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SUPPLEMENTAL MATERIAL 
 
METHOD SECTION:  

STUDY DESIGN AND PATIENTS 

The current analysis was based on data collected as part of the CIRO CO-morbidity (CIROCO) 

study, a longitudinal observational single-centre study.[1] All subjects provided written 

informed consent and the study was approved by the local ethics and review board of 

Maastricht University Medical Centre (MEC 10-3-067). Patients  with moderate to very 

severe COPD (Global Initiative for Obstructive Lung Disease [GOLD] grades  II to IV[2]), aged 

40 to 80 years and in a clinically stable state were prospectively recruited between 

November 2007 and November 2010 during the initial evaluation of a comprehensive 

pulmonary rehabilitation program at CIRO+.[3] Patients with a history of asthma, alpha-1 

antitrypsin deficiency, any previous lung surgery, active inflammatory disease, acute 

myocardial infarction within the last 6 months, any known bone disease other than 

osteoporosis, current or recently (i.e. <5 years prior to the study) treated malignant disease 

or a high daily dose of systemic glucocorticosteroids (i.e. >10 mg prednisolone)  were 

excluded from the study.   



Participants demographics, smoking history and use of long-term oxygen therapy were 

recorded.  Furthermore, patients’ medical history and current pharmacological treatment 

was documented based on medical and pharmaceutical charts and self-report. 

 

 

ASSESSMENT 

Pulmonary function and arterial blood gases  

Lung function parameters: post-bronchodilator forced expiratory volume in the first second, 

(FEV1) and forced vital capacity (FVC), using standardized spirometry (MasterScreen® Body, 

Carefusion, Germany) and carbon monoxide transfer factor (TLCO) using the single breath 

hold method (MasterScreen® Body, Carefusion, Germany) were determined in all patients.  

The degree of severity of airflow limitation was classified according to the GOLD 

guidelines.[4] Resting arterial pH, arterial oxygen tension (PaO2), arterial carbon dioxide 

tension (PaCO2), and oxygen saturation (SaO2) were analyzed with a blood gas analyzer 

(Radiometer ABL 330, Copenhagen, Denmark). 

 

Body composition analyses 

Body height was measured to the nearest 0.5 cm. Body weight was assessed by using an 

electronic beam scale with digital readout to the nearest 0.1 kg after emptying the bladder 

and with the subjects standing barefoot and wearing light indoor clothing. BMI was 

calculated as body weight/height2. Fat free mass (FFM) has been assessed using an 

overnight-fasting bioelectrical impedance assessment (Bodystat®, United Kingdom). FFM 

index (FFMI) was calculated as FFM in kilogram divided by squared height in meters.[5] 



Whole-body bone mineral density (BMD) was determined using a Dual-energy X-ray 

Absorptiometry (DEXA) scan (Lunar Prodigy®, Ge-Lunar).  

 

Exercise capacity 

Exercise capacity has been assessed with six minute walking distance (6MWD), cycling 

endurance time measured during a continuous submaximal constant work rate test (CWRT). 

6-MWD was performed according to published guidelines including a practice walk. Best 

6MWD was used for further analyses.[6] Cycling endurance to a symptom-limited maximum 

was determined with a constant-load exercise test on a cycle ergometer at a work rate equal 

to 75% of the previously determined maximal power (CWRT[7]). Patients were instructed to 

exercise for as long as possible. They were told to stop exercise only when dyspnea became 

intolerable or the required pedaling rate (60/min.) could not be kept up due to leg fatigue. If 

exercise endurance exceeded 20 minutes, the observer terminated the test.  

 

Lower-limb muscle strength 

Peripheral muscle strength was measured with 1-repetition maximum using bilateral leg 

press exercises (Technogym SpA, Gambettola, Italy).[8] 

 

Dyspnea 

Self-perceived dyspnea in relation to physical disability has been assessed by using the MRC 

dypnea scale. [9] 

 

Health status: Saint George Respiratory Questionnaire 



To assess disease-specific health status, the St. George Respiratory Questionnaire (SGRQ) 

has been used.[10] The SGRQ is a self-administered questionnaire, designed for 

measurement of health impairment in patients with COPD. The SGRQ consists of 50 items, 

divided in three domains (symptoms, activities and impact), providing three domain scores. 

A total score is also provided. Scores can range from 0 (optimal) to 100 points (worst).  

 

Laboratory analysis 

A venous blood sample was collected from all patients in the fasted state. Serum samples 

were stored at -80oC prior to their analysis. Leucocytes, high density lipoprotein (HDL), low 

density lipoprotein (LDL), triglycerides, glucose and creatinin were determined in all subjects.   

Glomerular filtration rate was estimated using the Cockroft and Gault formula. 

Measurement  of the inflammatory serum markers was carried out on the MSD multiplex 

platform (Meso Scale Discovery, Gaithersburg, Maryland) using a preformatted panel to 

measure C-reactive protein (CRP) and validated, custom made arrays to determine the levels  

of interleukins 6 (IL-6) and 8 (IL-8) and tumor necrosis factor-α receptors I and II (TNFRI, 

TNFRII).  

 

HEMODYNAMICS 

Subjects were studied sober in early morning time by a trained medical technologist, blinded 

for clinical outcomes. All tests were performed after 15 minutes in a resting supine position. 

A small head pillow was accepted. Peripheral blood pressure was measured three times with 

interval of 5 minutes. Mean values and pulse pressure were calculated.  Radial artery 

waveforms were recorded with a high-fidelity micromanometer (Millar Instruments, 

Houston, TX.).  Pulse wave analysis (SphygmoCor; AtCor Medical, Sydney, Australia) was then 



used to generate a corresponding central waveform, using a validated transfer function.[11] 

With the integrated software of the pulse wave analysis, augmentation index was calculated 

as the difference between the second and first systolic peaks and expressed in percentage of 

the pulse pressure. In order to control for the influence of heart rates on Aix, the integrated 

software normalized Aix to a heart rate of 75 beats per minute.  APWV was measured by 

recording ECG-gated carotid and femoral artery waveforms. The Sphygmocor systems 

software helped to assure the quality of the pulse wave measurement.  A detailed screen 

showed 10 seconds of recorded and analyzed waveforms which can be examined to assess 

overall consistency of the waveforms. In addition a detailed report helped to interpret the 

consistency of the waveforms during the 10 seconds measurement. Only when the pulse 

height and diastolic variation is less than 5%, the average pulse height is more than 100 

units, the augmentation index is less than 50%,  T1 is between 80 and 150 ms and the overall 

“quality index” is above 80 points data were retained.  

After marking the exact location measurement were repeated three times for securing 

reproducibility. A measurement was accepted when it was three times reproducible with 

minimal variation as judged by the biomedical technologist.  The retained APWV was the 

mean of the three measurements. 

Shortest distances from manubrium to the marked location on the femoral artery (via the 

navel) were measured.  Wave transit time was calculated by the system software, using the 

R-wave of the simultaneously recording electrocardiography as reference frame. APWV was 

determined by dividing the distance between the two recording sites by the wave transit 

time.  

 

 



Pulmonary rehabilitation program: 

CIRO+ provides a state-of-the-art interdisciplinary pulmonary rehabilitation program for 

patients with COPD, consisting of 40 sessions.  The CIRO+ program is in line with the latest 

ATS/ERS Statement on Pulmonary Rehabilitation.[12]  

The rehabilitation scheme was based on a comprehensive pre-rehabilitation assessment.[3] 

During the baseline assessment a careful characterization of the extra-pulmonary features 

and co-morbidities of patients with COPD was performed (as described above), which 

determined the application of various treatments: physical exercise training, occupational 

therapy, dietary counseling, psychosocial counseling, education and exacerbation 

management. 

Physical exercise training was the cornerstone of the program, consisting of strengthening 

exercises of muscle groups of the upper and lower extremities, treadmill walking and 

stationary cycling. All exercises were performed at moderate to high intensity to obtain an 

overload stimulus.  Moreover, the training intensity increased during the rehabilitation 

period, based on dyspnea and fatigue symptom scores.  For those patients unable to 

undergo high-intensity exercise training due to severe exercise-induced dyspnea, 

neuromuscular electrical stimulation of the lower-limb muscles was used.  All patients 

underwent flexibility exercises, general physical exercise for lower and upper extremities, 

and daily supervised 30-min outdoor walks. 

 

STATISTICS  

Statistics were performed using SPSS version 19.0. Results are expressed as mean ± standard 

deviation for quantitative variables, and count (percentage) for discrete variables.  Discrete 

variables were compared using Chi square tests. Quantitative variables were compared using 



independent samples Student’s t-test. A paired Student’s t-test was used to investigate 

differences in results before and after PR.  In order to examine the association of 

inflammatory markers with APWV, simple linear regression was used with APWV as the 

dependent variable and all inflammatory markers separately. To adjust the associations for a 

priori identified cardiovascular risk factors, multivariate linear regression was performed, 

adjusting each inflammatory marker for age, mean blood pressure, gender and BMI using 

forced entry method. In order to evaluate the determinants of APWV multivariate backward 

linear regression was performed, with APWV as the dependent variable and including all 

assessed characteristics (see legend e-table 4) in the model. All p values <0.05 were 

considered statistically significant. Figure 2 and 3, showing the change of APWV and other 

clinical outcomes after PR as a function of baseline APWV and the correlation between these 

two, was obtained using SAS 9.1. More precisely the PROC MIXED procedures in SAS was 

used to model the change in APWV adjusting for age, mean blood pressure, gender and BMI.   

 

Online supplement references: 

1. Vanfleteren LE, Spruit MA, Groenen M, et al. Clusters of comorbidities based on 

validated objective measurements and systemic inflammation in patients with chronic 

obstructive pulmonary disease. American journal of respiratory and critical care medicine 

2013;187:728-35. 

2. Vestbo J, Hurd SS, Agusti AG, et al. Global Strategy for the Diagnosis, Management, 

and Prevention of Chronic Obstructive Pulmonary Disease: GOLD Executive Summary. 

American journal of respiratory and critical care medicine 2013;187:347-65. 

3. Spruit MA, Vanderhoven-Augustin I, Janssen PP, et al. Integration of pulmonary 

rehabilitation in COPD. Lancet 2008;371:12-3. 

4. Vestbo J, Hurd SS, Agusti AG, et al. Global Strategy for the Diagnosis, Management 

and Prevention of Chronic Obstructive Pulmonary Disease, GOLD Executive Summary. 

American journal of respiratory and critical care medicine 2012. 



5. Schols AM, Wouters EF, Soeters PB, et al. Body composition by bioelectrical-

impedance analysis compared with deuterium dilution and skinfold anthropometry in 

patients with chronic obstructive pulmonary disease. The American journal of clinical 

nutrition 1991;53:421-4. 

6. ATS statement: guidelines for the six-minute walk test. American journal of 

respiratory and critical care medicine 2002;166:111-7. 

7. van 't Hul A, Gosselink R, Kwakkel G. Constant-load cycle endurance performance: 

test-retest reliability and validity in patients with COPD. Journal of cardiopulmonary 

rehabilitation 2003;23:143-50. 

8. Spruit MA, Gosselink R, Troosters T, et al. Resistance versus endurance training in 

patients with COPD and peripheral muscle weakness. The European respiratory journal : 

official journal of the European Society for Clinical Respiratory Physiology 2002;19:1072-8. 

9. Spruit MA, Pennings HJ, Janssen PP, et al. Extra-pulmonary features in COPD patients 

entering rehabilitation after stratification for MRC dyspnea grade. Respir Med 

2007;101:2454-63. 

10. Jones PW, Quirk FH, Baveystock CM, et al. A self-complete measure of health status 

for chronic airflow limitation. The St. George's Respiratory Questionnaire. The American 

review of respiratory disease 1992;145:1321-7. 

11. Pauca AL, O'Rourke MF, Kon ND. Prospective evaluation of a method for estimating 

ascending aortic pressure from the radial artery pressure waveform. Hypertension 

2001;38:932-7. 

12. Spruit MA, Singh SJ, Garvey C, et al. An official american thoracic society/european 

respiratory society statement: key concepts and advances in pulmonary rehabilitation. 

American journal of respiratory and critical care medicine 2013;188:e13-64. 

 

 



 
e-figure 1: Flow chart of study participants 

Legend: * : 4 patients did not want to participate in the study anymore, 1 patient died, 1 

patient was diagnosed with a tongue carcinoma, one patient stopped because of personal 

circumstances and 3 patients dropped out because the rehabilitation program was too 

heavy. 

 

 

 

255 selected for recruitment 

162 with acceptable APWV 
measurements 

213 eligible 

42 ineligible 

129 full data collected 

9 drop out before end of PR *  

51 with unsuccessful APWV 
measurement 

24 with unsuccessful APWV 
measurement after PR  



 
e-Table 1: Characteristics of subjects with and without successful APWV measurement at 

baseline. 

 

APWV not present 

n=51 

APWV present 

n=162 
p 

Demographics    

Age, years 63.1 ± 7.3 63.8 ± 6.9 0.540 

Male, n (%) 29 (56.9%) 97 (59.9%) 0.70 

Active smoker, n (%) 13 (25.5) 47 (29.0) 0.383 

Long-term oxygen therapy, n (%) 14 (27.5) 22 (13.6) 0.021 

Pack years 47.2 ± 19.9 45.9 ± 27.3 0.750 

Body composition    

Body mass index, kg/m2 30.0 ± 6.0 25.0 ± 4.1 <0.001 

Fat Free Mass Index, kg/m2 18.3 ± 2.8 16.6 ± 2.1 <0.001 

T-score -0.8 ± 1.3 -1.1 ± 1.3 0.220 

Pulmonary function and blood gases    

FEV1, liter 1.37 ± 0.50 1.40 ± 0.55 0.762 

FEV1, % predicted 50.5 ± 15.1 51.4 ± 17.4 0.730 

FEV1/FVC, % 40,9 ± 11,0 39,5 ± 11,1 0.427 

TLCO, % predicted 61.3 ± 15.1 53.8 ± 16.7 0.005 

pCO2, kPa 5.5 ± 0.7 5.3 ± 0.6 0.067 

pO2, kPa 9.4 ± 1.1 9.5 ± 1.1 0.770 

O2 saturation, % 94.7 ± 2.0 94.4 ± 7.6 0.770 

Functional outcome    



6-MWD, meter 457 ± 102 475 ± 108 0.310 

CWRT time, seconds 334 ± 220 359 ± 284 0.560 

Leg press, kg 116 ± 47 101 ± 47 0.058 

mMRC, grade 2.1 ± 1.1 2.1 ± 1.1 0.880 

SGRQ, points 50.4 ± 14.6 51.6 ± 18.4 0.680 

Prognostic indices    

Updated BODE index, points 2.9 ± 2.6 2.9 ± 2.5 0.920 

Framingham CHD 10 year risk, % 9.6 ± 7.2 9.4 ± 6.4 0.243 

Charlson comorbidy index 1.61 ± 0.80 1.57 ± 0.89 0.809 

Myocardial infarction, n (%) 6 (11.8) 16 (9.9) 0.437 

Heart failure, n (%) 1 (2.0) 5 (3.1) 0.558 

Peripheral arterial disease, n (%) 6 (11.8) 30 (18.5) 0.183 

Cerebrovascular disease, n (%) 6 (11.8) 14 (8.6) 0.336 

Any cardiovascular disease, n (%) 16 (31.4) 50 (30.9) 0.537 

Diabetes, n (%) 5 (9.8) 7 (4.3) 0.130 

Clinical chemistry    

Triglycerides, mmol/L 1.8 ± 1.2 1.5 ± 0.7 0.007 

LDL, mmol/L 3.1 ± 0.9 2.9 ± 1.0 0.325 

HDL, mmol/L 1.7 ± 0.5 1.7 ± 0.5 0.831 

Glucose (mmol/L) 5.9 ± 1.1 5.7 ± 0.7 0.045 

Creatinin 87.8 ± 20.5 87.5 ± 22.6 0.947 

eGFR, ml/min 89.5 ± 24.9 75.9 ± 21.5 <0.001 

Systemic inflammatory markers    



CRP, mg/l 6.1 ± 7.0 4.6 ± 6.1 0.170 

IL-6, pgs/ml 3.25 ± 2.06 3.3 ± 4.5 0.931 

IL-8, pgs/ml 13.0 ± 4.8 13.0 ± 5.3 0.983 

TNFRI, pgs/ml 2256 ± 593 2186 ± 771 0.582 

TNFRII, pgs/ml 3908 ± 1154 3714 ± 1435 0.414 

Leucocytes *109/L 7.0 ± 1.6 7.5 ± 2.0 0.111 

Legend: Summary variables are presented as mean ± standard deviation for quantitative 

variables, and count (percentage) for discrete variables. FEV1: Forced expiratory volume in 

the first second; TLCO: Transfer factor for carbon monoxide; mMRC: Modified Medical 

Research Council; 6MWD: Six minute walking distance; CWRT: continuous work rate test; 

SGRQ: St.-George’s Respiratory Questionnaire, BODE index: Based on BMI, Obstruction 

(FEV1), Dyspnea, Exercise (6-MWD); LDL: low density lipoprotein; HDL: high density 

lipoprotein; eGFR: estimated glomerular filtration rate; CRP: C-reactive protein; IL-6: 

interleukin 6; IL-8: interleukin 8; TNFRI: TNF-α receptor 1; TNFRII: TNF-α receptor 2. 

 



 
e-Table 2: Use of pulmonary medication. 

Patients with COPD N=162 

Short-acting β2-agonists, n (%) 50 (30.9) 

Short-acting anticholinergics, n (%) 20 (12.3) 

Combined short-acting β2-agonists and anticholinergics, n 

(%) 29 (17.9) 

Long-acting β2-agonists, n (%) 29 (17.9) 

Long-acting anticholinergics, n (%) 131 (80.9) 

Inhaled corticosteroids, n (%) 18 (11.1) 

Combined inhaled corticosteroids and long-acting β2-

agonists, n (%) 126 (77.8) 

Theophyllin, n (%) 21 (13.0) 

Oral prednison, n (%) 15 (9.3) 

Antileukotrienes, n (%) 6 (3.7) 

Legend: Variables are presented as count and percentage. 



 
e-Table 3: Use of cardiovascular and other medication 

  

COPD  
n= 162 

Never 
smoking 
controls  

n=65 

Ex-smoking 
controls  
n=102 

Blood pressure lowering medication, n (%) 66 (40.7) 15 (23.1) 31 (30.4) 
   -ACE or ARB, n (%) 40 (24.7) 9 (13.8) 18 (17.6) 
   -β-blocker, n (%) 32 (19.8) 4 (6.2)* 11 (10.8)* 
   -Calciumantagonist, n (%) 19 (11.7) 6 (9.2) 7 (6.9) 
   -Diuretics, n (%) 20 (12.3) 3 (4.6) 10 (9.8) 
Anti-arrythmica, n (%) 6 (3.7) 0 1 (1.0) 
Nitrates, n (%) 15 (9.3) 1 (1.5)* 2 (2.0)* 
Statins and other lipid lowering drugs, n (%) 48 (29.6) 3 (4.6)* 22 (21.6)# 
Antiaggregates, n (%) 51 (31.5) 3 (4.6)* 8 (7.8)* 
Coumarines, n (%) 10 (6.2) 0 3 (2.9) 
oral antidiabetica or insulin, n (%) 6 (3.7) 0 2 (2.0) 
calcium suppletion, n (%) 17 (10.5) 1 (1.5)* 3 (2.9)* 
bisfosfonates, n (%) 17 (10.5) 0* 1 (1.0)* 
antidepressives, n (%) 21 (13.0) 1 (1.5)* 3 (2.9)* 
anxiolytics and sleep medication, n (%) 27 (16.1) 0* 2 (2.0)* 
nsaids, morphine, other pain killers, n (%) 24 (14.8) 8 (12,3) 19 (18.6) 
Proton pomp inhibitors and other antacida, n (%) 44 (27.2) 7 (10,8)* 7 (6.9)* 
Antibiotics, n (%) 9 (5.6) 2 (3.1) 1 (1.0) 
Acetylcystein, n (%) 45 (27.8) 0* 0* 
Legend:  

Variables are presented as count and percentage. * significantly (p<0.05) different in 

comparison with subjects with COPD.  # significantly (p<0.05) different in comparison with 

never-smoking controls. 

 



 
e-Table 4: Multivariate backward linear regression with APWV as the dependent variable 

 Beta t-test p-value 

Mean blood pressure, mm Hg 0.380 4.515 <0.001 

Age, years 0.276 3.283 0.001 

 
Legend: Other variables in the model:  Age, gender, current smoking, BMI, FFMI, 6-MWD, 

CWRT, leg press, pCO2, pO2, FEV1% predicted, TLCO % predicted, presence of any 

cardiovascular comorbidity according to the Charlson comorbidity index, mMRC grade, Bone 

mineral density T-score, LDL, HDL, Triglycerides, Glucose, eGFR, Leucocytes, CRP, IL-6, IL-8, 

TNRI, TNFRII and leucocytes. 

 



 
e-table 5: Differences in body composition, pulmonary function and functional outcome in 

patients who completed PR. 

 

N=129 baseline after PR p 

Body Mass Index, kg/m2 25.1 ± 4.3 25.3 ± 4.1 0.015 

Fat Free Mass Index, kg/m2 16.6 ± 2.2 17.1 ± 4.2 0.105 

FEV1, % predicted 51.4 ± 17.6 50.8 ± 18.5 0.500 

6-MWD, meter 478 ± 108 509 ± 102 <0.001 

CWRT time, seconds 371 ± 275 569 ± 396 <0.001 

Leg press, kg 103 ± 48 128 ± 50 <0.001 

mMRC, grade 2.14 ± 1.2 1.54 ± 1.0 <0.001 

SGRQ, points 52.0 ± 19.9 48.2 ± 18.7 0.004 

Legend: Variables are presented as mean ± standard deviation. FEV1: Forced expiratory 

volume in the first second; CWRT: continuous work rate test; mMRC: Modified Medical 

Research Council; 6-MWD: Six minute walking distance; SGRQ: St.-George’s Respiratory 

Questionnaire. 

 

 



 

e-table 6: Differences in lipidemia, glycemia, renal function and systemic inflammatory 

markers in patients who completed PR. 

n=129 
APWV 

baseline 

APWV  

after PR p 

Clinical chemistry    

   Triglycerides, mmol/L 1.4 ± 0.7 1.4 ± 0.7 0.295 

   LDL, mmol/L 1.7 ± 0.5 1.7 ± 0.5 0.148 

   HDL, mmol/L 2.9 ± 1.0 2.8 ± 1.0 0.512 

   Glucose (mmol/L) 5.6 ± 0.7 5.6 ± 0.7 0.537 

   Creatinin 87.9 ± 23.1 87.6 ± 25.6 0.782 

Systemic inflammatory markers    

   CRP, mg/l 4.4 ± 6.2 4.8 ± 7.4 0.552 

   IL-6, pgs/ml 3.1 ± 3.0 2.8 ± 1.9 0.282 

   IL-8, pgs/ml 13.0 ± 5.4 13.6 ± 6.1 0.265 

   TNFRI, pgs/ml 2176 ± 776 2186 ± 715 0.823 

   TNFRII, pgs/ml 3679 ± 1430 3644 ± 1194 0.699 

   Leucocytes *109/L 7.4 ± 1.8 7.5 ± 2.2 0.464 

 
Legend: Variables are presented as mean ± standard deviation. LDL: low density lipoprotein; 

HDL: high density lipoprotein; eGFR: estimated glomerular filtration rate; CRP: C-reactive 

protein; IL-6: interleukin 6; IL-8: interleukin 8; TNFRI: TNF-α receptor 1; TNFRII: TNF-α 

receptor 2. 

 


