studies could assess dif
ferences in mortality between COPD, PRISm, and pre-COPD in more 
detail, using large-scale population-based studies, as well as consider 
potential influences of medical treatment.
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Table 3 
1-year mortality (95 % CIs) by age group, sex, and GOLD grade, derived from an exponential survival model. Excluding the first and last year of follow-up.

Calculated 1-year mortality rates with 95 % confidence intervals

Age group GOLD 1 GOLD 2 GOLD 3 GOLD 4
Males
<55 0.00393 (0.00050–0.00736) 0.00714 (0.00197–0.01231) 0.01461 (0.00454–0.02469) 0.04141 (0.01288–0.06994)
55–59 0.00558 (0.00151–0.00965) 0.01012 (0.00437–0.01588) 0.02069 (0.00925–0.03214) 0.05830 (0.02521–0.09139)
60–64 0.00918 (0.00375–0.01461) 0.01664 (0.01024–0.02304) 0.03389 (0.02092–0.04686) 0.09430 (0.05823–0.13036)
65–69 0.01787 (0.00842–0.02732) 0.03227 (0.02292–0.04161) 0.06518 (0.04770–0.08265) 0.17602 (0.11822–0.23382)
70–74 0.01934 (0.00930–0.02939) 0.03491 (0.02501–0.04481) 0.07042 (0.05122–0.08962) 0.18922 (0.12729–0.25115)
75–79 0.02988 (0.01309–0.04667) 0.05369 (0.03383–0.07355) 0.10721 (0.06828–0.14614) 0.27802 (0.16977–0.38627)
80+ 0.07827 (0.03122–0.12531) 0.13779 (0.08251–0.19307) 0.26263 (0.16786–0.35741) 0.58322 (0.40278–0.76365)
Females
<55 0.00271 (0.00033–0.00509) 0.00493 (0.00130–0.00856) 0.01010 (0.00297–0.01722) 0.02873 (0.00836–0.04910)
55–59 0.00385 (0.00095–0.00674) 0.00699 (0.00285–0.01112) 0.01431 (0.00597–0.02265) 0.04056 (0.01582–0.06530)
60–64 0.00634 (0.00251–0.01016) 0.01150 (0.00672–0.01627) 0.02349 (0.01386–0.03311) 0.06599 (0.03871–0.09327)
65–69 0.01235 (0.00565–0.01905) 0.02235 (0.01513–0.02957) 0.04540 (0.03163–0.05916) 0.12493 (0.07909–0.17078)
70–74 0.01337 (0.00599–0.02076) 0.02419 (0.01576–0.03263) 0.04909 (0.03261–0.06557) 0.13462 (0.08187–0.18737)
75–79 0.02069 (0.00856–0.03282) 0.03732 (0.02187–0.05278) 0.07519 (0.04442–0.10596) 0.20112 (0.11158–0.29066)
80+ 0.05463 (0.01907–0.09019) 0.09714 (0.05086–0.14342) 0.18942 (0.10705–0.27180) 0.45298 (0.27185–0.63411)
Overall
<55 0.00311 (0.00062–0.00560) 0.00570 (0.00175–0.00965) 0.01188 (0.00401–0.01974) 0.03456 (0.01160–0.05753)
55–59 0.00452 (0.00125–0.00778) 0.00828 (0.00364–0.01291) 0.01722 (0.00779–0.02666) 0.04986 (0.02204–0.07767)
60–64 0.00740 (0.00315–0.01166) 0.01356 (0.00810–0.01902) 0.02813 (0.01755–0.03871) 0.08056 (0.04982–0.11131)
65–69 0.01483 (0.00747–0.02219) 0.02706 (0.01906–0.03507) 0.05574 (0.04122–0.07025) 0.15534 (0.10545–0.20524)
70–74 0.01657 (0.00837–0.02477) 0.03022 (0.02177–0.03867) 0.06212 (0.04443–0.07982) 0.17205 (0.11516–0.22895)
75–79 0.02512 (0.01114–0.03910) 0.04566 (0.02891–0.06241) 0.09306 (0.05967–0.12646) 0.24991 (0.15314–0.34668)
80+ 0.06999 (0.02920–0.11077) 0.12477 (0.07537–0.17417) 0.24312 (0.15248–0.33376) 0.55957 (0.38293–0.73621)

GOLD grades were defined by FEV1, irrespective of the FEV1/FVC ratio.
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