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Introduction 

Background 

Cardiac surgery is one of the most common surgical procedures and 

accounts for more resources expended in cardiovascular medicine than any 

other single procedure 1. Because cardiac surgery involves sternal incision and 

cardiopulmonary bypass, patients usually have a restricted respiratory function 

in the postoperative period. Moreover, anesthesia and analgesia affect 

respiratory function (during and after the surgical intervention) 2-4 causing 

changes in lung volume, diaphragmatic dysfunction, respiratory muscle 

strength, pattern of ventilation, gas exchange, and the response to carbon 

dioxide and oxygen concentrations 5-10. As a consequence of these changes (see 

Figure 1), patients undergoing cardiac surgery have an increased risk of 

postoperative pulmonary complications (PPCs), which lead to increased 

postoperative morbidity and mortality 11-14, increased use of medical resources, 

longer hospital stay, and increased health care costs 11 12 15.  

 

CABG surgery

  Restriction lung volumes 9
    - Vital capacity
    - Functional residual capacity
    - Forced expiratory volume

  Hypoventilation 2-4

    - Shallow breathing pattern
    - Decreased deep-breathing reflex

Changing closing volume /
Functional residual capacity ratio 2-4

  Decreased mucus clearance 9 11

    - Ineffective coughing
    - Decreased coughing reflex
    - Decreased mucociliar activity

Depression respiratory center
Change in breathing pattern 2-4

  Respiratory muscle dysfunction 5-8

    - Cranial displacement diaphragm
    - Change length-tension relation
    - Detonisation

  Increased oxygen uptake 2-4 7

    - Increased work of breathing
    - Decreased lung compliance
    - Physical and emotional stress

Lung collapse 4 9 14

Atelectasis 4 9 14

Infiltrate 4 9 14

Ventilation / perfusion mismatch
Right - Left shunting 2-4

Increased risk for PPCs 11 14   Decreased gas exchange 2-4

    - Hypoxia

 
 

Figure 1. Changes in the respiratory system during and after the surgical intervention 
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Chapter 1 

 

The incidence of PPCs varies between 20% and 95% in cardiac surgery 14, 

depending in part on the criteria used to define PPCs and on the diagnostic 

techniques used to document them 9 14 16. As a result of the generally high 

incidence of these complications (including mortality) and the high costs of 

hospitalization, efforts have been made during the last decade to identify those 

patients who have a higher chance of developing such complications, and to 

find ways to prevent their development 11 17. Considerable effort has been put 

into preventing and treating PPCs, but there is no consensus on the most 

appropriate or effective remedy. Controversy exists concerning the possible 

overuse and abuse of many of the therapeutic modalities commonly used for 

the prevention and treatment PPCs 18-20. 

 

Perioperative pulmonary physical therapy 

Physical therapists tend to use a hypothesis-oriented driven process of 

clinical reasoning and a patient-centered model of care incorporating 

multisystem assessment, evidence-based interventions, and a substantial 

educational component to promote healthy active lifestyles and community-

based living 21-23. Physical therapists can implement non-invasive interventions, 

such as exercise, mobilization, body positioning, breathing control, coughing 

maneuvers, relaxation, energy conservation, and airway clearance techniques, 

after cardiac to prevent PPCs 19. Patients can then use these techniques after 

preoperative instructions and education, or with supervision or assistance. The 

aims of physical therapy may include: [1] giving information to the patient about 

postoperative convalescence and physical therapy; [2] giving preoperative 

instructions, education, and training in various physical therapy techniques, in 

order to enhance the ability of patients to apply these techniques 

postoperatively; [3] assessing the baseline respiratory status of patients; [4] 

assessing potential problems (risk assessment), and [5] rehabilitation following 

changes in the normal function (including changes in neural or motor control) 

 12 
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of the respiratory system, cardiovascular system, and possibly the peripheral 

musculoskeletal system 24-26.  

 

Probable mechanisms of physical therapy 

Physical therapy plays an integral part in the management of patients with 

cardiorespiratory dysfunction. The aim of such therapy is to maximize 

functional independence and well-being when these are threatened by problems 

with oxygen transport and gas exchange 24-28. Goals of physical therapy include 

the promotion of effective alveolar ventilation and adequate oxygenation, 

mobilization and removal of secretions (with the help of postural drainage, 

manual techniques, deep breathing or coughing), maintenance of chest wall 

mobility, enhancement of exercise tolerance and mobility, and reduction of 

pain. Physical therapy also plays an integral part in the management of patients 

with cardiorespiratory dysfunction 21 24-26. However, in general, insufficient 

evidence is available about the cost effectiveness of these remedies 29-33. 

Breathing exercises (with or without aid of equipment and manual 

techniques) compensate for and normalize abnormal breathing patterns and 

may help to reduce the risk of atelectasis and pneumonia 34-37. The purpose of 

positioning and mobilization of the patient following surgery is to optimize the 

ventilation-perfusion relationship and to maximize oxygen transport 27 28 38 39. 

Mucociliary clearance techniques may be important for surgical patients who 

have pre-existing mucus hypersecretion and who may be overwhelmed by 

additional secretions in the postoperative period or for those who develop 

pneumonia 40 41. Inspiratory muscle training (IMT) involves inspiration through 

resistive loads. During cardiac surgery, the respiratory muscles may become 

damaged, leading to weakness, respiratory muscle dysfunction, and respiratory 

failure 5 6 42. Inspiratory muscles, like skeletal muscles, can be trained to increase 

strength and endurance 43 44. Preoperative improvement in the strength and 

endurance of the inspiratory muscles may lead to increased resistance to fatigue 
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and improved ventilatory function by decreasing the work of breathing and 

increasing the respiratory reserve 44-48. However, few of these assumptions have 

been tested in studies with a methodologically sound design. Those that have 

been tested were primarily used as postoperative interventions 18 19 49. 

 

State of the art 

In the Netherlands, the discrepancy between the demand for coronary 

artery bypass graft (CABG) surgery and its availability has resulted in waiting 

lists. The mortality rate for patients waiting for CABG surgery has been shown 

to be remarkably stable (approximately 0.5% to 0.6% per year over the past 10 

years) 50 51. However, evidence shows that patients’ functional and psychological 

status deteriorates during the waiting period for surgery 52 53. Emotional and 

physical stress affect the autonomic nervous system, influencing myocardial 

oxygen demand and platelet aggregation, which may affect morbidity during the 

waiting period 54 55. Factors such as preoperative anxiety and little social support 

have adverse psychological effects during extended preoperative waiting 

periods and, in addition, have been found to predict poor physical recovery 

after cardiac surgery 56 57. Therefore, psychological factors and physical de-

conditioning, both of which occur during the waiting period, may negatively 

affect patients’ in-hospital course, including length of hospital stay 52 58. Because 

waiting for health operations and medical services will probably continue to be 

a reality in public-funded health care systems that value universal access, careful 

study of simple, affordable methods to improve patients’ functional health 

status during the waiting period and consequently their postoperative outcomes 

is needed. 

 

 14 



Introduction 

Aim and Outline of this thesis 

A few experimental studies have demonstrated that preoperative physical 

therapy (e.g. pulmonary prehabilitation) in cardiac surgery has advantages over 

postoperative physical therapy alone 59-62. The effects of these programs, 

however, in decreasing the incidence of PPCs and in identifying those patients 

who might benefit the most from these programs, i.e. all patients or only high-

risk patients, has not been resolved. So, the aim of this thesis was to answer 

three questions:  

 

[1] Is preoperative physical therapy effective in preventing PPCs after cardiac 

surgery?  

[2] What type of preoperative physical therapy is effective in preventing PPCs 

after cardiac surgery?  

[3] Which patients benefit the most from this intervention? 

 

The objective of the Cochrane review described in chapter 2 was to assess 

the prophylactic effects of preoperative physical therapy to prevent PPCs and 

to decrease the length of hospital stay in adults undergoing cardiac surgery. In 

chapter 3, a risk model is presented that consists of determinants that can be 

assessed by physical therapists preoperatively, to select those patients most 

likely to benefit from physical therapy. Before embarking on a proper 

randomized controlled trial, we first performed a pilot study (chapter 4) to test 

the feasibility of our approach and to help clarify decisions about operational 

definitions, logistic procedures, and design. The aim of the pilot study was to 

evaluate the feasibility and effectiveness of inspiratory muscle training (IMT) on 

inspiratory muscle strength in patients at increased risk of developing PPCs 

after CABG surgery. With help of the outcomes of the pilot study, we designed 

a single blind randomized controlled trial to study the prophylactic efficacy of 

preoperative physical therapy, including IMT, on the incidence of PPCs (e.g. 
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pneumonia) in patients at high risk of developing PPCs who underwent CABG 

surgery (chapter 5). In the study described in chapter 6 we validated the 

developed preoperative risk model (chapter 3), in order to stratify patients 

undergoing CABG surgery into those with a high and those with a low risk of 

developing pneumonia. In chapter 7, we elaborate on the findings reported in 

this thesis and their research and clinical relevance. We also speculate about 

future experiments and investigations in this field of research. 
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Chapter 2 

Abstract 

Objective: To determine whether preoperative physical therapy has any 

prophylactic effect on postoperative pulmonary complications (PPCs) in adult 

patients undergoing cardiac surgery.  

Design: Systematic review of the effectiveness of preoperative physical therapy 

in adult patients undergoing cardiac surgery. 

Data sources: The Cochrane Central Register of Controlled Trials, Medline, 

Embase, Physical therapy Evidence Database (PEDro), and Cinahl were 

searched up to May 2006. 

Review methods: All included studies were randomized or clinical controlled trails 

that evaluated the effect of preoperative physical therapy on the incidence of 

PPCs in adult patients who had undergone elective cardiac surgery. Data were 

extracted by two independent reviewers on the basis of sample size, surgical 

procedure, patient characteristics, risk factors, type of intervention in the 

experimental and control groups, and type of outcome measures. Review 

Manager Software 4.2.8 was used for analysis. 

Main outcome measures: Incidence of PPCs measured on an ordinal scale of 1 to 4, 

as developed by Kroenke. Pooled standardized effect sizes were calculated. 

Results: Seven studies with a total of 922 patients were included in this 

systematic review. The methodological quality of the included studies was poor 

(PEDro score median: 3; range 2 to 7). Studies reporting data on atelectasis (a 

PPC grade 2) showed heterogeneity of effect sizes (χ2= 18.13, df2; p= 0.02), so 

the random effects model was used to estimate the relative risk (RR). In the 

studies reporting only pneumonia (a PPC grade 3) there was no heterogeneity 

of effect sizes (χ2= 0.001, df1; p= 0.99), so the fixed effect model was used to 

estimate the relative risk (RR). There were no statistically significant differences 

between patients receiving preoperative physical therapy in the risk of 

developing atelectasis (RR of 0.09; 95% CI 0.01 to 1.25; p= 0.07) and the risk 
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of developing pneumonia (RR= 0.34; 95% CI 0.08 to 1.33; p= 0.12) when 

compared to patients who did not receive preoperative physical therapy.  

Conclusions: This systematic review does not permit to draw conclusions about 

reducing the risk of atelectasis and pneumonia (e.g. a PPC grade 2 or 3) after 

cardiac surgery with help of preoperative physical therapy, including inspiratory 

muscle training, breathing and coughing exercises. Larger well-designed 

randomized controlled trails with explicit definitions of PPCs are needed to 

meet this objective. 
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Introduction 

Postoperative pulmonary complications (PPCs) are the most frequent and 

significant contributor to morbidity, mortality, and costs associated with 

hospitalization 1. Interestingly, despite the prevalence of these complications in 

cardiac surgical patients, the recognition, diagnosis, and management of these 

complications vary widely. As a result of the high incidence of PPCs (including 

mortality) and the high cost of hospitalization effort has been made during the 

last decade to identify those patients who have a higher chance of developing 

complications and to find techniques to prevent such complications 2 3. 

Considerable effort has also been put into the prevention and treatment of 

PPCs, but there is no consensus on the most appropriate or effective therapy. 

Controversy exists concerning the possible overuse and abuse of many of the 

therapeutic modalities commonly used for prevention and treatment 4 5. 

Physical therapy seems to have a limited effect on the occurrence of PPCs, 

but studies performed so far were often flawed methodologically and tended to 

include relatively healthy patients rather than patients with comorbidity and 

high risk profiles 5. Moreover, physical therapy was usually given after the 

operation, whereas the preferred strategy is to identify, on the basis of known 

risk factors, and treat patients who might benefit the most from physical 

therapy before surgery 6-8. A few studies have demonstrated that preoperative 

physical therapy in cardiac surgery has advantages over postoperative care alone 
7-12. The effects of these programs in decreasing the incidence of PPCs and 

identifying those patients who might benefit from these programs, i.e. all 

patients or only high-risk patients, have not been proven indisputably 13 14. The 

objective of this comprehensive systematic review was to assess the 

effectiveness of preoperative physical therapy in preventing PPCs in adults 

undergoing cardiac surgery. 
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Methods 

Selection of studies 

All studies eligible for inclusion were trials of a preoperative physical 

therapy intervention, published or unpublished, involving adult patients (age > 

18 years) undergoing elective cardiac surgery (e.g. coronary artery surgery 

and/or valvular surgery), and written in any language. We considered patients 

to have received physical therapy if they had received at least one of the 

following therapies: incentive spirometry, breathing and/or coughing exercises, 

respiratory muscle training, manual secretion clearance techniques, exercises, 

and instruction and/or education on respiratory and/or locomotor system 

functioning. 

 
Table 1. Operational definitions of postoperative pulmonary complications 15

Grade Definition 

1 

• Cough, dry 
• Microatelectasis: abnormal lung findings and temperature > 37.5°C without 

other documented cause; results of chest roentgenogram either normal or 
unavailable 

• Dyspnea, not due to other documented cause 

2 

• Cough, productive, not due to other documented cause 
• Bronchospasm: new wheezing or pre-existent wheezing resulting in change 

therapy 
• Hypoxemia: alveolar-arterial gradient > 29 and symptoms of dyspnea or 

wheezing 
• Atelectasis: radiological confirmation plus either temperature > 37.5°C or 

abnormal lung findings 
• Hypercarbia, transient, requiring treatment, such as naloxone or increased 

manual or mechanical ventilation 
• Adverse reaction to pulmonary medication 

3 

• Pleural effusion, resulting in thoracentesis 
• Pneumonia, suspected: radiological evidence without bacteriologic confirmation 
• Pneumonia, proved: radiological evidence and documentation of pathologic 

organism by Gram’s stain or culture 
• Pneumothorax 
• Re-intubation postoperative or intubation, period of ventilator dependence does 

not exceed 48 hours 

4 
• Ventilatory failure: postoperative ventilator dependence exceeding 48 hours, or 

re-intubation with subsequent period of ventilator dependence exceeding 48 
hours 
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Our main outcome was PPCs, scored on an ordinal scale of 1 to 4, using 

the operational definition of Kroenke 15 (see Table 1). Only PPCs grade 2, 3, 

and 4 were identified, since PPCs grade 1 are also seen in a clinically normal 

postoperative course 16-18. Moreover complications had to have occurred within 

30 days of surgery. Subsidiary outcomes were duration of mechanical 

ventilation and duration of postoperative hospitalization.  

 

Search strategy  

We searched the Cochrane central register of controlled trials, the 

Cochrane Library, Medline, Embase, Physical therapy Evidence Database 

(PEDro), and Cinahl using the following search terms: cardiac surgical 

procedures, thoracic surgery, coronary artery bypass graft, valve surgery, 

physical therapy techniques, exercise therapy, physical therapy, chest physical 

therapy, breathing exercise, incentive spirometry, breathing exercises, 

respiratory muscle training, patients education, instruction. This search strategy 

was developed in co-operation with the Cochrane Heart Review Group and 

combines a search string for the population and the intervention only (see 

appendix for details of the search strategy). 

We also hand-searched the database of the Cochrane Rehabilitation and 

Related Therapies field for meeting abstracts or conference proceedings 

grouped under physical therapy or educational headings. We searched the 

reference lists of included studies and contracted leading authors of each 

included trial and experts in the specialty by email for additional published or 

unpublished data. Relevant existing clinical practice guidelines (e.g. clinical 

practice guidelines been drafted by the American Association for Respiratory 

Care for Postural drainage, Incentive Spirometry and Directed Cough; The 

Agency for Health Care Policy and Research drafted guidelines for the use of 

Intermittent Positive Pressure Breathing; and The Canadian Clinical Practice 

Guideline on Peri-operative Cardio respiratory Physical Therapy) were 

reviewed. 
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Data extraction 

Two authors (NJF and HJH) independently rated abstracts identified by the 

electronic searches. Any studies that described a controlled trial of a 

preoperative physical therapy intervention in patients undergoing elective 

cardiac surgery were included. In case of differences of agreement between 

raters, the full original article was retrieved for data extraction.  

Hard copies of the studies identified at the abstract stage were obtained and 

the reviewers (NJF and HJH) independently extracted data from each study. 

Differences over inclusion of studies were resolved by discussion and 

consensus. Studies written in a foreign language were translated by health 

professionals’ native in that language. We excluded quasi-randomized 

controlled trials and N-of-1 trials. We then restricted selection to studies that 

described adult patients (age > 18 years) and patients undergoing elective 

cardiac surgery. For crossover trials, only the first arm was included. The 

minimum number of sessions to define physical therapy was one. We coded 

type of therapy, number of sessions, duration of therapy, and format of delivery 

(individual or group). We included trials in which duration of mechanical 

ventilation and duration of postoperative hospitalization were secondary 

outcomes. Data were also extracted regarding sample size at baseline and at 

follow-up, subgroups (based on risk factors), surgical procedures, and patient 

characteristics (age, gender, comorbidity) using a data collection form.  

 

Statistical analysis 

We used Review Manager 4.2.8 software in accordance with the Cochrane 

Heart Group (www.cochrane.org/cochrane/dnldgerm.htm). Comparisons were 

made separately according to the control group (no preoperative treatment). 

Pooling of trials was only attempted if at least two trials with the same 

conditions and comparable outcomes were available. For all dichotomous 

outcomes, the fixed-effects model was used to estimate the relative risk (RR). 

For the continuous outcomes, the fixed-effects model was used to estimate the 
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weighted mean difference (WMD). Heterogeneity of effect sizes between 

pooled studies was tested for each outcome. If present (p < 0.05), the random-

effects model was applied and the source of heterogeneity was investigated 

through subgroup and sensitivity analyses. All estimates are reported with their 

95% confidence interval. Equivalence was assumed if the relative risk (RR) and 

its 95% confidence interval (CI) were between 0.9 and 1.1.  

We assessed whether conclusions were sensitive to restriction of the studies 

to subgroups (high versus low pulmonary risk) using the risk factors of the 

Society of Thoracic Surgeons (currently: smoking, ceased smoking within 6 

weeks prior to admission, forced vital capacity (FVC) below 80% of the 

predicted value, forced expiratory volume in 1 second (FEV1) of less than 75% 

of the predicted value, and over 60 years of age) that might modify the effects 

of physical therapy 19. 

Funnel plots, plots of standard error versus effect size, were made to 

test publication and other biases, if more than three studies were included in an 

analysis. 

 

Quality assessment 

We assessed the quality of the studies, using the 10 methodological quality 

criteria specified in the PEDro list (random allocation, concealment of 

allocation, similarity between groups at baseline regarding the most important 

prognostic indicators, subject blinding, blinding of the therapist, blinding of the 

assessor, measures of key outcomes from more than 85% of participants, 

intention-to-treat-analysis, between-group statistical comparisons reported for 

at least one key outcome, point measures and measures of variability for at least 

one key outcome) 20. 

Studies were subdivided into two categories: low methodological quality 

studies with a PEDro score ≤ 5 and high methodological studies with a PEDro 

score > 5. Internal validity is defined by the extent to which a difference in 

outcome between the comparisons groups can be attributed to the intervention 
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assigned 21 22. To assess validity, we rated individual criteria as [A] "adequate", 

[B] "unclear or not reported", and [C] "inadequate", using the PEDro scale 20. 

The maximum PEDro score of studies included in this systematic review was 

10 points.  

 

Results 

Systematic review 

The search strategy identified 3783 studies, of which 23 were selected. Gray 

literature and the reference lists of the 23 potentially eligible studies were 

checked by the two reviewers, but no additional studies were identified. 

Disagreement about the inclusion of five studies was resolved in a consensus 

meeting. 

Seven randomized controlled trials (922 participants) of a preoperative 

physical therapy intervention in adults undergoing elective cardiac surgery met 

the criteria for inclusion in the systematic review (see Table 2 characteristics of 

included studies). All trials included only patients undergoing cardiac surgery, 

except that by Castillo et al. 11, which also included participants undergoing 

thoracic surgery. Four studies (270 participants) excluded patients with a higher 

risk of developing PPCs (which were not specified) 8 10 11 12. The data of 

patients, who died after CABG or who needed mechanical ventilation for more 

than 24 hours, whether or not related to pulmonary complications, were 

excluded from analysis in the studies of Rajendran et al. 8 and Vraciu et al. 12. 

The seven included studies reported a variety of physical therapy 

interventions and preoperative duration of the interventions. Arthur et al. 10 

used a tailored in-hospital exercise training program of 8 weeks in order to 

increase preoperative functional capacity. In the study of Castillo et al. 11 

patients with COPD received daily in-hospital chest physical therapy (e.g. 

postural drainage aided by percussion and vibration, breathing exercise, 

incentive spirometry, coughing techniques, suction if needed) for 1 week and 
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patients without COPD for 2 days prior to surgery. In the study of Rajendran et 

al. 8, all included patients received physical therapy (breathing retraining, 

exercise reconditioning, relaxation training, and deep breathing exercise) for 1 

week, whereas in the study of Weiner et al. 7 patients trained their inspiratory 

muscles daily for 2 to 4 weeks before surgery. Rice et al. 23, Shuldham et al. 24, 

and Vraciu et al. 12 educated their patients with a self-instructional booklet or 

with one informal multidisciplinary session about breathing and coughing 

techniques.  

The seven included studies were of poor quality (median PEDro score= 3; 

range 2 to 7). Only two groups described the allocation sequence (Arthur et al. 
10 and Shuldham et al. 24) and only Arthur et al. 10 described the concealment of 

treatment allocation. Weiner et al. 7 blinded the patients for the intervention and 

Arthur et al. 10 blinded the assessor. In the other studies there was no blinding 

of the patient or the assessor (Rajendran et al. 8, Castillo et al. 11; Vraciu et al. 12; 

Rice et al. 23; Shuldham et al. 24). 

 

Meta-analysis of PPCs  

Three studies (Rajendran et al. 8, Castillo et al. 11 and Vraciu et al. 12) 

reporting data on atelectasis (a PPC grade 2) as primary outcome and showed 

heterogeneity of the effect sizes (χ2= 8.13, df2; p= 0.02), so the random effects 

model was used to estimate the relative risk. The risk of developing atelectasis 

was not statistically significant different (RR= 0.09; 95% CI 0.01 to 1.25; p= 

0.07), if patients received preoperative physical therapy than in patients who did 

not receive preoperative physical therapy (see Figure 1). 

In the two studies (Castillo et al. 11; and Weiner et al. 7) reporting pneumonia 

(a PPCs grade 3) as primary outcome, there was no heterogeneity of effect sizes 

(χ2= 0.001, df1; p= 0.99), so the fixed effect model was used to estimate the 

relative risk. The risk of developing pneumonia was also not statistically 

different (RR= 0.34; 95% CI 0.08 to 1.33; p= 0.12) in patients who do not 

received preoperative physical therapy (see Figure 2).  
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Review:         Preoperative physical therapy for elective cardiac surgery patients
Comparison:       Preoperative physical therapy vs. no preoperative physical therapy
Outcome:         Atelectasis (a PPC Grade 2)

Study
or sub-category

Experimental
n/N

Control
n/N

RR (random)
95% CI

Weight
%

RR (random)
95% CI

Vraciu 1997
Castillo 1985
Rajendran 1998

3/19
0/67
0/25

8/21
21/34
4/20

41.16
29.75
29.09

0.34
0.33

[0.13, 1.34]
[0.00, 0.19]
[0.01, 1.57]

Total (95% CI)

Total events: 3 (Experimental), 33 (Control)
Test of heterogeneity: Chi2 = 8.13, df = 2 (P = 0.02), I2 = 75.4%
Test for overall effect: Z = 1.79 (P = 0.07)

111 75 0.09 [0.01, 1.25]100.00

0.1 0.2 0.5 1 2 5 10

Favours treatment Favours control

 
Figure 1. Forrest plot atelectasis (a PPC grade 2) 

 

Review:         Preoperative physical therapy for elective cardiac surgery patients
Comparison:       Preoperative physical therapy vs. no preoperative physical therapy
Outcome:         Pneumonia (a PPC Grade 3)

Study
or sub-category

Experimental
n/N

Control
n/N

RR (fixed)
95% CI

Weight
%

RR (fixed)
95% CI

Castillo 1985
Weiner 1998

2/67
1/42

3/34
3/42

57.02
42.98

0.34
0.33

[0.06, 1.93]
[0.04, 3.08]

Total (95% CI)

Total events: 3 (Experimental), 6 (Control)
Test of heterogeneity: Chi2 = 0.00, df = 1 (P = 0.99), I2 = 0%
Test for overall effect: Z = 1.55 (P = 0.12)

109 76 100.00 0.34 [0.08, 1.33]100.00

0.1 0.2 0.5 1 2 5 10

Favours treatment Favours control

 
Figure 2. Forrest plot pneumonia (a PPC grade 3) 

 

No subgroup analysis between patients at high and low pulmonary risk was 

performed because only one group (Vraciu et al. 12) reported data on patients 

stratified on the basis of the risk factors of the Society of Thoracic Surgeons. 

Four studies with 697 participants (Rajendran et al. 8, Arthur et al. 10, Rice et 

al. 23, and Shuldham et al. 24) reported data on the duration of hospitalization. 

We used the random effect model to estimate the WMD, since effect sizes were 

heterogeneous (χ2= 23.68, df3; p< 0.001). There was no statically significant 

difference (WMD= -1.16; 95% CI -2.79 to 0.47; p= 0.16) between the patients 

undergoing preoperative physical therapy and the control group regarding the 

duration of hospitalization (see Figure 3).  
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Review:         Preoperative physical therapy for elective cardiac surgery patients
Comparison:       Preoperative physical therapy vs. no preoperative physical therapy
Outcome:         Length of hospitalization

Study
or sub-category

Experimental
n/N N

Control
Mean (SD)

WMD (random)
95% CI

Weight
%

Rice 1992
Rajendran 1998
Arthur 2000
Shuldham 2000

WMD (random)
95% CIN

25
25

123
188

25
20

123
168

8.90 (2.20)
12.40 (3.60)
5.00 (1.00)

10.07 (5.04)

9.80 (3.70)
18.60 (6.60)
6.00 (2.00)
9.15 (4.38)

24.23
14.38
32.11
29.28

[-2.59, 0.79]
[-9.42, -2.98]
[-1.40, -0.60]
[-0.06, 1.90]

-0.90
-6.20
-1.00
0.92

-10 -5 5 100

Favours treatment Favours control

Total (95% CI)

Test of heterogeneity: Chi2 = 23.68, df = 3 (P < 0.0001), I2 = 87.3%
Test for overall effect: Z = 1.40 (P = 0.16)

251 336 100.00 -1.16 [-2.79, 0.47]

 
Figure 3. Forrest plot length of hospitalization 

 

Discussion 

In this systematic review of preoperative physical therapy for preventing 

PPCs, we found that preoperative physical therapy (including inspiratory 

muscle training, training and education of breathing and coughing techniques) 

does not statistically significant decrease the PPC incidence (atelectasis and 

pneumonia) in four studies of adult patients undergoing cardiac surgery. 

The methodological quality of the included studies was poor and a proper 

sensitivity analysis could not be performed. Moreover, the studies defined PPCs 

differently (Weiner et al. 7, Rajendran et al. 8, Castillo et al. 11; Vraciu et al. 12) and 

no study used the criteria for pneumonia of the Centers for Disease Control 

and Prevention 25. Because complication rates can vary widely depending on the 

definitions used, and it is known that differences in how a given outcome is 

measured diminish the reliability of study outcomes the combined results of the 

included studies should be interpreted with caution 26. 

Two of the seven included studies (Arthur et al. 10 and Castillo et al. 11) 

distinguished between patients at high and low risk of developing PPCs after 

cardiac surgery. Arthur et al. 10 showed a small (estimated median difference of 

1 day) but statistically significant difference in postoperative duration of 

hospitalization in low-risk patients who received preoperative exercise training. 
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Castillo et al. 11 did not explicitly stratify patients, but patients with chronic 

obstructive pulmonary disease (COPD) received preoperative training for 7 

days whereas patients without COPD received the same preoperative training 

for only 2 days.  

The studies that reported duration of mechanical ventilation and total 

duration of hospitalization as outcomes showed no statistically significant 

difference between the intervention and control groups. Three of the four 

studies reporting on the duration of hospitalization did not use inspiratory 

muscle training, or breathing and coughing techniques (Arthur et al. 10; Rice et al. 
23; Shuldham et al. 24).  

Prophylactic (chest) physical therapy was shown to have little effect when 

routinely administered after CABG surgery or during intubation after routine 

cardiac surgery 27-30. This is consistent with the view that (chest) physical 

therapy is frequently provided to patients for inappropriate indications and that 

prophylactic (chest) physical therapy is of most benefit to patients at a high risk 

of developing PPCs 3 13 29 31. 
 

Conclusions 

We found no hard evidence for the effectiveness of preoperative physical 

therapy including respiratory muscle training, breathing and coughing exercises 

in preventing the development of PPCs, especially atelectasis and pneumonia, 

in adult patients undergoing cardiac surgery. The preoperative use of physical 

therapy is still in its infancy. Future research should focus on improving 

methods to meet CONSORT standards 32, developing and refining theoretically 

based models, defining single outcome measures, incorporating patients 

preferences, and examining which types of therapy are effective for which 

subgroup (high versus low pulmonary risk) of people undergoing cardiac 

surgery. Larger, well-designed randomized controlled trials, with a well-defined 

single outcome, are needed to determine if preoperative physical therapy is 

effective in preventing PPCs after cardiac surgery. 
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Appendix 

This search strategy is developed co-operation with the Cochrane Heart Review 

Group and combines a search string for the population and the intervention 

only (This is the search strategy for the CENTRAL database, and is adapted to 

the other electronic databases.) 

 

P
ar

ti
ci

p
an

ts
 

 
1.CARDIAC SURGICAL PROCEDURES 
2.THORACIC SURGERY 
3.(cardiac near surgery) 
4.(heart near surgery) 
5.(coronary near bypass) 
6.cabg 
7.(valv* near surgery) 
8.(valv* near repair*) 
9.(1 or 2 or 3 or 4 or 5 or 6 or 7 or 8) 
10.PHYSICAL THERAPY TECHNIQUES 
11.EXERCISE THERAPY 
12.physiotherap* 
13.(chest near therap*) 
14.(physical next therapy) 
15.(breathing near therap*) 
16.(incentive next spirometry) 
17.BREATHING EXERCISES 
18.((respiratory next muscle) near train*) 
19.((inspiratory next muscle) near train*) 
20.(10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19) 
21.(9 and 20) 
 

  

In
te

rv
en

ti
on

s 

 
22.preoperativ* 
23.(pre next operativ*) 
24.(22 or 23) 
25.PATIENT EDUCATION 
26.educat* 
27.train* 
28.instruct* 
29.(25 or 26 or 27 or 28) 
30.(24 and 29) 
31.(20 or 30) 
32.(9 and 31) 
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Chapter 3 

Abstract 

Background: Pulmonary complications are among the most frequently reported 

complications after Coronary Artery Bypass Graft (CABG) surgery. However, 

the risk of PPCs is not equal for all patients. The aim of this study was to 

develop a model, based on preoperative factors, in order to stratify high- and 

low-risk patients for tailored intervention strategies and, in the long run, for 

cost-effectiveness studies. 

Methods: PPCs were classified in 117 adult patients who had undergone elective 

CABG surgery at the University Medical Center Utrecht, The Netherlands. 

Preoperative risk factors (n= 12), mentioned in the current literature were 

assessed. A risk model was developed using logistic regression analysis. 

Results: Preoperative risk factors for developing PPCs were age ≥ 70 years, 

productive cough, diabetes mellitus, and a positive smoking history. Protective 

factors against the development of PPCs were predicted inspiratory vital 

capacity ≥ 75%, and predicted maximal expiratory pressure ≥ 75%. These risk 

and protective factors were included in the model (sensitivity= 87% and 

specificity= 56%) and a sum score for its clinical use was generated. 

Conclusion: Six factors which can easily be scored before surgery, without a need 

for special testing or subjective physical judgment, provide a model for 

identifying patients at risk of developing PPCs after CABG surgery. 
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Introduction 

Postoperative pulmonary complications (PPCs) are the most common 

complications observed and treated after abdominal or cardiothoracic surgery 1. 

PPCs continue to be significant in relation to patient morbidity and mortality, 

length of stay, and overall resource utilization, despite numerous advances in 

preoperative, intraoperative, and postoperative care 2. Because of the increasing 

number and complexity of surgical procedures, as well as the increasing fragility 

and age of patients undergoing surgery, PPCs continue to be a major source of 

morbidity and mortality. 

Procedures such as breathing and coughing exercises, early mobilization, 

and pulmonary clearing techniques are used in general by physical therapists to 

prevent pulmonary complications after coronary artery bypass graft (CABG) 

surgery 3. However, there is controversy concerning [a] the efficacy of these 

postoperative procedures in diminishing the incidence of PPCs and [b] the 

proper strategy for the identification of those patients who might benefit from 

such therapeutic remedies 4-11. In contrast to these controversial effects, similar 

procedures performed before CABG surgery has been shown to be more 

effective 12-14. Also, in patients who had upper abdominal surgery, preoperative 

physical therapy was more effective in reducing PPCs in moderate- and high-

risk patients than in low-risk patients 15 16. Preoperative identification of high-

risk patients would therefore help physical therapists to direct their 

interventions more aggressively to these people and might reduce the incidence 

of PPCs in patients undergoing CABG surgery. 

The literature demonstrates that preoperative risk scores are essential for 

risk assessment, cost-benefit analysis, and the study of therapy modalities 17. 

Most of the score systems were primarily designed to predict mortality after 

adult heart surgery 18-24, but morbidity has been acknowledged as the major 

determinant of hospital costs and quality of life after heart surgery 25 26. 

Consequently, there is a need for a risk model that can evaluate and weigh 
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preoperative risk factors and accurately predict morbidity in patients 

undergoing CABG surgery. With such a model, clinicians would able to identify 

preoperatively those patients at risk of developing PPCs. Most frequently used 

factors, such as advanced age, excess weight (BMI), smoking, diabetes mellitus, 

abnormal results of pulmonary function tests, chronic obstructive pulmonary 

disease, and emergency surgery, have already been identified in patients 

undergoing CABG surgery 2. The impact of these and other risk factors should 

be quantified in a comprehensive, statistically sound, and prospectively 

validated clinical scoring system. 

The aim of this study was to develop a risk model, based on preoperative 

factors, in order to stratify patients undergoing CABG surgery into those with a 

high risk and those with a low risk of developing PPCs. The model should be 

simple and easy to use in a clinical setting – for instance by physical therapists – 

and, in the long run be appropriate for cost-effectiveness studies. 

 

Patients and methods 

Patients 

Data were collected for patients who underwent elective CABG surgery 

between December 1998 and February 1999 at the University Medical Center 

Utrecht, the Netherlands. All participating patients provided informed written 

consent. The local ethics committee approved the study.  

Inclusion criteria were elective CABG procedure, age > 18 years, and 

ability to understand informed consent. Exclusion criteria were a history of 

cerebrovascular accident, immunosuppressive treatment < 30 days before 

surgery, neuromuscular disorders, pulmonary surgery, cardiovascular instability, 

and aneurysms.  

On the basis of the definitions of risk factors of the Society of Thoracic 

Surgeons (STS) 27 and a review of Brooks-Brunn 2, the following preoperative 

risk factors were assessed: patient age, sex, body mass index (BMI), pulmonary 
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functions (inspiratory vital capacity [IVC], Forced Expiration volume [FEV1], 

maximal expiratory mouth pressure [MEP] and maximal inspiratory mouth 

pressure [MIP]), diabetes mellitus, productive cough, chronic obstructive 

pulmonary disease, history of cigarette smoking, and score on the Specific 

Activity Scale (SAS). Included patients were monitored during admission and 

after surgery until they were discharged from the hospital.  

 

Data collection 

Before surgery, information regarding demographics and possible 

preoperative risk factors was obtained by means of a standardized interview. 

The Specific Activity Scale (SAS) was used to evaluate the functional status of 

the patients before surgery. To evaluate ‘pulmonary-pump’ function, all 

participants underwent pulmonary function tests (IVC and FEV1) and 

respiratory muscle strength tests (MIP and MEP) administered by the same 

physical therapist (HJH) on the day before surgery. 

A microbiologist who was ‘blinded’ for preoperative risk factors, 

pulmonary function tests, and respiratory strength tests, scored nosocomial 

infections according to the definitions of the Centers for Disease Control and 

Prevention 28.  

 

Pulmonary function tests 

Lung volumes, IVC and FEV1, were measured by spirometry (Vicatest P2a; 

Mijnhardt). Spirometry was standardized according to the American Thoracic 

Society recommendations and was performed with the patient in a sitting 

position 29. The value recorded was the best (i.e., highest IVC, FEV1 and FVC) 

of three consecutive attempts. Predicted values for pulmonary functions were 

calculated from regression equations according to age, height, and sex 30. 

The accuracy of the spirometer is 2% or 0.05 L for volume and the 

validation limits for flow are 3% or 0.07 L (Operating manual for the use with 

Vicatests P2A, 1989). The reproducibility criterion used was that the largest 
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FEV1 and the second largest FEV1 should not vary by more than 5% or 0.10 L. 

If the first three measurements did not agree within 5% of each other, three 

additional measurements were taken. The reproducibility of this procedure was 

evaluated in 10 healthy subjects. The intra-class correlation coefficients were 

0.99 for FEV1 and FVC and 0.98 for IVC 31. 

 

Respiratory Muscle Strength Tests 

To evaluate maximal respiratory strength, the MIP and MEP were 

measured with a hand-held pressure gauge (Morgan). The MIP reflects the 

strength of the diaphragm, whereas the MEP reflects the strength of abdominal 

and intercostal muscles 32. The maximal respiratory strength tests (MIP and 

MEP) are useful when respiratory muscle weakness is suspected as a cause of 

low lung volumes, or hypoventilation 33. Standardization of the respiratory 

muscle tests was carried out according to Clanton and Diaz 34. Normal values 

for MIP and MEP were calculated from regression equations according to age 

and sex 32 35. 

Five measurements were recorded, with the criterion that the two highest 

values did not vary more than 10%. Previous investigators suggested that there 

could be some overshoot in the signal with some maximal respiratory strength 

instruments, so we also calculated the mean of the five highest values 36. We 

then compared this ‘mean’ to the single highest maximal respiratory pressure 

value. When the difference was 5 cmH2O or less for 93% of the participants, 

we considered that overshoot was minimal using our instrument, and that most 

of the participants could sustain their maximal pressure for at least 1.0 seconds. 

Therefore, we report the highest value obtained in 1.0 seconds. The 

reproducibility of this procedure was evaluated in 10 healthy subjects. The 

intra-class correlation coefficient was 0.96 for the MIP and the MEP (van den 

Buijs BJWM and Hulzebos HJ, unpublished results, 2000). 

 

 
46 



Predicting PPCs 

Functional Status 

To assess preoperative cardiac functional class, we used self-reported data 

on performance of well-defined daily activities (walking, climbing stairs, 

bicycling, showering, dressing, etc.) scored with the Specific Activity Scale 

(SAS) 37. This index has been developed as an alternative to the New York 

Heart Association (NYHA) Functional Classification. Patients are asked about 

their ability to undertake activities of known metabolic cost and are classified in 

one of four functional classes on the basis of their response (Class I: Patient 

can perform any activity requiring ≥ 7 metabolic equivalents and Class IV: 

Patient cannot perform to completion activities requiring ≥ 2 metabolic 

equivalents). The SAS has been shown to have better interobserver reliability 

than the NYHA classification (Kappa of 0.62), and correlates more closely with 

the results of conventional exercise testing 38. The SAS has a reproducibility of 

73% and correlates well (r= -0.66) with the duration of treadmill exercise in 

seconds 38 39. 

 

Postoperative pulmonary complications 

PPCs are defined as “any pulmonary abnormality occurring in the 

postoperative period that produces identifiable disease or dysfunction that is 

clinically significant and that adversely affects clinical course” (cited from 

O’Donohue 1992; page 167) 40. In this study, PPCs are defined according to 

clinical (symptoms and physical examination) and radiological assessment. 

Pneumonia was defined according to the criteria of the Centers for Disease 

Control and Prevention (see Table 1) 41 42. When only abnormal radiological 

findings occurred without the existence of clinical symptoms or changes in 

auscultation, the complications were considered as being subclinical.  
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Table 1. Operational definitions of postoperative pulmonary complications 41

Grade Definition 

1 

• Cough, dry 
• Microatelectasis: abnormal lung findings and temperature > 37.5°C without 

other documented cause; results of chest roentgenogram either normal or 
unavailable 

• Dyspnea, not due to other documented cause 

2 

• Cough, productive, not due to other documented cause 
• Bronchospasm: new wheezing or pre-existent wheezing resulting in change 

therapy 
• Hypoxemia: alveolar-arterial gradient > 29 and symptoms of dyspnea or 

wheezing 
• Atelectasis: radiological confirmation plus either temperature > 37.5°C or 

abnormal lung findings 
• Hypercarbia, transient, requiring treatment, such as naloxone or increased 

manual or mechanical ventilation 
• Adverse reaction to pulmonary medication 

3 

• Pleural effusion, resulting in thoracentesis 
• Pneumonia, suspected: radiological evidence without bacteriologic 

confirmation 
• Pneumonia, proved: radiological evidence and documentation of pathologic 

organism by Gram’s stain or culture 
• Pneumothorax 
• Re-intubation postoperative or intubation, period of ventilator dependence 

does not exceed 48 hours  

4 
• Ventilatory failure: postoperative ventilator dependence exceeding 48 hours, 

or re-intubation with subsequent period of ventilator dependence exceeding 
48 hours. 

 
Statistical Analysis 

The data were analyzed using the Software Package for the Social Sciences 

(SPSS, version 9.0) 43. Data from all patients were analyzed for outliers. The 

Kolmogorov-Smirnov goodness of fit was used to check whether data were 

normally distributed. Summary descriptive statistics were computed for the 

preoperative variables, including frequencies, means, and standard deviations. 

Twelve preoperative risk factors were dichotomized (0= absent, normal; 1= 

present, abnormal) and cut-off points for continuous variables (e.g., age, BMI, 

FEV1, IVC, MIP, MEP) were chosen on the basis of the current literature and 

were examined to determine the best association with PPCs 2 27 44-50. The 

potential association of each of the twelve preoperative risk factors with PPCs 
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was evaluated using a Fisher’s Exact Test. Relative risks (RR) were calculated to 

measure the degree of association.  

Separate multiple logistic regression models were developed to determine 

the effects of the preoperative factors that had a significant association with 

PPCs, using the backward procedure. The Goodness of Fit test is used to 

choose the best-predicted model for PPCs 51. 

The validity of logistic regression analyses is best studied by actually 

predicting the outcome and by comparing this prediction with the known 

outcome. This requires the collection of new data, which slows the 

development of diagnostic methods down. Hence, we selected with SPSS a 

random subsample of 17 patients (10%) from the study population (n= 117), 

and developed a model based on the remaining subjects (n= 100). We then 

predicted the outcome of these 17 patients and compared this outcome with 

their actual outcome to obtain an indication of the validity of the method. A 

new subsample of 17 patients was then selected and the outcome of these 

patients was predicted and then compared with their actual outcome. This 

simulation was repeated 100 times, to determine the sensitivity and specificity 

of the model.  

 

Development of a clinical severity score and external validation 

procedure 

The risk factors in the logistic model were weighted according to their 

regression coefficient and odds ratios, which enabled calculation of a total score 

in order to predict PPCs. Positive and negative predictive values for the total 

scores were calculated assuming that the future rate of PPCs would be the same 

as that observed in the current study. A receiver operating characteristic (ROC) 

curve was used to measure and compare the accuracy of the models without a 

specific cut-off point being used. A ROC curve is a graphical approach to plot 

the sensitivity versus 1 – specificity for each possible cut-off, and to join the 

points. If the ‘cost’ of a false negative result is the same as that of a false 
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positive result, the best cut-off is that which maximizes the sum of the 

sensitivity and specificity, which is the point nearest the top left-hand corner 52. 

 

Results 

A total of 139 consecutive patients underwent elective CABG surgery 

between December 1998 and January 1999. Twenty-two patients were 

excluded: six patients because of cardiovascular instability, four patients 

because they did not understand Dutch, nine patients because they underwent 

emergency surgery and three patients because they died after the operation due 

to a cardiac event. The remaining 117 patients were available for the study. 

The hygienist collected data concerning the existence of bronchitis and/or 

pneumonia with the Centers for Disease Control and Prevention criteria and 

gathered additional data from the medical records, such as results of 

auscultation, chest X-rays, bacteriology samples, temperature curves, productive 

cough, hypoxaemia, hypercapnia, re-intubation and ventilatory failure 53. The 

hygienist scored pulmonary complications on a scale of 1 to 4, using the 

operational definition of Kroenke 41. Since grade 1 pulmonary complications 

were few and minor, we included them in the “no PPCs” group for the 

remainder of the analysis. In this study, we defined the “PPCs group” as all 

participants having a minimum of two or more grade 2 complications or one 

grade 3 or 4 complication. With this criterion of PPCs, a total of 39 subjects 

(33%) developed a PPC (grade ≥ 2) (Table 2). 

Of the twelve preoperative risk factors (Table 2), six were significantly 

associated with PPCs. These six factors (age ≥ 70 years, cough with sputum 

production, smoking within the past 8 weeks, diabetes mellitus, IVC ≥ 

75%predicted, and MEP ≥ 75%predicted) were entered into the multivariate backward 

logistic regression analysis. Four of these factors (aged, cough, smoking, and 

diabetes mellitus) were associated with a high risk of developing PPCs, and two 
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factors (IVC ≥ 75%predicted, and MEP ≥ 75%predicted) were protective against such 

complications (see Table 3). 

 
Table 2. Preoperative characteristics of patients with and without a PPCs 

Preoperative factors No PPC  

(n= 78; 67%) 

(No PPC & Grade 1) 

PPC  

(n= 39; 33%) 

(Grade 2, 3, 4) 

P-
value 

Relative 
Risk 

95% 
Confidence 

interval 

1. Sex; No. (%) 
- male 
- female 

 
61 (78%) 
17 (22%) 

 
28 (72%) 
11 (28%) 

 
0.494 

 
1.26 

 
(0.72-2.17) 

2. Body Mass Index ≥ 29; No. (%) 14 (18%) 11 (28%) 0.150 1.45 (0.84-2.48) 

3. Age ≥ 70  years; No. (%) 13 (17%) 15 (38%) 0.010 1.99 (1.22-3.23) 

4. History of smoking; No. (%) 13 (17%) 13 (33%) 0.037 1.75 (1.06-2.89) 
5. Coughing; No. (%) 5 (6%) 11 (28%) 0.002 2.48 (1.57-3.91) 
Lung function tests; No. (%)  
6. FEV1 (< 75% predicted) 
7. IVC (< 75% predicted) 
8. MEP (≥ 75% predicted) 
9. MIP (≥ 75% predicted) 

 
10 (13%) 
11 (14%) 
60 (77%) 
51 (65%) 

 
10 (26%) 
14 (36%) 
10 (26%) 
24 (67%) 

 
0.072 
0.008  
0.046 
0.417 

 
1.67 
2.06  
1.10 
0.90 

 
(0.98-2.85) 
(1.27-3.34) 
(1.05-1.63) 
(0.53-1.51) 

Presence of comorbidity; No. (%) 
10. History of COPD, medication 
11. Diabetes mellitus 
12. SAS; No (%): class 3 or 4 

 
12 (15%) 
7 (9%) 

46 (59%) 

 
8 (21%) 
10 (26%) 
26 (67%) 

 
0.327 
0.018 
0.274 

 
1.25 
2.03 
1.25 

 
(0.68-2.30) 
(1.23-3.35) 
(0.72-2.17) 

PPC = postoperative pulmonary complication; FEV1 = Forced Expiration volume in 1 second; IVC = inspiratory vital 
capacity; MEP = Maximal Expiratory Pressure; MIP = maximal inspiratory Pressure; COPD = chronic obstructive 
pulmonary disease; SAS = Specific Activity Scale 

 

 
Table 3. Logistic Regression-Six Factor Model 

Factors High Risk Category 
Regression 
Coefficient SE 

Odds 
Ratio 95% CI P-value 

Cough Productive/sputum 2.42 0.69 11.26 (2.89-43.90) 0.001 
Age ≥ 70 year 2.22 0.60 9.18 (2.81-30.03) 0.000 
DM Present 2.08 0.69 8.01 (2.06-31.23) 0.003 
Smoking History past 8 weeks 1.57 0.59 4.78 (1.51-15.12) 0.008 
  

Protecting Category 
     

IVC ≥  75%predicted -0.19 0.60 0.21 (0.70-3.90) 0.050 
MEP ≥ 75%predicted -1.16 0.59 0.31 (0.10-1.00) 0.010 
Constant  -1.60 0.52   0.001 
SE= standard error; DM= diabetes Mellitus; IVC= inspiratory vital capacity; MEP= maximal Expiratory Pressure; 
CI= confidence interval 
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These six significant preoperative risk factors were assigned weights based 

on the regression coefficient and odds ratio estimated in the logistic model. The 

risk factors age ≥ 70 years and productive cough were given a score of 3 points. 

The risk factors smoking and diabetes mellitus were given a score of 2 points 

(see Table 4). The two protective factors, IVC and MEP (≥ 75% predicted) 

were given a score of -2 points. By doing so, the theoretical maximum total 

severity score was 10 points and the minimum severity score was -4 points. 

Each patient’s clinical score was determined using the weighted risk factors. 

The sensitivity and the specificity of each score were calculated. A ROC curve 

was constructed and the area under the curve (AUC) was 0.81 (95% CI 0.73 to 

0.90) as an index for the predictive value of the model. 

 
Table 4. Factor Point distribution 

Risk Factors Score (points) 

Age ≥ 70 year 3 pt 

Productive cough 3 pt 

Smoking 2 pt 

Diabetes mellitus 2 pt 

  
Protective Factors  

IVC ≥ 75%predicted - 2 pt 

MEP ≥ 75%predicted - 2 pt 

IVC= inspiratory vital capacity;  
MEP= maximal Expiratory Pressure 
-4 up to -2 points = low risk;  
-1 up to 10 points = high risk 

 

As shown in figure 1, the two points closest to the upper left corner of the 

ROC curve are the score of 0 with 77% sensitivity and 58% specificity and the 

score of -1 with 87% sensitivity and 56% specificity. As a screening test for the 

identification of patients with a high risk for PPCs, the cut-off value of ≥ -1 was 

preferred, because the sensitivity was higher without much loss in specificity. 
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With this cut-off score, the model identified 9 of the 10 patients at high risk of 

PPCs. Since 64 of the 117 patients scored –1 or more points, use of the model 

identified more than 50% of our patients who were most in need of 

preoperative and postoperative therapy. Patients identified as being at high risk 

had a 44% rate of false-positive results compared with a 13% rate of false-

negative results. The relative risk for high-risk patients to get a PPC was 2.0.  
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 Figure 1. ROC curve of the clinical risk model to detect patients at risk of PPCs 

 

 

Discussion  

Because of the relatively small sample size (n= 117), we selected twelve 

potential risk factors from the literature, six of which (age ≥ 70 years, cough 

with sputum production, smoking within the past 8 weeks, diabetes mellitus, 

IVC ≥ 75%predicted, and MEP ≥ 75%predicted) were significantly associated with the 

development of PPCs. With the help of logistic regression analysis, we 
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identified a preoperative ‘six-factor-model’. In retrospective and prospective 

studies of CABG surgical patients, advanced age, excess weight (BMI), 

smoking, diabetes mellitus, abnormal results of pulmonary function tests, 

chronic obstructive pulmonary disease (COPD), and emergency surgery have 

consistently been identified as risk factors for PPCs 46-48 54-56. In our study, four 

of the six factors we identified were consistent with those reported in the 

current literature (age, smoking, diabetes mellitus, and abnormal pulmonary 

function tests). However, we did not include all the risk factors reported in the 

literature. Emergency surgery was an exclusion criterion in this study. A history 

of COPD was not identified as an independent risk factor in the multivariate 

analysis. The study population included 20 patients with a history of COPD, 

eight of whom (40%) developed a PPC. Potential explanations for this finding 

include the relatively small number of patients with a history of COPD and the 

method used to identify this risk factor (patient self-report). Inclusion of BMI 

slightly weakened the model (sensitivity = 79% and specificity = 57%). To our 

knowledge, MEP has not previously reported as a risk factor for PPCs.  

Other classification indexes for patients at high risk of PPCs have been 

developed for use in the clinical setting. The Cardiopulmonary Risk Index 

(CPRI) has been tested previously in thoracic surgery patients with variable 

results 57. The CPRI is an algorithm that combines modified Goldman criteria 

for predicting cardiac complications and a pulmonary index that includes 

information from the patient’s history, spirometry results, and arterial blood gas 

results. Trayner et al.. evaluated the CPRI in 43 patients undergoing chest and 

upper abdominal surgery. They demonstrated that a CPRI of > 3 had a positive 

predictive value for the development of PPCs of 100% 58. Recently, however, 

Arslan et al. found that the CPRI did not predict complications in a population 

of thoracic surgery patients 59. Limitations of the CPRI are that this algorithm is 

not validated for patients undergoing CABG surgery and that the CPRI uses 

arterial blood gas analyses, which are not routinely performed preoperatively. 
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Furthermore, the definition of PPCs in the CPRI does not identify transient or 

self-limiting problems. 

Our study tried to eliminate a number of the above-mentioned limitations. 

Firstly, the six-factor model is easy to use and the six factors can be scored 

preoperatively. Secondly, we used explicit operational criteria to define PPCs. 

Because complication rates can vary widely depending on the definitions used, 

explicit definitions will aid future efforts to confirm our findings.  

In the current literature, the overall incidence of PPCs following CABG 

surgery varies between 5% and 90% 1. In our study, the incidence of PPCs was 

33%, using the explicit four-grade operational criteria for PPCs. This definition 

of PPCs has been used in only one other study, in which ten patients with 

severe COPD (predicted FEV1 < 50%) underwent CABG surgery 41. In this 

study, five of the ten patients died and three of the five deaths were due to 

cardiac rather than pulmonary reasons. In the remaining two patients, the cause 

of death was less clear, but respiratory failure was at least contributory. One of 

the remaining five patients developed a grade 2 pulmonary complication (20%). 

In our study, only three patients had a predicted FEV1 < 50% and these three 

patients all developed a PPC grade 3.  

Potential limitations of our study are the lack of control over physician’s 

documentation on the medical chart of auscultation, blood gas, and X-ray 

findings. PPCs in our study were determined by review of the patients’ medical 

records, and it is possible that physicians failed to document a certain number 

of minor events, such as atelectasis or cough. If this occurred, the incidence of 

grade 1 and 2 complications in our population might have been 

underestimated. It is also possible that the study population of patients 

undergoing CABG surgery was heterogeneous. Operation time, American 

Society of Anesthesiologists (ASA) class, current medication for cardiac 

condition, history of previous cardiac surgery, history of clinical evidence of 

congestive heart failure, electrocardiograph changes, and previous myocardial 

infarction were not included in the risk stratification. However, there is 
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evidence that factors such as longer mean operation time, higher ASA class, 

and higher Goldman index (cardiac morbidity) are associated with a higher 

incidence of PPCs 41.  

 

Conclusion 

We present a simple, bedside risk assessment form to predict the 

preoperative risk of PPCs in patients undergoing CABG surgery. By doing so, 

clinicians can provide high-risk patients with tailored preoperative and 

postoperative physical therapy. This prospective study identified four 

independent risk factors and two factors that inhibit the development of PPCs 

following CABG surgery. The four risk factors are age ≥ 70 years, productive 

cough in the past 5 days, positive history of diabetes mellitus, and positive 

smoking history in the past 8 weeks. The two protective factors are inspiratory 

vital capacity ≥ 75%predicted, and maximal expiratory (mouth) pressure ≥ 

75%predicted. Because complication rates can vary widely depending on the 

definitions used, explicit definitions will aid future efforts to confirm our 

findings. 
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Abstract  

Objective: The aim of this pilot study was to determine the feasibility and effects 

of preoperative inspiratory muscle training (IMT) in patients at high risk of 

postoperative pulmonary complications (PPCs) who were scheduled for 

coronary artery bypass graft surgery. 

Design: Single blind randomized controlled pilot study.  

Setting: University Medical Center Utrecht, the Netherlands. 

Subjects: Twenty-six patients at high risk of PPCs were selected. 

Intervention: The intervention group (N= 14) received 2 to 4 weeks of 

preoperative IMT on top of the usual care received by the patients in the 

control group. 

Main measures: Primary outcome variables of feasibility were the occurrence of 

adverse events, and patient satisfaction and motivation. Secondary outcome 

variables were PPCs and length of hospital stay. 

Results: The feasibility of IMT was good and no adverse events were observed. 

Treatment satisfaction and motivation, scored on 10-point scales, were 7.9 (± 

0.7) and 8.2 (± 1.0), respectively. Postoperative atelectasis occurred in 

significantly fewer patients in the intervention group than in the control group 

(χ2df1= 3.85; p= 0.05): Length of hospital stay was 7.93 (± 1.94) days in the 

intervention group and 9.92 (± 5.78) days in the control group (p= 0.24).  

Conclusion: IMT for 2 to 4 weeks before coronary artery bypass graft surgery was 

well tolerated by patients at risk of developing PPCs and prevented the 

occurrence of atelectasis in these patients. A larger randomized controlled trial 

is warranted. 
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Introduction 

Patients undergoing coronary artery bypass graft (CABG) surgery are at 

risk of postoperative pulmonary complications (PPCs), which lead to increased 

postoperative morbidity and mortality 1 2. The probability of such complications 

ranges from 5% to 73%, depending on the definition of PPCs and the 

diagnostic techniques used 2 3. The presence of pre-existing pulmonary 

conditions, age, smoking, obesity, and diabetes mellitus significantly increases 

the risk of PPCs 4. 

Although considerable effort is taken to prevent these complications, there 

is no consensus on the most appropriate or effective therapy. Indeed, 

controversy exists about the possible overuse and abuse of many of the 

therapeutic modalities commonly used for prevention and treatment 5 6. A few 

studies have demonstrated that preoperative physical therapy has advantages 

over postoperative care in patients undergoing cardiac surgery 7-10. However, 

research has failed to show indisputably that these interventions reduce the 

incidence of PPCs.  

Only a few studies have investigated the role of the respiratory muscles after 

CABG surgery. These studies showed that respiratory muscle function was 

diminished after surgery and that unilateral or bilateral phrenic nerve paralysis 

frequently developed, both of which may lead to respiratory muscle 

dysfunction and respiratory failure 11-15. Dysfunction of the respiratory muscles 

due to surgery may also lead to a reduction in the vital capacity (VC), tidal 

volume (VT), and total lung capacity (TLC), and hence to insufficient cough 11. 

This may cause atelectasis in the basal lung segments and a decrease in 

functional residual capacity (FRC), which, in turn, may affect the gas exchange 

properties of the lung by increasing the ventilation/perfusion (V/Q) mismatch 
16. Indeed, it has been hypothesized that respiratory muscle weakness is 

associated with a higher rate of PPCs, and that preoperative inspiratory muscle 

training (IMT) can help to prevent these ventilatory impairments 10. 
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Consequently, we started a line of research to develop [1] a preoperative risk 

model to identify those patients at high risk of developing PPCs after 

undergoing CABG surgery 17, [2] to develop an appropriate preoperative 

intervention (this pilot study), and [3] to demonstrate the (cost-) effectiveness 

of this intervention in a randomized controlled trial.  

Before embarking on a proper randomized controlled trial, we first 

performed this pilot study to test the feasibility of the approach and to help 

clarify decisions about operational definitions and procedures 18. The aims of 

the pilot study reported here were to evaluate the feasibility and effectiveness of 

IMT on inspiratory muscle strength in patients at increased risk of developing 

PPCs after CABG surgery. Effectiveness was evaluated in terms of the 

incidence of PPCs and the length of hospital stay. 

 

Method 

Study population  

Forty patients, all candidates for elective CABG surgery, were recruited and 

evaluated from October to December 2002. Inclusion criteria were age > 18 

years, elective surgery, and written informed consent. Exclusion criteria were a 

history of a cerebrovascular accident, use of immunosuppressive medication 30 

days before surgery, the presence of a neuromuscular disorder, previous 

pulmonary surgery, cardiovascular instability, or the existence of an aneurysm.  

Of these 40 patients, only those at high risk of developing a PPC were 

selected, using a six-factor risk model 17. The risk factors in this model are age ≥ 

70 years, productive cough, history of smoking, diabetes mellitus, inspiratory 

vital capacity < 75% of predicted, and maximal expiratory pressure < 75% of 

predicted. The risk factors are weighted and patients with a risk score ≥ -1 are 

classified as being at high risk of developing a PPC 17. Twenty-six of the 40 

patients were considered to be at high risk; the other 14 patients, with a low risk 

of developing a PPC, were not included in the current study (see Table 1). 
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Table 1. Clinical characteristics of patients 

 
Intervention group 

(N = 14) 
Control group 

(N = 12) 

Score on the “Hulzebos risk model” (SD) 1.64 (1.91) 1.92 (2.15) 
Sex, n (%) 

Male 
Female 

 
7 (50%) 
7 (50%) 

 
6 (50%) 
6 (50%) 

Age in years (SD) 70.14 (9.86) 70.50 (10.10) 
Body Mass Index (SD) 26.13 (2.93) 28.32 (3.47) 
History of cigarette smoking, n (%) 4 (29%) 3 (25%) 
Coughing, n (%) 4 (29%) 3 (25%) 
Presence of comorbid conditions, n (%) 

History of COPD 
Diabetes Mellitus 
SAS 1-2 
SAS 3-4 

 
6 (43%) 
2 (14%) 
12 (85%) 
2 (15%) 

 
2 (17%) 
3 (25%) 
11 (92%) 
1 (8%) 

Lung Function tests in % predicted (SD): 
FEV1 
IVC 
FEV1/IVC 
Pimax 

 
81.93 (20.00) 
88.57 (15.97) 
93.07 (11.12) 
64.60 (15.79) 

 
80.83 (20.20) 
84.00 (18.60) 
98.25 (12.98) 
66.80 (26.31) 

Duration of surgery (minutes)  250 (84.93) 265 (53.40) 
Length of hospital stay (days)  7.93 (1.94) 9.92 (5.78) 

Values are means ± Standard Deviation (SD) 
Score on the Hulzebos risk model; –4 up to –2 points = low risk, -1 up to 10 points = high risk 
FEV1= forced expiration volume in 1 second; IVC= inspiratory vital capacity; Pimax= maximal inspiratory 
pressure; COPD= chronic obstructive pulmonary disease; SAS= specific activity scale. 

 

Design 

In this single blind, randomized controlled pilot study, patients at high risk 

of developing PPCs were randomly assigned, using a computer-generated 

randomized block design, to either the intervention or the control group (see 

Figure 1). The intervention group received IMT for 2 to 4 weeks before surgery 

(depending on the actual date of surgery) additional to care as usual (e.g. patient 

education about early mobilization, and coughing with wound support, 1 day 

before surgery). The control group received care as usual. All measurements 

were taken by an experienced physical therapist (HJH) who was blinded for the 

group allocation of the patients. The training was provided by a second 

experienced physical therapist (BvdB). The Institutional Review Board of the 

University Medical Center Utrecht approved this pilot study.  
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Figure 1. Study design 

 

 

Intervention 

Subjects in the intervention group trained daily at home, seven times a 

week, for at least 2 weeks before surgery. Each training session consisted of 20 

minutes of IMT. One session a week was supervised by the same physical 

therapist (BvdB); the other 6 sessions were unsupervised. The subjects were 

instructed to keep a daily diary during the study and were trained to use an 

inspiratory threshold-loading device (Threshold IMT; PT Medical, Leek, The 

Netherlands). With this device, patients inspire against a threshold load whereas 

expiration is unimpeded. The inspiratory load is calibrated in cmH2O and can 

be increased as required 19 20. The subjects started breathing at a resistance equal 

to 30% of their maximal inspiratory pressure (Pimax), measured at baseline, for 

20 minutes per day 21. The resistance was increased incrementally based on the 

rate of perceived exertion (RPE) scored on the Borg scale 22. If the RPE was < 

5, the resistance of the inspiratory threshold trainer was increased incrementally 

by 2 cmH2O. 
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Primary outcome measures 

Variables to test the primary outcome measure, feasibility, included the 

occurrence of adverse effects during testing or training, participant satisfaction 

and motivation, compliance with therapy, and adequate use of the diary. During 

the intervention, the participants registered compliance and adverse events in 

program diaries. Participant satisfaction and motivation were determined after 

the intervention by means of an anonymously completed questionnaire (see 

Appendix).  

To assess the cardiovascular stress of training, heart rate and blood 

pressure were recorded in five randomly selected patients just before, during (at 

3-minute intervals), and immediately after the training session, using the Nonin 

2120 non-invasive blood pressure measurement device (PT Medical, Leek, The 

Netherlands). According to the manufacturer, the accuracy of the NIBP 

instrument is ± 3 mmHg with a standard deviation of 8 mmHg 

(http://www.micromedical.co.uk/products).  

To assess the effectiveness of IMT, inspiratory muscle strength, expressed 

as Pimax at residual volume, was measured with a hand-held pressure gauge 

(Micro Medical MPM; PT Medical, Leek the Netherlands) as previously 

described by Black and Hyatt 23. The Pimax is thought to mainly reflect the force 

of the diaphragm and is a useful variable to measure when respiratory muscle 

weakness is thought to cause a low lung volume or hypoventilation 24-26. The 

respiratory muscle force test was standardized as described by Clanton and 

Diaz 26. Normal values for Pimax were calculated from regression equations 

according to age and sex 23 25. Eight measurements were recorded, with the 

criterion that the two highest values should not vary by more than 10% 27. The 

highest values obtained after 1 second of maximum effort are reported.  

 

Secondary outcome measures 

The secondary outcome measure, effectiveness, was evaluated as the 

incidence of PPCs and length of hospital stay. Lung function and functional 
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status were assessed at baseline and 1 day before surgery by the same 

experienced examiner (HJH), who was blinded for group assignment.  

 

Postoperative Pulmonary Complications 

PPCs were defined according to clinical (symptoms and physical 

examinations) and radiological criteria as atelectasis, bronchitis, and pneumonia 

according to the criteria of the Centers for Disease Control and Prevention 

(table 2) 28. When there were only radiological alterations without clinical 

symptoms, the complications were considered to be subclinical. 

 
Table 2. Definition of Postoperative Pulmonary Complications 

Bronchitis 

Chest X-ray: negative 
Temperature of < 37.5°C 
Auscultation: rales 
Sputum abundant and clear 

Atelectasis 
Chest X-ray: collapse, atelectasis 
Temperature: > 37.5°C without other documented cause  
Auscultation: diminished or abolished vesicular murmur 

Pneumonia* 

Chest X-ray: consolidation, pleurisy 
Temperature of > 38°C (≥ 4 days) 
Auscultation: rales 
Sputum abundant and purulent 

* Conform definitions of the Centers for Disease Control and Prevention 28 

 

Lung Function Tests 

Forced vital capacity (FVC), forced expiratory volume in 1 second (FEV1), 

and inspiratory vital capacity (IVC) were measured by spirometry (MicroLoop; 

PT Medical, Leek the Netherlands). Measurements were recorded with the 

patient in a sitting position, as described by the American Thoracic Society 29. 

The highest IVC, FVC, and FEV1 measurements recorded in five consecutive 

attempts were used. Predicted values were calculated from regression equations 

according to age, height, and sex 30. 
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Functional Status 

Preoperative cardiac functional class was assessed by means of self-

reported data for the performance of well-defined daily activities (e.g., walking, 

climbing stairs, bicycling, taking a shower, dressing), scored with the Specific 

Activity Scale (SAS) 31-33. 

 

Rating of Perceived Exertion 

The rating of perceived exertion (RPE) scale, or the Borg scale, is a 

category scale (CR-10) used in the assessment of inter- and intra-individual 

differences 34. 

 

Statistical analysis 

Data were analyzed with SPSS (version 12.0.2) statistical software (SPSS 

Inc. SPSS reference guide. Chicago: SPSS Inc, 1998). Data were checked for 

completeness and for outliers, and the patient diaries were used to determine 

adverse events and compliance with IMT. Intention-to-treat analyses were used 

to compare outcomes between both groups. The Shapiro-Wilk goodness-of-fit 

test was used to check whether data were normally distributed. Summary 

descriptive statistics, including frequencies, means, and standard deviations, 

were computed for the preoperative and perioperative variables. Descriptive 

assessments, not statistical analyses, were made of the primary outcome 

measures because only the intervention group completed the satisfaction 

questionnaire. Paired sample T-test was used to compare inspiratory muscle 

strength and lung function at baseline and 1 day before the operation within the 

intervention and control groups. The independent sample T-Test was used to 

compare the inspiratory muscle strength and lung function at baseline and 1 

day before the operation between the intervention and control groups, with 

significance set at α of 0.05. Effect size was determined as follows: Effect size 

= [mean inspiratory muscle strength score 1 day before the operation – mean 

inspiratory muscle strength baseline score]/pooled standard deviation. The 
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analysis of the incidence of PPCs according to whether or not IMT had been 

provided was carried out with the χ2-test. 

 

Results 

Participants 

Of 40 consecutive patients who were scheduled for elective CABG surgery, 

26 patients (65%) met the criteria for being at high risk of PPCs, as assessed 

with the six-factor risk model 17. The baseline characteristics of these 26 

patients (13 men and 13 women), their risk model scores, and perioperative 

data are given in Table 1. The patients were randomly assigned using a 

computer-generated randomized block design (block of 4 persons) to the 

intervention group (n= 14) or the control group (n= 12). The mean (SD) age of 

the intervention group was 70.1 (9.9) years and that of the control group 70.5 

(10.1) years. There were no statistical significance differences in perioperative 

baseline scores for body mass index, history of cigarette smoking, coughing, 

specific activity scale, history of chronic obstructive pulmonary disease, diabetes 

mellitus, pulmonary lung function, inspiratory muscle strength (Pimax), duration 

of surgery, and length of hospital stay between the two groups.  

 

Primary outcomes 

The feasibility of the intervention was good. All participants reported their 

daily inspiratory muscle workout in the program diaries and the rating of 

perceived exertion on the Borg scale. No participants dropped out and no 

adverse events were reported. No cardiovascular complications or side effects 

occurred during any testing or training session. The cardiovascular load during 

IMT was minimal because the mean heart rate and mean blood pressure did 

not increase in the five randomly selected “test” patients during a 15-minute 

IMT session (Figure 2).  
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Figure 2. Mean heart rate and blood pressure response (n= 5) during a respiratory training session 

 

 

All participants in the intervention group returned the questionnaire – the 

mean (SD) scores for satisfaction and motivation on a 10-point scale were 7.9 

(0.7) and 8.2 (1.0), respectively (see Appendix). 

In the control group, the mean (SD) inspiratory muscle strength increased 

by 15% from 66.8 (26.3) cmH2O to 76.83 (27.9) cmH2O (p= 0.18), see Table 

3a. In the intervention group, the inspiratory muscle strength increased by 36%, 

from 64.6 (15.8) cmH2O at baseline to 87.6 (29.1) cmH2O at the end of the 

training period and 1 day before surgery (p= 0.001; Table 3b). The effect size 

between the intervention group and control group 1 day before surgery was 

medium (ES= 0.38; 95% CI, –0.39 to 1.15).  
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Table 3a. Pulmonary function at baseline and 1 day before surgery (control group) 

Pulmonary  
Function Tests 

Control Group (N= 12) 
mean (SD) 

Paired T-test 
(2-tailed) 

95% CI 

 Baseline Pre-op   

FEV1 % predicted 80.8 (20.2) 80.9 (20.3) 0.97 -5.23 to 5.06 

IVC % predicted 84.0 (18.6) 87.4 (17.8) 0.20 -8.95 to 2.12 

FEV1/IVC % predicted 98.3 (12.9) 94.7 (17.6) 0.21 -2.40 to 9.56 

Pimax cmH2O -66.8 (26.3) -76.8 (27.9) 0.18 -25.40 to 5.36 

FEV1= forced expiration volume in 1 second; IVC= inspiratory vital capacity; Pimax= maximal inspiratory 
pressure; SD= standard deviation; CI= Confidence Interval of the difference; Pre-op= preoperative. 

 
Table 3b. Pulmonary function at baseline and 1 day before surgery (intervention group) 

Pulmonary  
Function Tests 

Intervention Group (N= 14) 
mean (SD) 

Paired T-test 
(2-tailed) 

95% CI 

 Baseline Pre-op   

FEV1 % predicted 81.9 (20.0) 80.7 (20.6) 0.13 -0.93 to 6.16 

IVC % predicted 88.6 (16.0) 87.3 (18.1) 0.45 -2.30 to 4.91 

FEV1/IVC % predicted 93.1 (11.1) 93.0 (9.6) 0.38 -2.31 to 5.70 

Pimax cmH2O -64.6 (15.8) -87.6 (29.1) *0.00 -32.18 to -11.13 

FEV1= forced expiration volume in 1 s; IVC= inspiratory vital capacity; Pimax= maximal inspiratory 
pressure; SD= standard deviation; CI= Confidence Interval of the difference; *= p < 0.05; Pre-op= 
preoperative. 

 

During the training period, the participants increased the inspiratory 

threshold load without a greater perceived exertion, see figure 3. Only one 

patient could not increase her inspiratory threshold load because of dyspnea 

(RPE= 6 - 7): this patient trained 2 weeks with a constant workload of 30% 

Pimax for 20 minutes.  

 

Secondary outcomes 

Lung function (IVC, FVC, and FEV1) remained almost unchanged at the 

end of the training period and before surgery in both groups (see Table 3a and 

3b).  
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Figure 3. Mean Borg score and inspiratory resistance during the training period (n= 14) 
 

 

In addition to PPCs, one patient in the control group and one patient in the 

intervention group developed pneumonia. The postoperative X-rays revealed 

alterations in 19 of the 26 (73%) cases. Eleven (6 patients in the intervention 

group and 5 patients in the control group) of the pathological images (e.g. 

pleural effusion), however, were not of clinical significance. However, 

segmental atelectasis was seen in six patients in the control group and in two 

patients in the intervention group and this was statistical significantly (χ 2df1= 

3.85; p= 0.05).  

 

Discussion 

IMT for 2 to 4 weeks before CABG surgery seems feasible as it is well 

tolerated and appreciated by patients who are at high risk of developing PPCs. 

Moreover, IMT significantly improves inspiratory muscle strength (increase of 

36%) in the preoperative period and seems to prevent postoperative atelectasis. 
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Although there was no statistically significant difference in inspiratory 

muscle strength between the control group and the intervention group, the 

difference in effect sizes between the two groups suggests that a significant 

effect may be detected if more patients at high risk of developing PPCs are 

studied. The increase in the inspiratory muscle strength after IMT is in line with 

the results of the study of Weiner et al.. 10, which involved patients at lower risk 

of developing PPCs, and with the results of studies involving healthy people 35-

37. Lötters et al.. 20 had previously demonstrated that patients with inspiratory 

muscle weakness (Pimax ≤ 60 cmH2O) benefited more from IMT than patients 

without inspiratory muscle weakness. Although it could be argued that the 

length of the training period, which in our pilot study was on average 3 weeks, 

with a minimum of 2 weeks, was too short. Weiner et al.. 10 and Nomori et al.. 38 

have demonstrated that IMT for 2 weeks before surgery increased inspiratory 

muscle strength. The 16% improvement in inspiratory muscle strength seen in 

the control group in our study suggests that the measurement technique when 

applied repeatedly also has an effect, which might be attributed to 

neuropsychological adaptations, in this case, the respiratory muscles during the 

test maneuvers 39. 

It is well known that dysfunction of the respiratory muscles due to surgery 

may lead to a reduction in vital capacity, tidal volume, and total lung capacity 

and, thus, insufficient cough 11. This may cause atelectasis in the basal lung 

segments and a decrease in functional residual capacity which, in turn, affects 

the gas exchange properties of the lung by increasing the ventilation/perfusion 

mismatch 16. This may be further aggravated by hypoventilation due to several 

factors including sedation, pain, and increased mechanical load. As a result, 

hypoxia may ensue, with a detrimental effect on the condition of the patient. In 

addition, atelectasis may be a risk factor for pulmonary infections, which have 

significant morbidity and mortality in this patient population 40. The 

preoperative IMT in this study is meant to improve respiratory function after 

surgery, and thereby to reduce the incidence of PPCs such as atelectasis and the 
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more serious events such as pneumonia and bronchitis. The significantly lower 

incidence of atelectasis in the intervention group in this small study with 

relatively low statistical power was unexpected but demonstrates the potential 

effectiveness of IMT in reducing PPCs. It is possible that IMT shortens the 

stay in hospital as fewer patients develop atelectasis. In this study, the stay in 

hospital was on average 2 days shorter in the intervention group, a difference 

that was clinically relevant but not statistically significant (p= 0.24) and may 

have been caused by chance. A larger study should shed light on this matter. 

One of the main benefits of a pilot trial is that practical problems (such as 

participant instructions or registration of performance in a personal file) and 

methodological issues (such as randomization and measurements) can be 

identified and resolved 18. The satisfaction questionnaire provided insight into 

how patients at high risk of PPCs experienced the intervention and made it 

possible to optimize the IMT program. The good results obtained in this pilot 

study, in terms of effectiveness, acceptance, and compliance, and the lack of 

side effects warrant further study of the IMT program in a larger randomized 

controlled trial. Before starting such a trial, we decided to adapt the IMT 

program slightly on the basis of recent publications by Davids et al.. 41, who 

reported on variability as a component of training, and Eastwood et al.. 42, who 

reported on motor learning matters in inspiratory loading. Accordingly, in our 

next study patients will be instructed to train in a number of different body 

positions and motions, that is, in both the supine and prone position, seated as 

well as standing, and also while walking or, if tolerated by the patient climbing 

stairs, etc. We also intend to ask patients during preoperative IMT to image the 

postoperative conditions 43, in order to increase the carry-over and sustain the 

preoperative training effects postoperatively. The results obtained in this pilot 

study justify a larger randomized controlled trial. Such a study is currently in 

progress. 
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Appendix 
 
Patient evaluation of the inspiratory muscle training (IMT) program. 
 
1. What is your overall opinion of the exercise program? 

Fairly good  0 (0%) 
Good   11 (79%) 
Very good  3 (21%) 

 
2. How would you qualify the intensity of the inspiratory muscle training? 

Light   2 (14%) 
Ideal   10 (72%) 
Heavy   2 (14%) 

 
3. How would you qualify the duration of the intervention? 

Short   0 (0%) 
Ideal   11 (79%) 
Too long   3 (21%) 

 
4. How would you qualify the supervision given by the physical therapist? 

Not so good  0 (0%) 
Good   4 (29%) 
Very good  10 (71%) 

 
5. How motivated were you? 

Considered quitting 0 (0%) 
Motivated  2 (14%) 
Very motivated  12 (86%) 

 
6. Did you experience an exercise effect? 

Yes   12 (86%) 
I don’t known  2 (14%) 
No   0 (0%) 

 
7. How would you qualify the overall organization? 

Bad   0 (0%) 
Good   5 (36%) 
Very good  9 (64%) 
 

8. Would you participate again in a preoperative IMT program? 
Yes   12 (86%) 
No   2 (14%) 

 
9. How would you rate the IMT program on a scale from 1 – 10  

(1= very bad, 10 = excellent)?  
(Mean ± SD)  8.3 (± 1.3) 

 
10. How would you rate your satisfaction of the IMT program on a scale from 1 – 10  

(1= very bad, 10 = excellent)?  
(Mean ± SD)  7.9 (± 0.7) 

 
11. How would you rate your motivation for preoperative IMT on a scale from 1 – 10  

(1= very bad, 10 = excellent)?  
(Mean ± SD)  8.2 (± 1.0) 
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Chapter 5 

Abstract 

Context: Postoperative pulmonary complications (PPCs) after coronary artery 
bypass graft (CABG) surgery are a major source of morbidity and mortality, 
and increase length of hospital stay and resource utilization. The 
prehospitalization period before surgery may be used to improve a patient’s 
pulmonary condition. The efficacy of preoperative inspiratory muscle training 
(IMT) in reducing the incidence of PPCs in high-risk patients undergoing 
CABG surgery has not yet been determined.  
Objective: To evaluate the prophylactic efficacy of preoperative IMT on the 
incidence of PPCs in high-risk patients scheduled for elective CABG surgery. 
Design, Setting, and Patients: A single-blind randomized, clinical trial conducted at 
the University Medical Center Utrecht, Utrecht, the Netherlands, with 
enrollment between July 2002 and August 2005. Of 655 patients referred for 
elective CABG surgery, 299 (45.6%) met criteria for high risk of developing 
PPCs, of whom 279 were enrolled and followed up until discharge from 
hospital. 
Intervention: Patients were randomly assigned to receive either preoperative IMT 
(n= 140) or usual care (n= 139). Both groups received the same postoperative 
physical therapy. 
Main Outcome Measures: Incidence of PPCs, especially pneumonia, and duration 
of postoperative hospitalization. 
Results: Both groups were comparable at baseline. After CABG surgery, PPCs 
were present in 25 (18.0%) of 139 patients in the IMT group and 48 (35.0%) of 
137 patients in the usual care group (odds ratio [OR]= 0.52; 95% confidence 
interval [CI] 0.30 to 0.92). Pneumonia occurred in 9 (6.5%) of 139 patients in 
the IMT group and in 22 (16.1%) of 137 patients in the usual care group (OR= 
0.40; 95% CI 0.19 to 0.84). Median duration of postoperative hospitalization 
was 7 days (range, 5 – 41 days) in the IMT group versus 8 days (range, 6 – 70 
days) in the usual care group by Mann-Whitney U statistic (z= -2.42; p= 0.02). 
Conclusion: Preoperative IMT reduce the incidence of PPCs and duration of 
postoperative hospitalization in patients at high risk of developing a pulmonary 
complication undergoing CABG surgery.  
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Introduction 

Over the last decades, coronary artery bypass graft (CABG) surgery and 

perioperative care have improved considerably 1 2 3, resulting in a lower overall 

complication rate. However, the rate of postoperative pulmonary complications 

(PPCs) has remained stable 4 5, possibly because CABG surgery is now 

performed in more fragile (high-risk) patients at greater risk of PPCs as a 

consequence of their comorbid conditions 1 6. PPCs therefore continue to 

influence patient morbidity and mortality, length of hospital stay, and overall 

resource utilization, despite advances in preoperative, intraoperative, and 

postoperative care 6 7. Physical therapy has a limited effect on the occurrence of 

PPCs, but studies performed to date were often flawed methodologically and 

tended to include relatively healthy patients who underwent CABG surgery 

rather than patients with comorbidity and high-risk profiles 8. Moreover, 

physical therapy was usually administered after the operation, whereas the 

preferred strategy is to identify, on the basis of known risk factors, and treat 

patients who might benefit the most before surgery 9 10 11 12 13. We designed a 

single-blind, randomized controlled trial to study the prophylactic efficacy of 

preoperative physical therapy, including inspiratory muscle training (IMT), on 

the incidence of PPCs, especially pneumonia, in patients at high risk of 

developing PPCs who underwent CABG surgery. 

 

Methods 

Participants 

The trial was performed at the Department of Cardiac Surgery, University 

Medical Center Utrecht, Utrecht, the Netherlands. The protocol (no. 02/035-

E) was approved on July 4, 2002 by the institutional review board and ethics 

committee. Patients scheduled for primary elective CABG surgery who had the 

ability to understand informed consent were eligible. Exclusion criteria were 

surgery performed within 2 weeks of initial contact, a history of cerebrovascular 
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accident, use of immunosuppressive medication for 30 days before surgery, and 

presence of a neuromuscular disorder, cardiovascular instability, or an 

aneurysm. Written informed consent was obtained from all participants. 

 

Preoperative Assessment and Risk Stratification 

Demographics and preoperative risk factors were prospectively recorded by 

means of a standardized interview. Preoperative age, sex, weight, height, body 

mass index, type of surgical procedure, current diagnoses, pulmonary status, 

history of smoking, history of myocardial infarction, diabetes mellitus, 

spirometry, and respiratory muscle testing were recorded, see Table 1. Data 

obtained from medical records included duration of surgery, duration of 

mechanical ventilation, and perioperative complications. Included patients were 

closely monitored during their entire hospital stay until discharged. 

On the basis of the definitions of risk factors of the Society of Thoracic 

Surgeons 14, a review by Brooks-Brunn 15, and the investigators’ experience 16, 

the following parameters were scored to determine a patient’s risk of 

developing PPCs: age, productive cough, diabetes mellitus, history of tobacco 

smoking, chronic obstructive pulmonary disease, body mass index, and 

pulmonary function tests. A person not associated with the study stratified the 

patients (1 - 10 weeks before surgery) into 2 risk groups on the basis of their 

scores (low risk, ≤ 1 point; or high risk ≥ 2 point) (see Table 2).  

 

Randomization and Intervention 

Patients at high risk of developing PPCs were randomly assigned, 1 to 10 

weeks before surgery, to undergo preoperative inspiratory muscle training 

(IMT) or usual care. A computer-generated randomization table was used, and 

individual allocations were placed in sealed envelopes. A person not associated 

with the study and blinded to the allocation sequence picked consecutive 

allocation envelopes for consecutive participants.  
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Table 1. Baseline characteristics of patients in the IMT and usual care group 

Characteristics IMT group 
(n= 139) 

Usual care group 
(n= 137) 

P-value  
(2-tailed) 

Sex, n (%) 
Male 

 Female 
 

 
108 (77.7) 
31 (22.3) 

 
107 (78.1) 
30 (21.9) 

0.61 

Body Mass Index, mean (SD) 
 

28.3 (5.5) 28.1 (3.2) 0.75 

Age, mean (SD) 
 

66.5 (9.0) 67.3 (9.2) 0.28 

History of cigarette smoking; No. (%) 
 

45 (32.4) 52 (38.0) 0.48 

Productive Coughing; No. (%) 
 

43 (30.9) 37 (27.0) 0.97 

Lung function tests; 
FEV1 (%predicted) 
FVC (%predicted) 
FEV1/FVC (%predicted) 
IVC (%predicted) 
FEV1/IVC (L) 
 

Respiratory Muscle Tests; 
Pi-max (cm H2O) 
Pm-peak / Pi-max (%) 
Pe-max (cm H2O) 
 

 
83.3 (20.4) 
89.8 (17.1) 
96.0 (14.6) 
89.9 (16.4) 
71.3 (13.1) 

 
81.1 (30.3) 
48.8 (15.7) 
112.8 (31.2) 

 
83.2 (18.6) 
90.4 (16.7) 
95.5 (12.6) 
88.1 (16.0) 
71.8 (11.9) 

 
80.3 (31.4) 
50.7 (14.4) 
118.6 (25.7) 

 
0.74 
0.92 
0.45 
0.54 
0.96 

 
0.21 
0.80 
0.19 

Left Ventricle Function:  
Ejection fraction > 50% 
Ejection fraction 30% - 49% 
Ejection fraction < 30% 
 

 
84 (60.5) 
33 (23.7) 
22 (15.8) 

 
89 (65.0) 
42 (30.7) 
6 (4.3) 

0.41 
 

Myocardial Infarct in history; No. (%) 
 

37 (32.5) 48 (35.0) 0.67 

Hypertension; No. (%) 
 

65 (57.0) 61 (44.5) 0.06 

Hypercholesterolemia; No. (%) 
 

36 (25.9) 36 (26.3) 0.32 

New York Heart Association class; No. (%) 
I 
II 
III 
IV 
 

 
27 (19.4) 
21 (15.1) 
88 (63.3) 
3 (2.3) 

 
5 (3.6) 

24 (17.5) 
105 (76.5) 

3 (2.2) 

0.12 

Presence of co morbid conditions; No. (%) 
History of COPD, on medication 
Diabetes Mellitus, on medication 
 

 
27 (19.4) 
50 (43.9) 

 
30 (21.9) 
45 (32.8) 

 
0.50 
0.08 

Duration surgery in minutes, mean and (SD) 
 

257.4 (70.4) 273.4 (109.1) 0.06 

Cardiopulmonary Bypass Time in minutes,  
mean and (SD) 
 

87.9 (55.9) 96.2 (57.8) 0.16 

Duration mechanical ventilation,  
median hours (range) 
 

4 (1 - 79) 5.0 (1 – 1287) 0.01 

No. of affected vessels (%) 
1 
2 
3 
 

 
30 (21.6) 
40 (28.8) 
69 (49.6) 

 
26 (19.0) 
30 (21.9) 
81 (59.1) 

0.44 

Type of Surgery; No. (%): 
‘On-pump’ CABG  
‘Off-pump’ CABG 

 
112 (80.6) 
27 (19.4) 

 
114 (83.2) 
23 (16.8) 

0.48 
 

CABG= Coronary Artery Bypass Graft; Pi-max= maximal inspiratory mouth pressure; Pe-max= maximal expiratory 
mouth pressure; Pm-peak= maximal peak pressure; FEV1= Forced Expiratory Volume in 1 second; FVC= Forced 
Vital Capacity; IVC= Inspiratory Vital Capacity; COPD= Chronic Obstructive Pulmonary Disease 
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Table 2. Pulmonary Risk Score 

Parameters Score 

Age > 70 years 1 

Cough and expectoration 1 

Diabetes mellitus 1 

Smoker 1 

Chronic obstructive pulmonary disease: 
FEV1 < 75%predicted or pulmonary medication used 

1 

Body Mass Index > 27.0 1 

Spirometry: 
FEV1 < 80%predicted and FEV1/FVC < 70%predicted  

2 

Low risk ≤ 1 point and high risk ≥ 2 point. 
FEV1= Forced Expiratory Volume in 1 second; FVC= Forced Vital Capacity 

 

The intervention group received preoperatively individualized, tailored 

exercises, namely, IMT; incentive spirometry; education in active cycle of 

breathing techniques; and forced expiration techniques 17 18 19. The intervention 

group trained daily, 7 times a week, for at least 2 weeks before the actual date of 

surgery. Each session consisted of 20 minutes of IMT, which was performed 6 

times a week without and once a week with supervision by a physical therapist 

(HJH), who measured the strength and endurance of the inspiratory muscles 

after each week of training. The patients were instructed to record daily IMT 

progression, complaints, and adverse events in a diary and were trained to 

breathe with an inspiratory threshold-loading device (threshold IMT). The 

inspiratory load of the IMT is calibrated in cmH2O and can be increased by 

removing the mouthpiece and tightening the spring. The patients started 

breathing at a resistance equal to 30% of their maximal inspiratory mouth 

pressure (Pi-max), measured at baseline, for 20 minutes 20. The resistance was 

increased incrementally, based on the rate of perceived exertion scored on the 

Borg scale 21. If the rate of perceived exertion was less than 5, the resistance of 

the inspiratory threshold trainer was then increased incrementally by 5%. The 

supportive-educative component consisted of detailed preoperative instruction 
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in active cycle of breathing techniques with an incentive Spiro meter (Coach 2, 

DHD Healthcare, Wampsville, NY) and forced expiration technique 19 22.  

Participant’s satisfaction and motivation were determined after the 

intervention period by means of an anonymously completed questionnaire. At 

baseline, all patients received information about the surgery and a schedule of 

hospitalization events.  

The usual care group received care as usual the day before surgery (i.e. 

instruction on deep breathing maneuvers, coughing, and early mobilization). 

Both groups received similar incentive spirometry, chest physical therapy 

and mobilization scheme after operation. 

 

Outcomes and Sample Size 

The success of IMT was evaluated on basis of inspiratory muscle strength 

(Pi-max) and endurance (Pm-peak/Pi-max). Were Pm-peak indicates maximal peak 

pressure. The primary outcome, the incidence of PPCs, was scored by a blinded 

independent assessor on an ordinal scale of 1 to 4, using the operational 

definition of Kroenke (see Table 3) 23. We defined a clinically significant PPC as 

2 or more items of the grade 2 complications or 1 item in the grade 3 or 4 

complications. When only abnormal radiological findings were found, without 

clinical symptoms or changes in auscultation, the complications were 

considered subclinical (eg, grade 1 PPC) 24. A microbiologist, who was 

independent and blinded to patients’ allocation, collected data from the medical 

chart and clinical records, assessed bacteriology samples, and evaluated other 

data indicative for bronchitis, pneumonia, or both according to the criteria of 

the Centers for Disease Control and Prevention 25.  

The secondary outcome was duration of postoperative hospitalization. 

Admission and discharge dates were retrieved by an independent, -‘blinded’- 

assessor from the patients’ records and used to calculate duration of 

postoperative hospitalization.  
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Table 3. Operational definitions of postoperative pulmonary complications 23

Grade Definition 

1 

• Cough, dry 
• Microatelectasis: abnormal lung findings and temperature > 37.5°C without 

other documented cause; results of chest radiograph either normal or 
unavailable 

• Dyspnea, not due to other documented cause 

2 

• Cough, productive, not due to other documented cause 
• Bronchospasm: new wheezing or pre-existent wheezing resulting in change 

therapy 
• Hypoxemia: alveolar-arterial gradient > 29 and symptoms of dyspnea or 

wheezing 
• Atelectasis: radiological confirmation plus either temperature > 37.5°C or 

abnormal lung findings 
• Hypercarbia, transient, requiring treatment, such as naloxone or increased 

manual or mechanical ventilation 
• Adverse reaction to pulmonary medication 

3 

• Pleural effusion, resulting in thoracentesis 
• Pneumonia, suspected: radiological evidence without bacteriologic 

confirmation 
• Pneumonia, proved: radiological evidence and documentation of pathologic 

organism by Gram’s stain or culture 
• Pneumothorax 
• Re-intubation postoperative or intubation, period of ventilator dependence 

does not exceed 48 hours  

4 
• Ventilatory failure: postoperative ventilator dependence exceeding 48 hours, 

or re-intubation with subsequent period of ventilator dependence exceeding 
48 hours. 

 

To calculate sample size, we used available data from the University 

Medical Center Utrecht on PPC incidence. At the start of the study, the 

incidence of PPC grade of at least 2 was 30% 26. A 10% reduction in PPC 

incidence due to IMT was considered clinically relevant, requiring 

approximately 584 patients (292 in each group), with a power of 80% and the 

α-level of 0.05 of statistical significance. Interim analyses were performed after 

half the required participants had been enrolled (n= 292), as stipulated by the 

medical ethics committee. The O’Brien-Flemings boundary was used for the 

level of significance (p≤ 0.025) 27. The study was stopped at the request of the 

University Hospital Institutional Review Board based on the results of the 

interim analysis with pneumonia as the endpoint. The institutional review board 

 86 



Randomized Controlled Trial 

thought it was no longer ethical to withhold IMT from the patients in the usual 

care group 28 29. 

 

Statistical Analysis 

All collected data were stored in SPSS version 12.0 (SPSS, Inc, Chicago, Ill) 

and checked for completeness, and tested with the Kolmogorov-Smirnov for 

normality. In the case of a missing value, the last observation was carried 

forward. Analysis was undertaken on an intention-to-treat basis. Summary 

descriptive statistics were computed for the preoperative and perioperative 

variables, including frequencies, means, and SDs. PPCs were compared 

between the IMT and usual care group with the odds ratio (OR). Differences in 

nominal variables between the IMT group and the usual care group were tested 

with the Pearson χ2 test. Duration of postoperative hospitalization and 

mechanical ventilation was compared between the 2 groups with the Mann-

Whitney U test. An effect of the IMT was estimated within groups with the 

paired sample t-test and between groups with the 1-way analysis of variance. 

Statistical tests were 2-sided, and p≤ 0.05 was considered statistically significant.  

 

Results 

Procedural Outcomes and Baseline Characteristics 

Six hundred fifty-five patients awaiting elective, primary CABG surgery 

were recruited at the University Medical Center Utrecht, between July 2002 and 

August 2005 (see Figure 1). Of these, 299 (45.6%) were considered at high risk 

of developing PPCs and eligible for inclusion. Twenty patients were excluded 

(14 underwent valve repair, 2 had no surgery but percutaneous transluminal 

coronary angioplasty, and 4 refused to participate without giving a reason), 

resulting in 279 high-risk patients being included in the study. These patients 

were randomly assigned to the 2 study groups (140 were allocated to IMT and 

139 to usual care). Because 3 patients died (1 patient in the IMT group before 
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starting the IMT and 2 patients in the usual care group) before surgery, data for 

139 patients in the IMT group and 137 in the usual care group were available 

for the interim analysis. 

 

 
Assessed

preoperatively
(n=655)

Assessed for
eligibility
(n=299)

Low PPC risk patients (n=356)

Excluded (n=20)
Not meeting inclusion criteria (n=16)

Refused to participate (n=4)

Randomized
(n=279)

Allocated to intervention group (n=140)

Analyzed (n=139)
One patient died before surgery

Allocated to usual care group (n=139)

Analyzed (n=137)
Two patients died before surgery

 
 

Figure 1. Flow diagram of the study 
 

 

Baseline characteristics are shown in Table 1. Both groups had a similar 

preoperative cardiac and pulmonary history. The mean (± SD) number of 

weeks awaiting surgery was 8.2 ± 5.9 weeks for the IMT group and 7.0 ± 5.4 

weeks for the usual care group (p= 0.11). The wide range reflects the lengthy 

waiting period for some of the participants. The duration of surgery, number of 

coronary vessels affected by disease, and cardiopulmonary bypass time were not 
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significantly different in the 2 groups. The median duration of mechanical 

ventilation was significantly longer in the usual care group (median, 5 hours; 

range of 1 to 79 hours) than in the IMT group (median, 4 hours; range of 1 to 

1287 hours) by Mann-Whitney U statistic (z= -3.842; p= 0.001).  

 

Success of IMT 

 in the intervention group recorded their daily inspiratory 

mus

Primary Outcome 

ere available for all participants.  

All participants

cle workout in the diaries and the rating of perceived exertion on the Borg 

scale. No participants dropped out and all participants in the IMT group 

returned the questionnaire – (mean (SD) scores for satisfaction and motivation 

on a 10-point scale were 8.1 (0.6) and 8.4 (0.9), respectively). Patients in the 

IMT group exercised for a mean of 29.7 days (range, 14 - 90 days) without 

experiencing adverse events during and after training sessions. The mean (SD) 

inspiratory muscle strength, assessed by measuring the Pi-max at residual volume, 

increased significantly from 81.1 (29.5) at baseline to 95.6 (31.6) cmH2O (p< 

0.001) at the end of the preoperative training period in the IMT group, but not 

in the usual care group (80.3 [31.4] and 79.5 [31.3] cmH2O; p= 0.28). 

Respiratory muscle endurance, expressed by the relationship between Pm-peak 

and Pi-max, also increased significantly after training in the IMT group (48.8% 

[15.7%] vs 56.0% [15.1%], respectively; p< 0.001), but not in the usual care 

group (50.7% [14.4%] vs 51.8% [16.4%], respectively; p= 0.24). One day before 

surgery, there were statistically significant differences in both the inspiratory 

muscle strength and endurance between the 2 groups (Fdf1= 32.84, p< 0.001; 

and Fdf1 = 6.61, p= 0.01, respectively). Both Pi-max and Pm-peak/Pi-max increased 

statistically significant during the first 4 weeks of IMT; thereafter, this increase 

leveled off. 

 

In-hospital data w
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A total of 25 (18.0%) patients of the 139 patients in the IMT group and 48 

(35.0%) of 137 patients in the usual care group developed a PPC grade of at 

least 2 (see Table 4). This difference was statistically significant (OR= 0.52; 

95% CI, 0.30 to 0.92). The incidence of pneumonia was 6.5% (9/139 patients) 

in the IMT group and 16.1% (22/137 patients) in the usual care group (OR= 

0.40; 95% CI, 0.19 to 0.84). The bacteriological spectrum was similar in both 

groups. Three (13.6%) of 22 patients in the usual care group developed 

respiratory failure as a consequence of pneumonia and died after surgery; none 

of the patients in the IMT group died. Another patient in the usual care group 

died after surgery as a result of cardiac failure (RR= 0.54; 95% CI, 0.48 to 0.60)  

To account for differences in the baseline characteristics between groups of 

patients evident after randomization undergoing IMT and usual care, we 

performed 2 post hoc analyses. In the first analysis, we performed a stratified 

analysis among smokers and non-smokers, and found that the study effect 

persisted only in the smokers group (χ 2df1= 4.62; p= 0.03) and not in the non-

smokers group (χ 2df1= 2.77; p= 0.10). We performed a logistic regression 

analysis looking at the relationship of potentially confounding variables (eg, 

smoking, New York Heart Association classification, diabetes mellitus, duration 

of surgery, duration of mechanical ventilation) and the primary outcome, and 

found that none of these potential confounders were significantly associated. 

 
Table 4. Duration of postoperative hospitalization and level of postoperative pulmonary complications between the 

IMT and usual care group 

Outcome IMT group  
(N=139)  

Usual care group 
(N=137)  

Odds Ratio  
(95% CI) 

P 

Duration of POH;  
median days (range) 

7 (5 - 41) 8 (6 – 70)  0.02 

Level of PPC; N (%) 
    Grade 1 

 
114 (82.0) 

 
89 (65.0) 

 
1.90 (1.09 to 3.38) 

 
0.02 

    Grade 2 14 (10.1) 18 (13.1) 0.63 (0.41 to 0.95) 0.02 
    Grade 3 10 (7.2) 24 (17.5) 0.44 (0.23 to 0.84) 0.01 
    Grade 4 1 (0.7) 6 (4.4) 0.20 (0.02 to 1.64) 0.09 
PPC Grade ≥ 2 25 (18.0) 48 (35.0) 0.52 (0.30 to 0.92) 0.02 
Pneumonia 9 (6.5) 22 (16.1) 0.40 (0.19 to 0.84) 0.01 
POH= Postoperative hospitalization; PPC= Postoperative pulmonary complication 
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Secondary Outcome 

The median duration of postoperative hospitalization was 7 days (range 5 

to 41 days) in the IMT group and 8 days (range 6 to 70 days) in the usual care 

group (see Table 4), which was significantly different by Mann-Whitney U 

statistic (z= -2.42; p= 0.02).  

 

Comment 

To our knowledge, this is the first randomized controlled clinical trial of a 

preoperative prophylactic tailored physical therapy intervention in patients 

scheduled for primary elective CABG surgery, based on artery occlusion, who 

are at high risk of developing PPCs. As hypothesized, preoperative physical 

therapy with IMT in high-risk patients significantly improved inspiratory 

muscle function. Moreover, in patients receiving preoperative physical therapy, 

the incidence of PPCs was reduced by 50% compared with patients receiving 

usual care. Consequently, the duration of postoperative hospitalization was 

significantly lower in the IMT group.  

Our strategy of selecting patients at high risk of developing PPCs on the 

basis of risk factors was successful. Only 6 (1.4%) of 356 patients who were 

identified as being low risk of developing a PPC developed postoperative 

pneumonia versus 31 (11.2%) of 276 patients who were identified as being high 

risk of developing such complications. This shows that it is possible to identify 

preoperatively those patients at high risk of developing a PPC. The overall risk 

profile of both groups was similar to that of patients undergoing CABG surgery 

in the United States captured in the Society of Thoracic Surgeons and National 

Adult Cardiac Database experience 30. 

In patients at high risk of developing PPCs, IMT resulted in significant 

improvement (18% increase) in mean (SD) inspiratory muscle strength (from 

81.1 [29.5] cm H2O at baseline to 95.6 [31.6] cmH2O, respectively) and 

respiratory muscle endurance (15% increase) at the end of the training period 
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without causing adverse effects (from 48.8% [15.7%] to 56.0% [15.1%], 

respectively). These results are in line with the study results by Weiner et al. 11 31, 

which involved patients undergoing CABG surgery with a low risk of 

developing PPCs; Nomori et al. 32, which involved patients undergoing thoracic 

surgery; and McConnell et al. 33, which involved healthy patients. Our data 

suggest that preoperative IMT make the patients more resistant to the 

detrimental consequences of surgery, decreasing the median duration of 

mechanical ventilation, which was significantly longer in the usual care group (5 

hours) than in the IMT group (4 hours) (see Table 1). IMT also promoted 

postoperative recovery, because the median duration of hospitalization was 

shorter in the 9 patients in the IMT group who developed pneumonia than it 

was in the 22 patients in the usual care group who developed pneumonia (11.5 

vs 13.0 days, respectively).  

The 9 patients in the IMT group who developed pneumonia had trained 

for longer than the participants who did not develop pneumonia (mean [SD] 

40.71 [19.2] vs 28.95 [17.3] days, respectively; p= 0.13). However, in the 9 

participants from the IMT group who developed pneumonia, the mean (SD) 

inspiratory muscle strength was not significantly increased between baseline and 

1 day before surgery (78.63 [27.5] vs 80.85 [31.3] cmH2O, respectively; p= 

0.35). The inspiratory muscle endurance also did not significantly increase 

between baseline and 1 day before surgery (51.11% [14.5%] vs 51.89 [15.8%], 

respectively; p= 0.72). In contrast, the mean (SD) inspiratory muscle strength 

and inspiratory muscle endurance increased significantly between baseline and 1 

day before surgery in the 130 participants who did not develop pneumonia (Pi-

max= 82.64 [31.2] vs Pi-max= 90.00 [32.5] cmH2O, respectively; p< 0.001; and Pm-

peak/Pi-max= 50.34 [14.1%] vs 54.58% [16.3%]; p< 0.001). 

These outcomes are comparable with the results of the study by Nomori et 

al. 32, which showed that IMT before thoracic surgery may prevent PPCs. In a 

small, nonrandomized study, Rajendran et al. 13, investigated the role of 

preoperative short-term pulmonary rehabilitation in patients with chronic 
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obstructive pulmonary disease who underwent CABG surgery. The authors 

showed that preoperative short-term pulmonary rehabilitation in these patients 

improved pulmonary function; decreased the incidence of atelectasis; 

consolidation, and pneumothorax as confirmed by chest roentgenogram; and 

decreased health care expenditure as evidenced by shorter ventilation time and 

hospital stay. Castillo and Haas 12 concluded that the use of preoperative and 

postoperative chest physical therapy strongly reduced the number of patients 

who developed atelectasis, but did not significantly affect the number of 

patients who developed respiratory complications due to infection. 

Preoperative physical therapy before abdominal as well as open-heart 

surgery has been found to diminish postoperative radiological alterations, 

auscultation, blood gases, and length of hospital stay, and to improve quality of 

life 34 35 36 37. No single physical therapy intervention is better than other 

interventions in preventing PPCs 38. It is well known that dysfunction of the 

respiratory muscles due to surgery may lead to a reduction in vital capacity, tidal 

volume, and total lung capacity 39. This may cause atelectasis in the basal lung 

segments and a decreased functional residual capacity, which affects the gas 

exchange properties of the lung by increasing the ventilation/perfusion 

mismatch. In addition, atelectasis may be a risk factor for pulmonary infections, 

which have significant morbidity and mortality in this patient population 39. In 

severe cases these consequences of impaired respiratory muscle function may 

lead to respiratory failure and death 40. Also, pneumonia is associated with the 

duration of mechanical ventilation 41. In our study, the duration of mechanical 

ventilation was significantly longer in the usual care group than in the 

preoperative physical therapy group. Because none of the other baseline and 

perioperative characteristics differed between the 2 groups, the difference in the 

duration of ventilatory support may be attributable to preoperative physical 

therapy with IMT. 

The generalizability of our findings may be restricted because our study had 

a few limitations. In everyday clinical practice, different physical therapists train 
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patients potentially eligible for IMT; whereas in our RCT, all the patients were 

trained by the same physical therapist. Thus, it is important to investigate the 

effects of IMT in a so-called naturalistic/pragmatic trial or in clinical practice 42. 

Also, during implementation Hawthorne effects will not be so prominent.  

Postoperative pulmonary dysfunction after CABG surgery associated with 

longer duration of mechanical ventilation, difficulty weaning the patient, and 

prolonged hospitalization, and may be associated with higher mortality 6 39 43. 

We found that preventive physical therapy with IMT administered to patients at 

high risk of PPCs before CABG surgery was associated with an increased in 

inspiratory strength and endurance and a decrease in the incidence of PPCs and 

length of hospitalization. We consider this to be an important presurgical 

intervention that appears to be effective at reducing morbidity.  
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Appendix:  

Description of Intervention and Measurements 

 

Intervention 

The intervention group received [1] breathing and coughing exercises, [2] 

pulmonary clearing techniques, and [3] inspiratory muscle training before 

surgery (depending on the actual date of surgery) additional to care as usual. 

The control group received care as usual (e.g. patient education about early 

mobilization, and coughing with wound support, 1 day before surgery). 

Subjects in the intervention group trained daily at home, seven times a 

week, before surgery. Each session consisted of 20 minutes of IMT, which was 

performed six times a week without and once a week with supervision by the 

same physical therapist (HJH), who measured the strength and endurance of 

the inspiratory muscles after each week of training. The subjects were 

instructed to record daily IMT progression, complaints, and adverse events in a 

diary and were trained to breathe with an inspiratory threshold-loading device 

(Threshold IMT; PT Medical, Leek, The Netherlands). With this device, 

patients inspire against a threshold load whereas expiration is unimpeded. The 

inspiratory load is calibrated in cmH2O and can be increased as required. The 

subjects started breathing at a resistance equal to 30% of their maximal 

inspiratory pressure (Pimax), measured at baseline, for 20 minutes per day. The 

resistance was increased incrementally based on the rate of perceived exertion 

(RPE) scored on the Borg scale. If the RPE was < 5, the resistance of the 

inspiratory threshold trainer was increased incrementally by 2 cmH2O. 

 

Inspiratory muscle strength, endurance, and pulmonary function were 

assessed at baseline and 1 day before surgery by the same experienced examiner 

(NJF) who was blinded for the group allocation.  
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Inspiratory muscle strength 

Inspiratory muscle strength (Pi-max) was assessed with a hand-held pressure 

gauge (Micro Medical MPM; PT Medical, Leek the Netherlands) by measuring 

the Pi-max at residual volume (RV) as previously described by Black and Hyatt 1. 

Pi-max is thought to mainly reflect the force of the diaphragm and is useful when 

respiratory muscle weakness is suspected as a cause of low lung volumes, or 

hypoventilation 2 3. Standardization of the respiratory muscle force tests was 

carried out as described by Clanton and Diaz 4. Normal values for the Pi-max 

were calculated from regression equations according to age and sex 1 5. Five 

measurements were recorded, with the criterion that the two highest values 

should not vary by more than 10%. We report the highest value obtained after 

1 second of maximum effort against the occlusion. 

 

Inspiratory muscle endurance 

Muscle endurance is the ability to sustain a specific muscular task over 

time. It is a highly integrated and complex quality of a muscle or a group of 

muscles that is associated with its resistance to fatigue. To a large extent, any 

measurement of endurance is task specific because different tasks necessitate 

the recruitment of different motor units and synergetic muscle groups, each 

with varying endurance qualities. The technique used to measure respiratory 

muscle endurance depends on the type of task that is being performed. 

Although respiratory muscle strength and endurance appear to be closely 

linked in many conditions, there are numerous examples in which endurance 

would not be accurately predicted from estimates of maximum pressures or 

maximum ventilatory capacity 5. Furthermore, the characteristics of endurance 

curves for a given muscle may change with training, disuse, drug treatment, and 

so on. Therefore, endurance measurements can be useful in some clinical and 

investigative settings for evaluating patient populations and responses to 

treatment and rehabilitation 2 6 7. 

 99 



Chapter 5 

In this study, we used the maximum incremental threshold loading 

principle 8. Subjects inspired through a threshold valve, beginning with initial 

threshold pressure of 30% Pi-max. The pressure was then increased every minute 

by 10% of Pi-max, until the load could not be tolerated for 1 minute. The 

maximum inspiratory mouth pressure that could be tolerated for 1 minute was 

considered the peak pressure (Pm-peak). The endurance of the inspiratory muscles 

is expressed as Pm-peak/Pi-max (%). Normal values for incremental threshold 

loading have been described by Martyn, Eastwood and Morrison 8 9 10. 

 

Pulmonary function tests 

Forced vital capacity (FVC), forced expiratory volume in 1 second (FEV1), 

and inspiratory vital capacity (IVC) were measured by spirometry (Micro Loop; 

PT Medical, Leek the Netherlands). Spirometry was standardized according to 

American Thoracic Society recommendations and was performed with the 

patient in a sitting position 11. The value recorded was the best (the highest 

IVC, FVC and FEV1 measurement) of five consecutive attempts. Predicted 

values for pulmonary functions were calculated from regression equations 

according to age, height, and sex 11. 

The accuracy of the Spiro meter is claimed to be ± 3% (resolution of 10 ml 

volume 0.03 l/s flow), according to the operating manual for the Micro Loop 

Spiro meter , 2003. The reproducibility criterion used was that the highest and 

second highest FEV1 measurements should not vary by more than 5%, or 0.10 

L. If the first three measurements did not agree within 5% of each other, three 

additional measurements were obtained. 

 

Perceived exertion 

The perceived exertion (RPE) scale, or Borg scale, is a category scaling in 

the assessment of inter individual and intra individual differences 12. The 

category ratio scale (CR-10) is very useful for assessing pulmonary ventilation 

or respiratory distress 13. The CR-10 scale has been proven to be effective 
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during exercise therapy for various patient groups, but also in clinical research. 

Validity was assessed by evaluating plots of heart rate plotted against perceived 

exertion (coefficient of 0.88). Reliability was determined using a test-retest 

protocol. Reliability coefficients were 0.87 and 0.91 for the progressive and 

random protocols, respectively 13. The subjects started breathing at a resistance 

of 30% their maximal inspiratory mouth pressure (Pi-max) measured at baseline. 

The resistance was increased incrementally based on the rate of perceived 

exertion (RPE) scored on the Borg scale 12. If the RPE was < 5, the resistance 

of the inspiratory threshold trainer was increased in increments of 5%. If the 

RPE was > 7, the resistance was decreased in steps of 5%. 
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Abstract 

Background and Purpose: Pulmonary problems are among the most frequently 

reported complications of Coronary Artery Bypass Graft (CABG) surgery. 

However, the risk of postoperative pulmonary complications (PPCs) is not the 

same for all patients. The aim of this study was to validate and simplify a 

previously developed preoperative risk model for postoperative pulmonary 

complications, particular pneumonia, in patients undergoing CABG surgery. 

Subjects and Methods: Prospectively collected data for 421 adult patients who had 

undergone elective CABG surgery, in a university medical center in the 

Netherlands, were used to validate the preoperative risk model. The model 

assesses six risk factors (age ≥ 70 years, productive cough, diabetes mellitus, a 

positive smoking history, predicted inspiratory vital capacity < 75%, and 

predicted maximal expiratory pressure < 75%), with scores ranging from -4 

(minimum risk) to 10 points (maximum risk). Patients with a score of -4 to -2 

were classified as being at low pulmonary risk and patients with a score of -1 to 

10 points were classified as being at high pulmonary risk. The accuracy of the 

model was tested by comparing the expected and observed incidence of 

pneumonia for each patient. The prospectively collected data were also used to 

develop a simple, accurate prognostic model for pneumonia.  

Results: Of the 421 patients, 227 (53.9%) were classified as being at high 

pulmonary risk, 24 (10.6%) of whom developed pneumonia, whereas only 4 of 

the 194 (2.1%) patients classified as being at low pulmonary risk developed 

pneumonia (OR= 5.62; 95% CI, 1.91 to 16.48). The area under curve (AUC) of 

the receiver-operating characteristics (ROC) curve was 0.84 and the model had 

a negative predictive value of 97.9%. Logistic regression analysis showed that 

the six-factor preoperative risk model could be simplified to a three-factor risk 

model, containing preoperative productive coughing, diabetes mellitus, and 

decreased lung function, to distinguish between patients with a high risk of 

developing pneumonia and those with a low risk (AUC: 0.79; negative 

 104 



Model validation 

predictive value: 99.2%). 

Discussion and Conclusion: The easy-to-use six-factor risk model is accurate in 

identifying patients at low risk of developing PPCs. Three easy-to-measure 

preoperative variables (productive cough, diabetes mellitus, and decreased lung 

function) can be used to help clinicians tailor preoperative and postoperative 

interventions according to a patient’s risk.  
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Introduction 

Numerous studies have attempted to identify risk factors for patients 

undergoing coronary artery bypass graft (CABG) or cardiac surgery in general 1-

10. This is important not only for patients, who have the right to known the risk 

of surgery and to determine whether it is personally acceptable to them, but 

also for surgeons, because risk factors can be used to determine whether 

CABG surgery is an appropriate intervention and alerts physicians to those 

patients who may need additional care or monitoring. Risk and risk scores are 

also of interest to hospitals, surgeons, and quality assurance/quality assessment 

experts in that they make it possible to compare outcomes among providers 

(hospitals, surgeons) after adjusting for risk and provide an opportunity to 

assess changes in risk-adjusted outcomes for a single provider across time. 

Over the last decade, several risk models, such as Parsonnet, EuroSCORE, 

STS, and UK Bayes, have been proposed to predict short-term mortality after 

accounting for differences in clinical case mix 3 5 9 11 12. In cardiac surgery, short-

term mortality is frequently used as a measure of performance 10, whereas 

postoperative pulmonary complications (PPCs; e.g. pneumonia) are recognized 

as being a major determinant of hospital costs and quality of life after heart 

surgery 13. Consequently, there is a need for a risk model that can evaluate and 

weigh preoperative risk factors and accurately predict which patients due to 

undergo CABG surgery are at risk of developing pneumonia. 

The aim of this study was to validate a previously developed preoperative 

risk model 14, in order to stratify patients undergoing CABG surgery into those 

with a high risk and those with a low risk of developing PPCs, particularly 

pneumonia. Preoperative identification of patients at high risk of developing 

pneumonia after surgery can help clinicians to direct preoperative and 

postoperative interventions toward those patients who might gain the most 

benefit. 
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Patients and methods 

Patients 

Data were collected from patients who underwent elective CABG surgery 

between July 2002 and September 2005, in the Department of Cardiac Surgery, 

University Medical Center (UMC) Utrecht, The Netherlands. The protocol 

(number 02/035-E) was approved on July 4, 2002, by the Institutional Review 

Board and Ethics Committee. Patients scheduled for primary elective CABG 

who had the ability to understand informed consent were eligible. Exclusion 

criteria were a history of cerebrovascular accident, use of immunosuppressive 

medication for 30 days prior to surgery, presence of a neuromuscular disorder, 

and a history of pulmonary surgery, cardiovascular instability, or aneurysm. 

Written informed consent was obtained from all participants. 

On the basis of the six-factor risk model 14, the following parameters were 

scored preoperatively to determine a patient’s risk of developing pneumonia: 

age ≥ 70 years and productive cough were each scored 3 points, smoking and 

diabetes mellitus were each scored 2 points, and inspiratory vital capacity (IVC) 

and maximum expiratory mouth pressure (Pe-max) (≥ 75% predicted) (both are 

protective factors) were each scored -2 points. These six preoperative risk 

factors were assigned weights, based on the regression coefficients and odds 

ratios estimated in the logistic model 14. By doing so, the theoretical maximum 

risk score was 10 points and the minimum risk score was -4 points. 

 

Data collection 

Demographics and preoperative risk factors were prospectively recorded by 

means of a standardized interview. Age, gender, weight, height, body mass 

index (BMI), type of surgical procedure, current diagnoses, pulmonary status, 

history of smoking, history of myocardial infraction, diabetes mellitus, and 

spirometry and respiratory muscle testing findings were recorded 

preoperatively. Data obtained from medical records included duration of 
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surgery, duration of mechanical ventilation, and perioperative complications. 

Included patients were closely monitored during their entire hospital stay until 

discharged. 

A microbiologist and infection prevention consultant, who were 

independent and blinded, collected data from the medical and clinical records, 

assessed bacteriology samples, and evaluated other data indicative of bronchitis 

and/or pneumonia, such as results of auscultation, chest X-rays, bacteriology 

samples, temperature curves, productive cough, hypoxemia, hypercapnia, 

reintubation, and ventilatory failure, according to the criteria of the Centers for 

Disease Control and Prevention 15. 

 

Pulmonary function tests 

Force vital capacity (FVC) inspiratory vital capacity (IVC), and forced 

expiratory volume in 1 second (FEV1), were measured by spirometry 

(MicroLoop; PT-Medical, Leek the Netherlands). Spirometry was standardized 

according to the American Thoracic Society recommendations and was 

performed with the patient in a sitting position 16. The value recorded was the 

best of three consecutive attempts. Predicted values for pulmonary function 

were calculated from regression equations according to age, height, and sex 17. 

The accuracy of the Spiro meter is 2%, or 0.05 L, and the validation limits 

for flow are 3% or 0.07 L (Operating manual). The reproducibility criterion 

used was that the largest FEV1 and the second largest FEV1 should not vary by 

more than 5% or 0.10 L. If the first three measurements did not agree within 

5% of each other, three additional measurements were taken. The 

reproducibility of this procedure was evaluated beforehand in 10 healthy 

subjects. The intra-class correlation coefficients were 0.99 for FEV1 and FVC 

and 0.98 for IVC 18. 

 

Respiratory Muscle Strength Tests 

To evaluate maximal inspiratory and expiratory respiratory strength, the 
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maximal inspiratory and expiratory mouth pressures (Pi-max and Pe-max), were 

measured with a hand-held pressure gauge (RPM; PT-Medical, Leek the 

Netherlands). The Pi-max reflects the strength of the diaphragm, whereas the Pe-

max reflects the strength of abdominal and intercostal muscles 19. Tests of 

maximal respiratory strength are useful if respiratory muscle weakness is 

suspected to be the cause of small lung volumes, or hypoventilation 20. 

Standardization of the respiratory muscle tests was carried out according to 

Clanton and Diaz 21. Normal values for Pi-max and Pe-max were calculated from 

regression equations according to age and sex 19 22. 

Five measurements were recorded, with the criterion that the two highest 

values did not vary by more than 10%. Previous investigators suggested that 

there could be some overshoot in the signal with some maximal respiratory 

strength instruments, so we also calculated the mean of the five highest values 
23. We then compared this ‘mean’ with the single highest maximal respiratory 

pressure value. If the difference was 5 cmH2O or less for 93% of the 

participants, we considered that overshoot was minimal with the instrument 

and that most of the participants could sustain their maximal pressure for at 

least 1.0 second. Therefore, we report the highest value obtained in 1.0 second. 

 

Statistical Analysis 

All collected data were stored in SPSS, version 12.0 (SPSS Inc., Chicago, 

IL, USA), checked for completeness, and tested for normality with the 

Kolmogorov-Smirnov test. Data from all patients were analyzed for outliers. 

Summary descriptive statistics were computed for the preoperative variables, 

including frequencies, means, and standard deviations.  

The fit of the six-factor risk model was measured in terms of its 

discrimination and calibration. Discrimination, which was measured using C-

statistics (area under the curve, AUC, of the receiver-operating characteristics, 

ROC, curve), captures the model’s ability to distinguish between patients who 

developed pneumonia and patients who did not. A model with an AUC of 0.50 
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has no discriminative power at all (such as a coin flip), and an AUC of 1.0 

reflects perfect discrimination (such as a test without false-positive and false-

negative results) 24. Calibration, which is a measure of the model’s ability to 

predict pneumonia at various levels of patient risk, was assessed using Holmer-

Lemeshow statistics, which is a variation of the χ2 statistic 25. Observed and 

predicted outcomes were compared, defined by the predicted probability of 

pneumonia obtained from the logistic regression model. To assess the external 

validity of the model, we calculated each patient’s predicted outcome 

(pneumonia) and compared this with the known patient outcome. 

 

Sensitivity Analyses 

We used logistic regression analysis to determine whether the 

discriminatory ability of our model could be improved by including other 

variables. First, because IVC, FVC, FEV1, Pi-max and Pe-max are highly associated 

with decreased lung function, we entered decreased lung function in the model 

rather than the individual measures of respiratory function. Second, because 

cardiac morbidity and chronic obstructive pulmonary diseases (COPD) were 

not selected in our previous model, we examined whether forcing other 

preoperative (comorbid) conditions into the model improved fit. We compared 

the discriminatory power of this alternative model to that of the actual model, 

by measuring the AUC of the ROC curve. 

A predicted rate of pneumonia for each risk score was obtained by entering 

the risk score in the logistic regression formula for predicting pneumonia, using 

the methods described by Sullivan et al. 26. The resulting predicted rate of 

pneumonia for each risk score can be used to inform surgeons and patients 

about the patient’s risk of developing pneumonia. 

 

Results 

A total of 458 consecutive patients underwent first-time elective CABG 

surgery between July 2002 and September 2005. Thirty-seven patients were 
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excluded: 28 patients were excluded (4 did not understand Dutch, 8 had 

undergone an emergency procedure, and 16 had undergone percutaneous 

transluminal coronary angioplasty) and 9 patients died (5 patients died before 

surgery due to cardiac reasons, 3 died after surgery due to on respiratory failure 

as a consequence of pneumonia, and 1 died after surgery due to cardiac failure). 

The remaining 421 patients were available for the study. Each patient’s clinical 

score was determined using the weighted risk factors age ≥ 70 years, cough with 

sputum production, smoking within the past 8 weeks, diabetes mellitus, IVC ≥ 

75%predicted, and Pe-max ≥ 75%predicted) (see Table 1).  

 
Table 1. Factor Point distribution 

Risk Factors Score (points) 
Age ≥ 70 year 3 pt 

Productive cough 3 pt 
Smoking 2 pt 

Diabetes mellitus 
 2 pt 

Protective Factors  
IVC ≥ 75%predicted - 2 pt 
Pe-max ≥ 75%predicted - 2 pt 
IVC= inspiratory vital capacity;  
Pe-max = maximal expiratory mouth pressure 
-4 up to -2 points = low risk;  
-1 up to 10 points = high risk 

 
 

Of the 421 patients, 227 (53.9%) were classified as being at high risk of PPCs, 

24 (10.6%) of whom developed pneumonia, whereas only 4 of the 194 (2.1%) 

patients classified as being at low risk of PPCs developed pneumonia (Odds 

Ratio [OR]= 5.62; 95% CI, 1.91 to 16.48). The sensitivity and specificity of the 

model were 85.7% and 48.4%, respectively. The negative predictive value and 

positive predictive value were 97.9% and 10.6%, respectively. The AUC of the 

ROC curve for the six-factor risk model for distinguishing patients who 

developed postoperative pneumonia from those who did not was 0.84, with 

acceptable Holmer-Lemeshow statistic is considered acceptable (p= 0.40).  
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Table 2. Characteristics of patients with and without pneumonia 

Characteristics 

Patients with 
Pneumonia 

(n= 28; 6.7%) 

 

Age, mean (SE), years 
 

65.04 (10.4)  

Sex, No. (%) 
- Male 
- Female 
 

 
22 (78.6) 
6 (21.4) 

 

History of cigarette smoking, No (%) 
 

9 (32.1)  

Productive cough, No. (%) 
 

14 (50.0)  

History of COPD, (FEV1 < 75%predicted or medication used) 
 

6 (42.4)  

Diabetes mellitus, on medication 
 

9 (32.1)  

Decreased lung function, No. (%)  
- FEV1 < 80%pred. and FEV1/FVC < 70%pred.  
- IVC (%predicted) 
 

 
9 (32.1) 

88.14 (18.4) 

 

Respiratory muscle tests 
- Pi-max (cm H2O) 
- Pe-max (cm H2O) 
- Pm-peak/Pi-max 
 

 
79.73 (25.7) 
90.50 (24.6) 
52.2 (15.5) 

 

Left ventricle function 
- Ejection fraction ≥ 50% 
- Ejection fraction 30% - 50% 
- Ejection fraction < 30% 
 

 
22 (78.6) 
4 (14.3) 
2 (7.1) 

 

Myocardial infarction in history, No. (%) 
 

13 (46.4)  

Hypertension, No. (%) 
 

10 (35.7)  

Hypercholesterolemia, No. (%) 
 

1 (3.6)  

New York Heart Association class, No. (%) 
- I 
- II 
- III 
- IV 
 

 
1 (3.6) 
2 (7.1) 

25 (89.3) 
0 (0.0) 

 

Duration of surgery in minutes, mean (SD) 
 

250.61 (72.2)  

Cardiopulmonary bypass time in minutes, mean (SD) 
 

79.74 (57.1)  

Mechanical ventilation in hours, median (range) 
 

4.0 (1 - 1296)  

No. (%) of affected vessels 
- 1 
- 2 
- 3 
 

 
6 (21.4) 
5 (17.9) 
17 (60.7) 

 

Type of surgery, No. (%) 
- “on-pump” 
- “off-pump” 
 

 
22 (78.6) 
6 (24.4) 

 

Postoperative hospitalization in days, median (range) 9.0 (5 - 54)  
* Statistically significant 
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Table 2 - Continued - 

 Patients without 
Pneumonia 

(n= 393; 93.3%) 

 
 

OR 

 
 

95% CI 

 
 

P 
 63.85 (10.05) 

 
1.01 0.97 to 1.05 0.55 

  
331 (84.2) 
62 (15.8) 

 

 
1.46 

 
0.57 to 3.74 

 
0.44 

 68 (17.3) 
 

2.26 0.98 to 5.22 0.06 

 33 (8.4) 
 

10.91 4.80 to 24.82 0.01* 

 29 (7.4) 
 

3.42 1.29 to 9.11 0.01* 

 55 (14.0) 
 

2.91 1.25 to 6.76 0.01* 

  
28 (7.1) 

94.28 (16.0) 
 

 
6.18 
0.97 

 
2.56 to 14.91 
0.95 to 0.99 

 
0.01* 
0.04* 

  
85.23 (32.0) 
120.66 (85.8) 
54.78 (18.3) 

 

 
0.99 
0.98 
0.97 

 
0.98 to 1.01 
0.96 to 0.99 
0.97 to 1.02 

 
0.39 
0.01* 
0.50 

  
295 (75.1) 
87 (22.1) 
11 (2.8) 

 

 
0.96 

 
0.47 to 1.97 

 
0.92 

 98 (24.9) 
 

2.06 1.04 to 4.08 0.04* 

 150 (38.2) 
 

0.90 0.40 to 1.99 0.79 

 40 (10.2) 
 

0.11 0.01 to 0.85 0.03* 

  
42 (10.7) 
73 (18.6) 
268 (68.2) 
10 (2.5) 

 

 
1.81 

 
0.89 to 3.68 

 
0.10 

 259.98 (91.2) 
 

0.99 0.99 to 1.00 0.59 

 80.22 (56.8) 
 

1.00 0.99 to 1.01 0.97 

 4.0 (1 - 1287) 
 

1.00 1.00 to 1.00 0.13 

  
74 (18.8) 
88 (22.4) 
231 (58.8) 

 

 
0.92 

 
0.55 to 1.53 

 
0.75 

  
311 (79.1) 
82 (20.9) 

 

 
0.45 

 
0.08 to 2.52 

 
0.36 

 8.0 (4 - 70) 1.06 1.01 to 1.10 0.01* 
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Sensitivity Analyses 

To determine whether the use of other variables would have resulted in a better 

model, we redeveloped our model and entered the risk factors most strongly 

associated with pneumonia into the multivariate backward logistic regression 

analysis. There were nine significant risk factors, two (Pe-max and IVC) of which 

were continuous risk factors; the others consisted of discrete categories (see 

Table 2). The risk factors with the highest ORs were productive coughing 

(OR= 10.9; 95% CI, 4.8 to 24.8), decreased lung function (OR= 6.2; 95% CI, 

2.6 to 14.9), COPD (OR= 3.4; 95% CI, 1.3 to 9.1), diabetes mellitus (OR= 2.9; 

95% CI, 1.3 to 6.8), and history of smoking (OR= 2.3; 95% CI, 1.0 to 5.2).  

After multivariate logistic regression analysis, the revised risk index 

included only three risk factors: productive coughing, diabetes mellitus, and 

decreased lung function (see Table 3). We investigated whether other cardiac 

variables (history of myocardial infarction, ejection fraction) improved the fit of 

the model but found that models that included cardiac comorbid conditions 

had slightly lower AUC (0.69) than the final model. 

 

 
Table 3. Logistic Regression 3 Factor Model 

Factor High-risk category Regression 
coefficient 

Odds 
ratio 

95% CI P value 

Cough 
 

Productive (sputum) 2.23 9.34 3.97 - 21.98 0.001 

Decreased 
lung function 

 

FEV1 < 80%predicted and 
FEV1/IVC < 70%predicted

1.53 4.62 1.74 - 12.2 0.002 

Diabetes 
mellitus 

 

Present 0.85 2.34 1.00 - 5.94 0.07 

Constant  -8.27   0.001 
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Performance of Alternative Models 

The original six-factor preoperative risk model had an AUC of 0.81 (95% 

CI, 0.73 to 0.90) and a negative predictive value of 88.5% in the development 

cohort and an AUC of 0.84 (95% CI, 0.70 to 0.98) and a negative predictive 

value of 97.9% in the validation cohort. The AUC of the final three-factor 

preoperative risk model (productive coughing, diabetes mellitus, and decreased 

lung function) had a C-statistic (AUC) of 0.79 (95% CI, 0.69 to 0.89), see figure 

1, and an acceptable Holmer-Lemeshow statistic (p= 0.53), with a negative 

predictive value of 99.2%. Thus simplification of the six-factor risk model to a 

three-factor risk model had a minimum impact on model accuracy. 
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Figure 1. Receiver operating characteristics of the clinical risk model to detect patients at risk for pneumonia 
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The predicted probability of pneumonia developing among patients with a 

low, medium, or high risk of PPCs is given in Table 4. The probability of 

pneumonia ranged from 0% for patients at low risk (a score of -4) to > 50% for 

patients at high risk (scores of -1 and higher). The mean pneumonia rate for all 

patients was 6.7% (28 of the 421 patients). Two hundred and fifty-eight 

patients (61.3%) who had a predicted probability of pneumonia lower than the 

mean, had risk scores of -2 or -4. 

 
Table 4. Relation between individual risk scores of (previous) risk model and diagnosis of pneumonia (n=421) 

Risk score 
Pneumonia+ 

(n) 
Pneumonia- 

(n) 
Sensitivity 

(%) 

Negative 
Predicted 
Value (%) 

Predicted 
Risk 

-4 to -2 4 190 85.7 97.9 1% 
-1 to 0 5 80 79.2 94.1 58% 
1 to 7 19 123 67.9 96.8 92% 
Total 28 393    

*The highest observed total risk score was 7. 

 

 

Discussion  

The purpose of this study was to validate and simplify a preoperative risk 

model 14 that differentiates between patients with a high risk and patients with a 

low risk of developing PPCs, especially pneumonia, after CABG surgery. Using 

a model based on six factors that can be measured non-invasively, we classified 

227 (53.9%) of the 421 patients as being at high risk of developing PPCs, of 

whom 24 (10.6%) developed pneumonia, whereas only 4 of the 194 (2.1%) 

patients classified as being at low risk of PPCs developed pneumonia (OR= 

5.62; 95% CI, 1.91 to 16.48). The AUC of the ROC curve to distinguish 

patients who developed postoperative pneumonia from those who did not was 

0.84. This model was especially accurate in identifying patients at low risk of 

developing pneumonia (97.9%). The AUC of the final three-variable model was 

0.79 (95% CI, 0.69 to 0.89) and its negative predictive value was 99.2%. These 

results suggest that the six-factor risk model can be simplified to a three-factor 
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risk model with productive coughing, diabetes mellitus, and decreased lung 

function as risk factors without a loss of accuracy. 

Univariate logistic regression analysis identified five of the six variables 

(cough, diabetes mellitus, smoking, IVC, and Pe-max) used in our risk model 14. 

However, in the current study we also identified COPD, myocardial infarction, 

and hypercholesterolemia as variables significantly associated with pneumonia. 

We conducted several additional analyses to consider whether cardiac comorbid 

conditions (e.g. history of myocardial infarction, ejection fraction of < 50%), 

hypercholesterolemia and pulmonary conditions (e.g. COPD) improved the fit 

of the model but this was not the case. In fact, models that included cardiac 

and pulmonary comorbid conditions had a slightly lower AUC (up to 0.69) than 

the final three-factor risk model. Thus, the latter model is the most accurate for 

predicting preoperatively the risk that a patient due to undergo CABG will 

develop pneumonia after the operation.  

What does the model presented here add to what is already known from 

the literature? Mitchell et al. 27 presented a logistic model that included variables 

such as preoperative sputum production in combination with postoperative 

nasogastric intubation, and longer anesthesia duration. The model had an 

accuracy of 92% in predicting PPCs following general elective surgery. Carrel et 

al. 28 found that the frequency of abnormal preoperative lung function and 

smoking was significantly higher in patients who developed pneumonia after 

cardiac surgery than in those who did not develop pneumonia. Bevelaqua et al. 
29 concluded that (1) patients with severe lung impairment diagnosed before 

surgery generally do well after cardiac surgery but have PPCs more often than 

patients without this impairment, and (2) patients with restrictive pulmonary 

disease appear to recover faster than those with obstructive disease. All and all, 

preoperative pulmonary condition is a major determinant of the risk of PPCs in 

patients scheduled for upper abdominal and cardiac surgery. Like Bevelaqua et 

al. 29, we also consider preoperative screening of pulmonary function to be 

essential for alerting clinicians to the possible risk of PPCs, although the results 
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of pulmonary function testing cannot, by themselves, be used to exclude 

patients from operation. 

There is evidence that factors such as longer mean operation time, higher 

ASA class, and higher Goldman index (cardiac morbidity) are associated with a 

higher incidence of PPCs 30. However, we did not find duration of surgery, type 

of surgery (“on-pump versus off-pump”), duration of mechanical ventilation, 

number coronary bypasses, left ventricle function, and history of myocardial 

infarction to be statistically significantly different between the patients at high 

risk of complications and those at low risk. 

Several risk-scoring systems have been developed for patients undergoing 

cardiac surgery to predict mortality 31 and have a discriminatory power (AUC) 

for 30-day mortality in cardiac surgery varying between 0.71 and 0.84. For 

CABG, EuroSCORE, followed by the New York State (NYS) and the 

Cleveland Clinic Risk score (Higgins score) have the highest discriminatory 

power (AUC of 0.84), comparable with that of our model. The most-often 

reported preoperative general and cardiac risk factors in these mortality risk 

models are age, female gender, diabetes, chronic pulmonary disease, previous 

cardiac surgery, and left ventricular ejection fraction. Using univariate logistic 

regression analysis, we found diabetes mellitus and chronic obstructive disease 

to be risk factors for the development of pneumonia, but not age, female 

gender, or left ventricular ejection fraction. The fact that age was strongly 

associated with decreased pulmonary function and relatively few women 

participated in our study this might explain why these factors were not included 

in the model. Because we studied only patients undergoing first time elective 

CABG surgery, we did not include the risk factor previous cardiac surgery in 

our risk model. 

A review of the literature shows that some multivariate prediction models 

have only limited clinical value 32. Despite the relatively high prevalence of 

PPCs, few studies have used these complications as endpoints and little is 

known about the postoperative antecedents of PPC, which are thus excluded 
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from models. Multivariate clinical prediction rules that incorporate antecedent 

patient and process factors from the continuum of cardiovascular care for 

specific pulmonary outcomes are recommended. Models such as the one 

presented here would be useful for practice, policy, and quality improvement 32. 

 

Conclusion 

In conclusion, our preoperative three-risk factor model is useful for 

predicting the risk of pneumonia developing in patients undergoing elective 

CABG surgery. Our model retained its accuracy in an independent sample and 

had good discriminatory properties, which means that the model may be useful 

in clinical care and for risk adjustment. Preoperative identification of patients at 

high risk of developing pneumonia after surgery can help clinicians to direct 

their interventions toward these patients and may reduce the incidence of 

pneumonia in patients undergoing CABG surgery 33. 
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General Discussion 

Postoperative complications in CABG surgery 

Over the last decades, coronary artery bypass graft (CABG) surgery and 

perioperative care have improved considerably 1 2 3, resulting in a lower overall 

complication rate. However, the rate of postoperative pulmonary complications 

(PPCs) has remained stable 4 5, possibly because CABG is now performed in 

more fragile (high risk) patients at high risk of PPCs as a consequence of their 

comorbid conditions 6. PPCs therefore continue to influence patient morbidity 

and mortality, length of hospital stay, and overall resource utilization, despite 

advances in preoperative, intra-operative, and postoperative care 7-10. Economic 

assessment of the use of medical interventions has become more and more 

fundamental for budgetary control due to the increasing costs of healthcare all 

over the world 11-13. The cost of PPCs was well recognized at the beginning of 

the 20th century, at which time in parallel a number of clinical reviews 

identified the mortality rate associated with the development of postoperative 

pneumonia to be excess of 40% 5 7 9 11 12.  

 

Physical therapy in patients undergoing CABG surgery 

For many years, physical therapy has been considered fundamental in the 

pre- and postoperative care of cardiac surgical patients. However, evidence is 

lacking on the benefits of any method of prophylactic respiratory physical 

therapy after cardiac surgery 14, and it has been published that, in valve surgery 

cases, routine prescription of physical therapy does not improve patient 

outcome but significantly increases the costs 15 16. Postoperative physical 

therapy seems to have a limited effect on the occurrence of PPCs, but studies 

performed to date were often flawed methodologically and tended to include 

relatively healthy CABG patients rather than patients with comorbidity and 

high risk profiles. Besides this, physical therapy in these trials were usually only 

given after surgery 14 17. Because waiting for health services will probably 

continue to be a reality in public funded health care systems that value universal 
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access, careful study of simple, affordable methods to improve patients 

preoperative conditions 18 19, especially respiratory functions 20, in order to 

improve postoperative outcome, during the waiting period is warranted. There 

are many potential types of complications that can impact outcome following 

surgery, but the identification of the patient at risk for PPC is particularly 

important given that this type of complication is the most frequent reported 

cause of morbidity and mortality in the postoperative period 7 21 22.  

In line with these considerations, firstly physical therapists should 

implement an evidence based screening process for surgical patients in order to 

identify those patients at risk for complications, in CABG mainly PPCs, during 

of following surgery. Secondly, physical therapists should thoughtfully consider 

therapeutic interventions at the proper moment – pre or post surgery – in those 

patients who are at risk of getting PPCs.  

Although it is hardly impossible to prevent every PPC, some successful 

therapy-related reductions in PPCs incidence have been reported. For instance, 

optimizing pulmonary functions preoperatively, if necessary with a short (7 – 

10 days) course of steroids, was shown to allow surgery to be accomplished 

with a lower risk of bronchospasms 23. Jackson supported the role of four 

modalities (chest physical therapy, bronchodilators, deep breathing 

manoeuvres, and antibiotics) in preoperative patient preparing 24. The useful 

role of pre-/postoperative physical therapy in patients producing large amount 

of sputum, is reviewed by Kirilloff et al. 25, who cites six non controlled studies, 

all of which show benefits from physical therapy manoeuvres, using objective 

criteria such as sputum weight, lung volumes, and radioaerosol clearance. The 

role of pre-/postoperative physical therapy in lobar atelectasis is described by 

Marini et al. 26, who showed that physical therapy was as effective as fibre optic 

bronchoscopy in reversing acute lobar atelectasis. Preoperative physical therapy 

in prevention and treatment of PPC is shrouded in ‘confusion rather than 

consensuses’ 27 28. O’Donahue echoes the sentiments and point out the many 

methodological deficiencies of published studies 29.  
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Evidence with hampering methodological quality 

In our systematic review (chapter 2) we found no hard evidence for the 

effectiveness of preoperative physical therapy, including respiratory muscle 

training, breathing and coughing exercises, in preventing the developing of 

PPCs in adult patients undergoing cardiac surgery. In conclusion, many of the 

studies on the role of prophylactic physical therapy, suffer from methodological 

deficiencies, and are not acceptable by the experimental standards of today. 

Such shortcomings as lack of blinding or randomization, use of measures at 

intervals unlikely to have any significant benefit, failure of documenting 

objective parameters of improvement, failure to relate changes to clinically 

significant events, and lack of precise details of treatment protocols and explicit 

outcome measures, make interpretation and recommendations extremely 

difficult. 

 

Evidence: change for the better 

The physical therapy interventions applied preoperatively are still in their 

early stages and research should focus on improving methods to CONSORT 

standards, developing and refining theoretically based models, well defined 

single outcome measurements, incorporating patients preferences, and 

examining which types of therapies are effective for which subgroup (high 

versus low pulmonary risk) of people undergoing cardiac surgery 27 30 31. 

Consequently, we started a line of research to develop and validated [1] a 

preoperative risk model to identify those patients at high risk of developing 

PPCs after undergoing CABG (Chapter 3 and 6), [2] to develop a feasible and 

appropriate preoperative intervention (Chapter 4), and [3] to demonstrate the 

effectiveness of this intervention in a randomized controlled trial (Chapter 5).  

 

Stratification of patients 

In cardiac surgery short-term mortality is frequently used as a measure of 

performance 32, where PPCs, especially pneumonia, have been acknowledged as 
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the major determinant of hospital cost and quality of life after heart surgery 33. 

A review of the literature shows that variable risk factors and outcome 

definitions were combined for the development of multivariate prediction 

models that subsequently were shown to have only limited clinical value 34. It is 

also known that risk factors for postoperative morbidity are different from 

those for postoperative mortality 35. Despite being prevalent there are very few 

attempts to examine PPCs as endpoints in isolation. The trajectory of 

pulmonary dysfunction that precedes complications in the post-operative 

context is not clear. As such there is little knowledge of post-operative 

antecedents to PPC that are invariably excluded from model development. 

Multivariate clinical prediction rules that incorporate antecedent patient and 

process factors from the continuum of cardiovascular care for specific 

pulmonary outcomes are recommended 34. Consequently, we developed a risk 

model (chapter 3) that can evaluate and weight preoperative risk factors and 

accurately predict PPCs in patients undergoing CABG surgery. As it is generally 

known that complications rates can very widely depending on its definitions 36 

we used the ordinal four-grade criteria of Kroenke et al. 37 for operational 

definition of PPCs, including bronchitis and/or pneumonia according to the 

Centers for Disease Control and Prevention criteria 38.  

Because of the relatively small cohort (sample size is 117 participants) that 

was included in the first step of the development of the model a preselection 

based on extensive literature review of 12 potential risk factors was tested. With 

the help of logistic regression analysis a preoperative ‘six-factor-model’ was 

identified, including respectively age ≥ 70 years, cough with sputum production, 

smoking within the past 8 weeks, diabetes Mellitus, IVC < 75%predicted, and Pe-

max < 75%predicted. This model turned out to have a sensitivity of 87% and a 

specificity of 56%. 

In retrospective and prospective studies of CABG surgical patients, 

advanced age, excess weight (BMI), smoking, diabetes mellitus, abnormal 
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results of pulmonary function tests, chronic obstructive pulmonary disease 

(COPD), and emergency surgery have consistently been identified as risk 

factors for PPCs 39-41. In our study, four out of the six identified factors are 

consistent with those reported in the current literature (age, smoking, diabetes 

mellitus, and abnormal pulmonary function tests). However, not all risk factors 

found in the literature were incorporated in our study. Emergency surgery was 

an exclusion criterion in this study model, in which emergency surgery was an 

exclusion criterion. A history of COPD was not identified as an independent 

risk factor in the multivariate analysis which might be attributed to the relatively 

small number of patients with a history of COPD and the method used to 

identify this risk factor (patient self-report). The study population included 20 

patients with a history of COPD, of whom eight (40%) developed a PPC. 

Inclusion of body mass index slightly weakened the model.  

Subsequently, the at this point developed risk model was validated in 458 

consecutive patients in order to stratify patients into those with a high- and 

those with a low-risk of developing PPCs, especially (chapter 6). By using a 

simple count of the 6-risk factors, that can be obtained preoperatively and non-

invasive, 227 (53.9%) of the 421 patients were classified as high pulmonary risk 

of which 24 (10.6%) developed pneumonia, whereas 4 of the 194 (2.1%) 

patients classified as low pulmonary risk developed pneumonia (OR= 5.62; 

95% CI, 1.91 to 16.48). The area under the ROC curve (AUC) to discriminate 

patients who developed postoperative pneumonia from those who did not was 

0.84. In addition, this model is also demonstrates high accuracy in identifying 

patients at low risk of developing PPCs (negative predicted value of 97.9%).  

The in this study used univariate logistic regression analysis identified five 

of the 6 variables (cough, diabetes mellitus, smoking, IVC, and Pe-max) similar 

to the ones used in the first step of development of the risk model of Hulzebos 

and colleagues 39. Apart from these five variables, the analysis also identified 

COPD, decreased lung functions, myocardial infarction, and 

hypercholesterolemia as variables significantly associated with pneumonia. We 
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conducted several additional analyses to consider whether cardiac comorbid 

conditions (e.g. history of myocardial infarction, ejection fraction of < 50%), 

hypercholesterolemia, and pulmonary conditions (e.g. COPD) improved the fit 

of the model. However, models that included such cardiac and pulmonary 

comorbid conditions had substantially lowered the AUC (up to 0.69). Thus, the 

developed 6-factor risk model is, based on our data, seems to be the most 

accurate to predict preoperative the risk of developing PPCs, especially 

pneumonia, in patients undergoing CABG. 

What does the here presented model add to what is already known form 

the literature? Formerly Mitchell and colleagues 40 deducted a logistic model 

that included variables as preoperative sputum production in combination with 

postoperative nasogastric intubation, and longer anesthesia duration. The 

model resulted in 92% accuracy in predicting PPCs following general elective 

surgery. Carrel et al. 41, found that the frequency of abnormal preoperative lung 

function and smoking was significantly higher in patients developing 

postoperative pneumonia after cardiac surgery then in those who did not suffer 

from pneumonia. Bevelaqua et al. 42, concluded that (1) patients with severe 

lung impairment diagnosed before surgery generally do well after a cardiac 

operation but demonstrate more frequent PPCs than patients without this 

impairment, and (2) patients with restrictive pulmonary disease appear to 

recover faster than those with obstructive disease. All and all, pulmonary 

condition appears paramount in estimating the preoperative risk of PPCs in 

patients waiting for cardiac surgery. However, there is evidence that factors 

such as longer mean operation time, higher ASA class, and higher Goldman 

index (cardiac morbidity) are associated with a higher incidence of PPCs 37. In 

our study, on the other hand, duration of surgery, type of surgery (“on-pump 

versus off-pump”), duration of mechanical ventilation, number coronary 

bypasses, left ventricle function, history of myocardial infarction, were not 

statistical significantly different between the high and low pulmonary risk 
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group. Future studies on preoperative stratification of patients undergoing 

CABG may shed further light in these apparent controversies. 

 

Physical therapy to reduce incidence of PPCs 

Our strategy of selecting patients before surgery on the base of their risk of 

developing a PPC with help of the aforementioned 6-risk factors was 

successful. Stratification of patients in high and low pulmonary risk permits 

tailored intervention in line with their risk profile. But in this era intervention, 

for instance preoperative physical therapy warrants insight in its cost-

effectiveness. Before embarking on a proper randomized controlled trial to 

establish cost-effectiveness of such a remedy regarding PPCs, we first 

performed a pilot study (chapter 4) to evaluate the feasibility and effectiveness 

of inspiratory muscle training on inspiratory muscle strength in patients at 

increased risk of developing PPCs after CABG. Inspiratory muscle training for 

2 to 4 weeks before CABG seems feasible as it is well tolerated and appreciated 

by patients who are at high risk of developing PPCs. Moreover, inspiratory 

muscle training significantly improves inspiratory muscle strength (increase of 

36%) in the preoperative period and seems to prevent postoperative atelectasis. 

Effectiveness in this pilot study was evaluated in terms of the changes in 

inspiratory muscle strength and endurance, and secondary as the incidence of 

PPCs, atelectasis in this respect, and the length of postoperative hospitalization. 

The here observed increase in the inspiratory muscle strength after inspiratory 

muscle training is in line with the results of the study of Weiner 20, which 

involved patients at lower risk of developing PPCs, and with the results of 

studies involving healthy people 43. The 16% improvement in inspiratory 

muscle strength seen in the control group in our study suggests that the 

measurement technique when applied repeatedly also has an effect, which 

might be attributed to neuropsychological adaptations, in this case, patient’s 

anticipations and the respiratory muscles during the test manoeuvres 44. The 
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significantly lower incidence of atelectasis in the intervention group in this small 

pilot study with relatively low statistical power was quite unexpected to us, but 

demonstrates the potential effectiveness of inspiratory muscle training in 

reducing PPCs. It is possible that inspiratory muscle training shortens the stay 

in hospital as fewer patients develop atelectasis, which is often seen as a 

precondition of pneumonia 45 46. In this study, the stay in hospital was on 

average 2 days shorter in the intervention group, a difference that was clinically 

relevant but not statistically significant (p= 0.24) and thus may have been 

caused by chance. The results obtained in this pilot study, in terms of 

acceptance, and compliance, the lack of side effects, and effectiveness, warrant 

further study of the inspiratory muscle training programme in a larger 

randomized controlled trial.  

To our knowledge, the study described in chapter 5 is the first randomized 

controlled trial (RCT) of a preoperative prophylactic tailored physical therapy 

intervention in patients scheduled for elective CABG who are at high risk of 

developing PPCs. As hypothesized, preoperative physical therapy, including 

inspiratory muscle training (IMT) in high-risk patients significantly improved 

inspiratory muscle function. Moreover, in the group of patients receiving 

preoperative physical therapy the incidence of overall PPCs was reduced by 

50% and incidence of pneumonia was reduced by 60% compared to the group 

of patients receiving usual care. Accordingly, the total length of the 

postoperative hospitalization was significantly lower in the IMT group. In the 

patients at high risk of developing PPCs, IMT resulted in an improvement in 

inspiratory muscle strength (18%) and endurance (15%) without causing 

adverse effects. Furthermore, IMT also seems to promote postoperative 

recovery, since the duration of hospitalization was shorter in the 9 patients of 

the IMT group who developed a PPC than it was in the 22 patients in the usual 

care group who developed a PPC (11.8 ± 2.6 days versus 17.6 ± 17.1 days). 

In twenty-five patients allocated to the IMT group the training period was 

less than 2 weeks and 3 patients (12%) developed pneumonia. In these 3 
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patients physical therapy with IMT was carried out for a mean (± SD) of 5.6 ± 

1.1 days and this training period proved to be too short to have an effect on 

mean (SD) respiratory muscle strength and endurance. Pi-max increased from 

68.0 (47.2) cmH2O to 77.0 (48.7) cmH2O (p= 0.29) and Pm-peak/Pi-max increased 

from 40.7% (3.5%) to 50.4% (17.8%) (p= 0.38), respectively. More 

interestingly, the mean inspiratory muscle strength and endurance scores in 

these 3 patients did not significantly differ from those of the 22 patients 

allocated to the usual care group who also developed pneumonia (78.4 [29.7] 

cmH2O respectively 48.8% [14.8%]). All of these data pinpoint the importance 

of IMT in the preoperative regimen. 

Our RCT also provided further evidence for the dispute concerning ‘on-

pump and off-pump’ surgery, as post hoc subgroup analysis revealed that of 47 

patients operated ‘off-pump’, 24 who received IMT did not develop pneumonia 

whereas 5 of 23 patients (21.7%) who had received usual care did (χ2df1= 5.84; 

p= 0.016). Taken together, these results suggest that preoperative physical 

therapy with IMT has a prophylactic effect against PPCs in patients at high 

pulmonary risk scheduled to undergo CABG surgery. Importantly, IMT is well 

tolerated and appreciated by all patients and none adverse events were reported 

not in the pilot study and not in the RCT. 

The outcomes of our trial are in line with the results of Nomori, who 

showed that IMT before thoracic surgery may prevent PPCs 47. In a small, non-

randomized study, Rajendran et al. 48 investigated the role of preoperative short-

term pulmonary rehabilitation in patients with chronic obstructive pulmonary 

disease who undergo CABG surgery. The authors showed that preoperative 

short-term pulmonary rehabilitation in these patients improved pulmonary 

function, decreased the incidence of atelectasis, consolidation, and 

pneumothorax (as confirmed by chest roentgenogram), and decreased health 

care expenditure (as evidenced by shorter ventilation time and hospital stay). 

Castillo and Haas 49 concluded that the use of preoperative and postoperative 
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chest physical therapy strongly reduced the number of patients who developed 

atelectasis, but did not significantly affect the number of patients who 

developed respiratory complications due to infection. 

 

Rationale of the success of the physical therapy intervention 

Also, preoperative physical therapy before abdominal as well as open-heart 

surgery has been found to diminish postoperative radiological alterations, 

auscultation, blood gases, and length of hospital stay, and to improve quality of 

life 50-53. No single physical therapy intervention was found to be superior to 

others in preventing PPCs 27. It is well known that dysfunction of the 

respiratory muscles due to surgery may lead to a reduction in vital capacity, tidal 

volume, and total lung capacity 54. This may cause atelectasis in the basal lung 

segments and a decreased functional residual capacity, which affects the gas 

exchange properties of the lung by increasing the ventilation/perfusion 

mismatch 54. In addition, atelectasis may be a risk factor for pulmonary 

infections, which have significant morbidity and mortality in this patient 

population 54. In severe cases these consequences of impaired respiratory 

muscle function may thus lead to respiratory failure and death 54. It is also 

known that pneumonia is associated with the duration of mechanical 

ventilation 55. In our trial, the duration of mechanical ventilation was longer in 

the usual care group than in the preoperative physical therapy group. Because 

none of the other baseline and perioperative characteristics differed between 

the two groups, the difference in the duration of ventilatory support may be 

attributable to preoperative physical therapy with IMT. 

 

Generalization of the outcomes 

The generalizability of our findings may be restricted, as fairly all RCTs; 

also ours had several limitations. In everyday clinical practice, different physical 

therapists train and educate patients potentially eligible for IMT whereas in our 
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trial only one physical therapist did. Thus it is important to investigate the 

effects of IMT in a so-called naturalistic/pragmatic trial or in clinical practice 56. 

Also, during implementation Hawthorne effects will not be so prominent.  

 

Conclusion 

The traditional risk factors for cardiac surgery have been modified 

somewhat in the past few years related to two principal factors. First, 

myocardial protection and anaesthesia care have improved remarkably over the 

last 10 years such that cardiac death in the operating room is relatively 

uncommon. Despite operations in patients with many more cardiac risk factors, 

the maintenance of adequate postoperative cardiac output with low filling 

pressure is achievable in almost every patient 57. Second, patients are being 

operated on at an earlier time in the course of their disease because of excellent 

surgical results. This is particular true in valvular heart surgery and makes 

secondary risk factors much more important in the aetiology of poor outcome 
58. In adult cardiac surgery the high risk patient is elderly because of pre-existing 

organ damage (including pulmonary insufficiency), and atherosclerosis of the 

aorta 59. By 2040, 20% of the population will be 65 or older, thus increasing the 

group of patients in which poor outcome is more likely 59-63.  

 

In summary, this thesis demonstrates the possibility to stratify accurate 

patients preoperative with a high risk for developing PPCs, especially 

pneumonia. We found that preventive physical therapy, including IMT given to 

patients at high risk of PPCs before CABG, decreased the incidence of PPCs 

(e.g. atelectasis and pneumonia) significantly and shortened the duration of 

mechanical ventilation and postoperative hospitalization. Our program is safe 

and well tolerated. In the future, it is expected that more fragile patients will 

undergo CABG, and in these patients preoperative physical therapy, including 

IMT, may be needed to help reduce the incidence of PPCs. 

 135 



Chapter 7 

References 
 

 1.  Keenan TD, Abu-Omar Y, Taggert DP. Bypassing the pump: changing practices in coronary artery 
surgery. Chest. 2005;128:363-369. 

 2.  Henke PK. Improving quality of care in vascular surgery: the tools are available now. Am J Surg. 
2005;190:333-337. 

 3.  NG CS, Wan S, Yim AP, Arifi AA. Pulmonary dysfunction after cardiac surgery. Chest. 
2002;121:1269-1277. 

 4.  Montes FR, Maldonado JD, Paez S, Ariza F. Off-pump versus on-pump coronary artery bypass 
surgery and postoperative pulmonary dysfunction. J Cardiothorac Vasc Anesth. 2004;18:698-703. 

 5.  Craven DE, Barber TW, Steger KA, Montecalvo MA. Nosocomial pneumonia in the 1990s: update 
of epidemiology and risk factors. Semin Respir Infect. 1990;5:157-172. 

 6.  Scott BH, Seifert FC, Grimson R, Glass PS. Octogenarians undergoing coronary artery bypass graft 
surgery: resource utilization, postoperative mortality, and morbidity. J Cardiothorac Vasc Anesth. 
2005;19:583-588. 

 7.  Gross PA. Epidemiology of hospital-acquired pneumonia. Semin Respir Infect. 1987;2:2-7. 

 8.  Toumpoulis IK, Anagnostopoulos CE, Balaram SK et al. Assessment of independent predictors for 
long-term mortality between women and men after coronary artery bypass grafting: are women 
different from men? J Thorac Cardiovasc Surg. 2006;131:343-351. 

 9.  Kollef MH, Sharpless L, Vlasnik J, Pasque C, Murphy D, Fraser VJ. The impact of nosocomial 
infections on patient outcomes following cardiac surgery. Chest. 1997;112:666-675. 

 10.  Leu HS, Kaiser DL, Mori M, Woolson RF, Wenzel RP. Hospital-acquired pneumonia. Attributable 
mortality and morbidity. Am J Epidemiol. 1989;129:1258-1267. 

 11.  Taylor GJ, Mikell FL, Moses HW et al. Determinants of hospital charges for coronary artery bypass 
surgery: the economic consequences of postoperative complications. Am J Cardiol. 1990;65:309-313. 

 12.  Hall RE, Ash AS, Ghali WA, Moskowitz MA. Hospital cost of complications associated with 
coronary artery bypass graft surgery. Am J Cardiol. 1997;79:1680-1682. 

 13.  Meltzer MI. Introduction to health economics for physicians. Lancet. 2001;358:993-998. 

 14.  Pasquina P, Tramier MR, Walder B. Phrophylactic respiratory physiotherapy after cardiac surgery: 
systematic review. BMJ. 2003;1379-1385. 

 15.  Johnson D, Kelm C, Thomson D, Burbridge B, Mayers I. The effect of physical therapy on 
respiratory complications following cardiac valve surgery. Chest. 1996;109:638-644. 

 16.  Brasher PA, McClelland KH, Denehy L, Story I. Does removal of deep breathing exercises from a 
physiotherapy program including pre-operative education and early mobilisation after cardiac surgery 
alter patient outcomes? Aust J Physiother. 2003;49:165-173. 

 17.  Herbert RD, Maher CG, Moseley AM, Sherrington C. Effective physiotherapy. BMJ. 2001;323:788-
790. 

 18.  Carli F, Zavorsky GS. Optimizing functional exercise capacity in the elderly surgical population. Curr 
Opin Clin Nutr Care. 2005;8:23-32. 

 19.  Hadj A, Esmore D, Rowland M et al. Pre-operative Preparation for Cardiac Surgery Utilising a 
Combination of Metabolic, Physical and Mental Therapy. Heart Lung Circ. 2006;15:172-181. 

 20.  Weiner P, Zeidan F, Zamir D, Pelled B, Waizman J, Beckerman M. Prophylactic inspiratory muscle 
training in patients undergoing coronary artery bypass graft. Words J Surg. 1998;22:427-431. 

 21.  Weintraub WS, Jones EL, Craver J, Guyton R, Cohen C. Determinants of prolonged length of 
hospital stay after coronary bypass surgery. Circulation. 1989;80:276-284. 

 22.  Lazar HL, Fitzgerald C, Gross S, Heeren T, Aldea GS, Shemin RJ. Determinants of length of stay 
after coronary artery bypass graft surgery. Circulation. 1995;92:II20-II24. 

 136 



General Discussion 

 23.  Kingston HG, Hirshman CA. Perioperative management of the patient with asthma. Anesth Analg. 
1984;63:844-855. 

 24.  Jackson CV. Preoperative pulmonary evaluation. Arch Intern Med. 1988;148:2120-2127. 

 25.  Kirilloff LH, Owens GR, Rogers RM, Mazzocco MC. Does chest physical therapy work? Chest. 
1985;88:436-444. 

 26.  Marini JJ, Pierson DJ, Hudson LD. Acute lobar atelectasis: a prospective comparison of fiberoptic 
bronchoscopy and respiratory therapy. Am Rev Respir Dis. 1979;119:971-978. 

 27.  Stiller K, Munday R. Chest physiotherapy for the surgical patient. Br J Surg. 1992;79:745-749. 

 28.  O'Donohue WJ, Jr. Postoperative pulmonary complications. When are preventive and therapeutic 
measures necessary? Postgrad Med. 1992;91:167-5. 

 29.  O'Donohue WJ, Jr. Prevention and treatment of postoperative atelectasis. Can it and will it be 
adequately studied? Chest. 1985;87:1-2. 

 30.  Sutton P, Pavia D, Bateman J, Clarke S. Chest physiotherapy: a review. Eur J Respir Dis. 1982;63:188-
201. 

 31.  Brooks D, Crowe J, Kelsey CL, Lacey JB, Parsons J, Solway S. A clinical practice guideline on peri-
operative cardiorespiratory physical therapy. Physiotherapy Canada. 2001;53:9-25. 

 32.  Hannan EL, Wu C, Bennett EV et al. Risk stratification of in-hospital mortality for coronary artery 
bypass graft surgery. J Am Coll Cardiol. 2006;47:661-668. 

 33.  Wynne R, Botti M. Postoperative pulmonary dysfunction in adults after cardiac surgery with 
cardiopulmonary bypass: clinical significance and implications for practice. Am J Crit Care. 
2004;13:384-393. 

 34.  Wynne R. Variable definitions: implications for the prediction of pulmonary complications after 
adult cardiac surgery. Eur J Cardiovasc Nurs. 2004;3:43-52. 

 35.  Ferraris VA, Ferraris SP. Risk factors for postoperative morbidity. J Thorac Cardiovasc Surg. 
1996;111:731-738. 

 36.  Brooks-Brunn J. Postoperative atelectasis and pneumonia. Heart & Lung. 1995;24:94-115. 

 37.  Kroenke LTCK, Lawrence VA, Theroux MJF, Tuley MR. Operative risk in patients with severe 
obstructive pulmonary disease. Arch Intern Med. 1992;152:967-971. 

 38.  Garner JS, Jarvis WR, Emori TG, Horan TC, Hughes JM. CDC definitions for nosocomial 
infections, 1988. Am J Infect Control. 1988;16:128-140. 

 39.  Hulzebos HJ, Van Meeteren NLU, de Bie RA, Dagnelie PC, Helders PJM. Prediction of 
postoperative pulmonary complications on the basis of preoperative risk factors in patients who had 
undergone coronary artery bypass graft surgery. Phys Ther. 2003;83:8-16. 

 40.  Mitchell CK, Smoger SH, Pfeifer MP et al. Multivariate analysis of factors associated with 
postoperative pulmonary complications following general elective surgery. Arch Surg. 1998;133:194-
198. 

 41.  Carrel T, Schmid ER, von SL, Vogt M, Turina M. Preoperative assessment of the likelihood of 
infection of the lower respiratory tract after cardiac surgery. Thorac Cardiovasc Surg. 1991;39:85-88. 

 42.  Bevelaqua F, Garritan S, Haas F, Salazar-Schicchi J, Axen K, Reggiani JL. Complications after 
cardiac operations in patients with severe pulmonary impairment. Ann Thorac Surg. 1990;50:602-606. 

 43.  Sheel AW. Respiratory muscle training in healthy individuals. Sports Med. 2002;32:567-581. 

 44.  Eastwood PR, Hillman DR, Morton AR, Finucane KE. The effects of learning on the ventilatory 
responses to inspiratory threshold loading. Am J Respir Care Med. 1998;158:1190-1196. 

 45.  Siafakas NM, Mitrouska I, Bouros D, Georgopoulos D. Surgery and the respiratory muscles. Thorax. 
1999;54:458-465. 

 46.  Bergman NA, Tien YK. Contribution of the closure of pulmonary units to impaired oxygenation 
during anesthesia. Anesthesiology. 1983;59:395-401. 

 137 



Chapter 7 

 47.  Nomori H, Kobayashi R, Fuyuno G, Morinaga S, Yashima H. Preoperative respiratory muscle 
training:assessment in thoracic surgery patients with special reference to postoperative pulmonary 
complications. Chest. 1994;105:1782-1788. 

 48.  Rajendran AJ, Pandurangi UM, Murali R, Gomathi S, Vijayan VK, Cherian KM. Pre-operative short-
term pulmonary rehabilitation for patients of chronic obstructive pulmonary disease undergoing 
coronary artery bypass graft surgery. Indian Heart J. 1998;50:531-534. 

 49.  Castillo R, Haas A. Chest physical therapy: comparative efficacy of preoperative and postoperative in 
the elderly. Phys Med Rehabil. 1985;66:376-379. 

 50.  Olsen MF, Hahn I, Nordgren S, Lonroth H, Lundholm K. Randomized controlled trial of 
phrophylactic chest physiotherapy in major abdominal surgery. Br J Surg. 1997;84:1535-1538. 

 51.  Vraciu JK, Vraciu RA. Effectiveness of breathing exercise in preventing pulmonary complications 
following open heart surgery. Phys Ther. 1977;57:1367-1371. 

 52.  Arthur HM, Daniels C, McKelvie R, Hirsh J, Rush B. Effect of a preoperative intervention on 
preoperative and postoperative outcomes in low-risk patients awaiting elective coronary artery 
bypass graft surgery. A randomized, controlled trial. Ann Intern Med. 2000;133:253-262. 

 53.  Chumillas S, Ponce JL, Delgado F, Viciano V, Mateu M. Prevention of postoperative pulmonary 
complications through respiratory rehabilitation: A controlled clinical study. Arch Phys Med Rehabil. 
1998;79:5-9. 

 54.  Laghi F, Tobin MJ. Disorders of the respiratory muscles. Am J Respir Care Med. 2003;168:10-48. 

 55.  Yende S, Wunderink R. Causes of prolonged mechanical ventilation after coronary artery bypass 
surgery. Chest. 2002;122:245-252. 

 56.  Horn SD, DeJong G, Ryser DK, Veazie PJ, Teraoka J. Another look at observational studies in 
rehabilitation research: going beyond the holy grail of the randomized controlled trial. Arch Phys Med 
Rehabil. 2005;86:S8-S15. 

 57.  Edwards FH, Clark RE, Schwartz M. Coronary artery bypass grafting: the Society of Thoracic 
Surgeons National Database experience. Ann Thorac Surg. 1994;57:12-19. 

 58.  Jamieson WR, Edwards FH, Schwartz M, Bero JW, Clark RE, Grover FL. Risk stratification for 
cardiac valve replacement. National Cardiac Surgery Database. Database Committee of The Society 
of Thoracic Surgeons. Ann Thorac Surg. 1999;67:943-951. 

 59.  Hammon JW. Risk factors for cardiac surgery: the high-risk patient. Semin Cardiothorac Vasc Anesth. 
2004;8:15-17. 

 60.  Ferguson TB, Jr., Hammill BG, Peterson ED, DeLong ER, Grover FL. A decade of change--risk 
profiles and outcomes for isolated coronary artery bypass grafting procedures, 1990-1999: a report 
from the STS National Database Committee and the Duke Clinical Research Institute. Society of 
Thoracic Surgeons. Ann Thorac Surg. 2002;73:480-489. 

 61.  Mehta RH, Eagle KA, Coombs LP et al. Influence of age on outcomes in patients undergoing mitral 
valve replacement. Ann Thorac Surg. 2002;74:1459-1467. 

 62.  Gao D, Grunwald GK, Rumsfeld JS, Schooley L, MacKenzie T, Shroyer AL. Time-varying risk 
factors for long-term mortality after coronary artery bypass graft surgery. Ann Thorac Surg. 
2006;81:793-799. 

 63.  Mortasawi A, Arnrich B, Walter J, Frerichs I, Rosendahl U, Ennker J. Impact of age on the results of 
coronary artery bypass grafting. Asian Cardiovasc Thorac Ann. 2004;12:324-329. 

 138 





 



Summary 

Summary 

Cardiac surgery is one of the most common surgical procedures and 

accounts for more resources expended in cardiovascular medicine than any 

other single procedure 1. Because cardiac surgery involves sternal incision and 

cardiopulmonary bypass, patients usually have a restricted respiratory function 

in the postoperative period. Moreover, anesthesia and analgesia affect 

respiratory function during and after the surgical intervention 2-4, causing 

changes in lung volume, diaphragmatic dysfunction, respiratory muscle 

strength, pattern of ventilation, and gas exchange, and in the response to 

carbon dioxide and oxygen concentrations 5-10. As a consequence of these 

changes, patients undergoing cardiac surgery have an increased risk of 

postoperative pulmonary complications (PPCs), which lead to increased 

postoperative morbidity and mortality 11-14, increased use of medical resources, 

longer hospital stay, and increased health care costs 11 12 15.  

The incidence of PPCs varies between 20% and 95% in cardiac surgery 14, 

depending in part on the criteria used to define PPCs and on the diagnostic 

techniques used to document them 7 14 16. As a result of the generally high 

incidence of these complications (including mortality) and the high costs of 

hospitalization, efforts have been made during the last decade to identify those 

patients who have a higher chance of developing such complications, and to 

find ways to prevent their development 11 17. Considerable effort has been put 

into preventing and treating PPCs, but there is no consensus on the most 

appropriate or effective remedy. Controversy exists concerning the possible 

overuse and abuse of many of the therapeutic modalities commonly used for 

the prevention and treatment PPCs 18-20. 

 

Aim and Outline of this thesis 

A few experimental studies have demonstrated that preoperative physical 

therapy (e.g. pulmonary rehabilitation) in cardiac surgery has advantages over 
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postoperative physical therapy alone 21-24. The effects of these programs, 

however, in decreasing the incidence of PPCs and in identifying those patients 

who might derive the most benefit, i.e. all patients or only high-risk patients, has 

not been resolved. So, the aim of this thesis was to answer three questions:  

 

[1] Is preoperative physical therapy effective in preventing PPCs after 

cardiac surgery?  

[2] What type of preoperative physical therapy is effective in preventing 

PPCs after cardiac surgery?  

[3]  Which patients benefit the most from this intervention? 

 

In Chapter 2 a systematic review is described that was carried out to 

determine whether preoperative physical therapy has a prophylactic effect on 

PPCs in adult patients undergoing cardiac surgery. The Cochrane Central 

Register of Controlled Trials, Medline, Embase, Physical therapy Evidence 

Database (PEDro), and Cinahl were searched up to May 2006. All studies 

included in the review were randomized or clinical controlled trails that 

evaluated the effect of preoperative physical therapy on the incidence of PPCs 

in adult patients who had undergone elective cardiac surgery. Data were 

extracted by two independent reviewers on the basis of sample size, surgical 

procedure, patient characteristics, risk factors, type of intervention in the 

experimental and control groups, and type of outcome measure. The incidence 

of PPCs was measured on the ordinal scale developed by Kroenke 25, with 

scores ranging from 1 to 4. Pooled standardized effect sizes were calculated. 

Seven studies with a total of 922 patients were included. Methodological quality 

was estimated with help of the PEDro score-system (extremes 0 - 10). The 

methodological quality of the included studies was poor (PEDro score median: 

3; range 2 to 7). The three studies reporting data on atelectasis (a PPC grade 2) 

showed heterogeneity of effect sizes (χ2= 8.13, df2; p= 0.02), so the random 
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effects model was used to estimate the relative risk (RR). In the two studies 

reporting pneumonia (a PPC grade 3) there was no heterogeneity of effect sizes 

(χ2= 0.00, df1; p= 0.99), so the fixed effect model was used to estimate the 

relative risk (RR). There were no statistically significant differences between 

patients receiving preoperative physical therapy in the risk of developing 

atelectasis (RR= 0.09; 95% CI, 0.01 to 1.25; p= 0.07) and the risk of developing 

pneumonia (RR= 0.34; 95% CI, 0.08 to 1.33; p= 0.12) when compared to 

patients who did not receive preoperative physical therapy. This systematic 

review does not permit to draw conclusions about reducing the risk of PPCs 

grade 2 or 3 (e.g. atelectasis and pneumonia) after cardiac surgery with help of 

preoperative physical therapy. 

The aim of the study presented in Chapter 3 was to develop a model, 

based on preoperative factors, in order to stratify patients in cohorts with either 

high- or low-risk for PPCs to tailor intervention strategies accordingly and for 

the preplanned cost-effectiveness study later on in the project. Stratification 

would make it possible to offer high-risk patients tailored interventions. Adult 

patients (n= 117) who had undergone elective coronary artery bypass graft 

(CABG) surgery at the University Medical Center Utrecht, The Netherlands, 

were classified according to whether they had developed PPCs. Twelve 

preoperative risk factors mentioned in the current literature were assessed and a 

risk model was developed using logistic regression analysis. Preoperative risk 

factors for developing PPCs were age ≥ 70 years, productive cough, diabetes 

mellitus, and a positive smoking history. Protective factors against the 

development of PPCs were inspiratory vital capacity ≥ 75%predicted, and maximal 

expiratory mouth pressure ≥ 75%predicted. These risk and protective factors were 

included in the model (sensitivity= 87% and specificity= 56%). On the basis of 

the results of this study, we concluded that six factors (age ≥ 70 years, 

productive cough, diabetes mellitus, positive smoking history, vital capacity < 

75%predicted, and maximal expiratory mouth pressure < 75%predicted) that can 
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easily be scored before surgery, without a need for special testing or subjective 

physical judgment, provide an effective model for identifying patients at risk of 

developing PPCs after CABG surgery. 

The aim of the pilot study described in Chapter 4 was to determine the 

feasibility and effects of preoperative inspiratory muscle training (IMT) in 

patients at high risk of PPCs who were scheduled for CABG surgery. This 

study was a single-blind randomized controlled pilot study. Twenty-six patients 

at high risk of PPCs were selected. The intervention group (n= 14) received 2 

to 4 weeks of preoperative IMT on top of the usual care received by the 

patients in the control group. Primary outcome variables were the occurrence 

of adverse events, patient satisfaction and motivation for the six weekly IMT-

sessions (of which one under supervision of an experienced PT), as indicators 

of feasibility. Secondary outcome variables were PPCs and length of 

hospitalization. We concluded that the feasibility of IMT was good and no 

adverse events were observed. Treatment satisfaction and motivation, scored 

on 10-point scales, were 7.9 (± 0.7) and 8.2 (± 1.0), respectively. Postoperative 

atelectasis occurred in significantly fewer patients in the intervention group 

than in the control group (χ 2df1 = 3.85; p= 0.05). Length of hospitalization was 

7.9 (± 1.9) days in the intervention group and 9.9 (± 5.8) days in the control 

group (p= 0.24). This pilot study provided evidence that IMT for 2 to 4 weeks 

before CABG surgery is well tolerated by patients at risk of developing PPCs 

and prevents the occurrence of atelectasis in these patients. 

A randomized, single-blind controlled trial evaluated the prophylactic 

efficacy of preoperative physical therapy, including IMT, on the incidence of 

PPCs in high-risk patients scheduled for elective CABG (Chapter 5). Patients 

were recruited between July 2002 and August 2005. Of 655 patients referred for 

elective CABG, 299 met criteria for being at high risk of developing PPCs, of 

whom 279 were enrolled and followed up until discharge from hospital. 

Patients were randomly assigned to receive either preoperative physical therapy 
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(n= 140) or usual care (n= 139). Both groups received the same postoperative 

physical therapy program. The primary outcome was the incidence of PPCs, 

especially pneumonia, and the secondary outcome was the duration of 

postoperative hospitalization. The results of this study showed that both groups 

were comparable at baseline and that PPCs were present in 25 (18.0%) out of 

139 patients in the IMT group and in 48 (35.0%) out of 137 patients in the 

control group (OR= 0.52; 95% CI, 0.30 to 0.92). Pneumonia occurred in 9 

(6.5%) out of 139 patients in the IMT group and in 22 (16.1%) out of 137 

patients in the usual care group (OR= 0.40; 95% CI, 0.19 to 0.84). Median 

duration of postoperative hospitalization was 7 (range 5 – 41) days in the IMT 

group versus 8 (range 6 – 70) days in the usual care group (Mann-Whitney test; 

z= -2.42; p= 0.02). This randomized controlled trial provided evidence that 

preoperative physical therapy, including IMT, reduces the incidence of PPCs 

and the duration of postoperative hospitalization in patients at high risk of 

developing a pulmonary complication after undergoing CABG.  

The aim of the study described in Chapter 6 was to validate and simplify 

the developed preoperative risk model for PPCs described in Chapter 3. 

Prospectively collected data for 421 adult patients who had undergone elective 

CABG surgery were used to validate the preoperative risk model. The model 

assesses six risk factors (age ≥ 70 years, productive cough, diabetes mellitus, a 

positive smoking history, inspiratory vital capacity < 75%predicted, and maximal 

expiratory pressure < 75%predicted), with scores per individual patients ranging 

from -4 (minimum risk) to 10 points (maximum risk). Patients with a score of  

-4 to -2 were classified as being at low pulmonary risk and patients with a score 

of -1 to 10 points were classified as being at high pulmonary risk. The accuracy 

of the model was tested by comparing the expected and the observed incidence 

of pneumonia for each patient. The prospectively collected data were also used 

to develop a simple, accurate prognostic model for pneumonia. Of the 421 

patients, 227 (53.9%) were classified as being at high pulmonary risk, 24 
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(10.6%) of whom developed pneumonia, whereas only 4 of the 194 (2.1%) 

patients classified as being at low pulmonary risk developed pneumonia (OR= 

5.62; 95% CI, 1.91 to 16.48). The area under curve (AUC) of the receiver-

operating characteristics (ROC) curve was 0.84 and the model had a negative 

predictive value of 97.9%. Logistic regression analysis showed that the six-

factor preoperative risk model could be simplified to a three-factor risk model, 

containing preoperative productive coughing, diabetes mellitus, and decreased 

lung function, to distinguish between patients with a high risk of developing 

pneumonia and those with a low risk (AUC: 0.79; negative predictive value: 

99.2%). The results of this study showed that the easy-to-use six-factor risk 

model is accurate in identifying patients at low risk of developing PPCs. 

Simplification of the six-factor risk model to a three-factor risk model had a 

minimum impact on model accuracy. So, three easy-to-measure preoperative 

variables (productive cough, diabetes mellitus, and decreased lung function) can 

be used to help clinicians tailor preoperative and postoperative interventions 

according to a patient’s risk.  

In conclusion, the studies described in this thesis demonstrate that it is 

possible to stratify preoperatively, patients according to their risk of developing 

PPCs, especially pneumonia, after CABG surgery. We found that preventive 

physical therapy given to patients at high risk of PPCs before CABG surgery 

decreased the incidence of PPCs (e.g. atelectasis and pneumonia) significantly 

and shortened the duration of mechanical ventilation and postoperative 

hospitalization. Our program is safe and well tolerated and should be 

implemented in regular care for these patients as soon as possible. In the future, 

it is expected that more fragile patients will undergo CABG surgery, and in 

these patients preoperative physical therapy, including IMT, may be needed to 

help reduce the incidence of PPCs. 
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Samenvatting 

Samenvatting 

Binnen het domein van hart- en vaatziekten is een bypassoperatie de meest 

uitgevoerde chirurgische ingreep. Omdat bij een hartoperatie het borstbeen 

wordt doorgesneden en er meestal gebruik wordt gemaakt van een hart-

longmachine, hebben patiënten na de operatie tijdelijk een verminderde 

ademfunctie. Bovendien wordt de ademfunctie nadelig beïnvloed door de 

anesthesie en pijnstilling tijdens en na de operatie. Dit resulteert in een afname 

van de longfunctie, verminderd functioneren van de ademspieren, verandering 

van het adempatroon, verminderde gasuitwisseling en een verandering van de 

respons op kooldioxide- en zuurstofconcentraties. 

Bovengenoemde veranderingen hebben tot gevolg dat patiënten die een 

hartoperatie moeten ondergaan een groter risico lopen op het ontwikkelen van 

een luchtweginfectie. Patiënten die na een hartoperatie een luchtweginfectie 

ontwikkelen, liggen langer in het ziekenhuis, hebben meer medicijnen en 

onderzoeken nodig, wat weer tot gevolg heeft dat de kosten stijgen. Echter, het 

belangrijkste risico bij patiënten die een luchtweginfectie ontwikkelen (vooral 

een longontsteking), is de verhoogde kans om aan de gevolgen hiervan te 

overlijden. 

Bij hartoperaties varieert het optreden van een luchtweginfectie tussen de 

20% en 95%, afhankelijk van de gebruikte definitie en de technieken die 

worden gehanteerd om ze op te sporen. Door het hoge risico op 

luchtweginfecties (inclusief de kans om hieraan te overlijden) enerzijds en de 

hoge kosten die hiermee gepaard gaan anderzijds, zijn verschillende pogingen 

ondernomen om patiënten te identificeren die het gevoeligst zijn voor het 

ontwikkelen van een luchtweginfectie en zijn verschillende preventieve 

maatregelen onderzocht. 

Op dit moment bestaat er nog geen (internationale) consensus over de 

effectiefste strategie om luchtweginfecties te voorkomen en te behandelen. 

Bovendien bestaat er in de literatuur een controverse over het mogelijk te veel 
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gebruiken – of zelfs misbruiken – van therapeutische interventies ter preventie 

en behandeling van luchtweginfecties. 

 

Doel van dit proefschrift 

Vanuit de literatuur zijn er zeven studies bekend (zie hoofdstuk 2 van dit 

proefschrift) waarin gekeken is naar het effect van fysiotherapie gegeven 

voorafgaand aan een hartoperatie. Deze studies laten zien dat fysiotherapie 

voorafgaand aan een hartoperatie (pré-operatief) meer doet dan fysiotherapie 

die alleen wordt toegepast na de operatie (postoperatief). Of deze pré-

operatieve fysiotherapie programma’s het aantal luchtweginfecties kunnen 

verminderen is echter nog niet duidelijk. Bovendien is nog onduidelijk welke 

patiënten de meeste baat hebben bij deze pré-operatieve fysiotherapie. Doel 

van de studies beschreven in dit proefschrift is een antwoord te vinden op de 

volgende drie vragen: 

 

[1] Is pré-operatieve fysiotherapie bij patiënten die een hartoperatie 

moeten ondergaan effectief ter voorkoming van luchtweginfecties? 

[2]  Welke fysiotherapeutische behandeling is effectief?  

[3]  Welke patiënten hebben de meeste baat bij deze interventie? 

 

Hoofdstuk 2 beschrijft een systematisch literatuuronderzoek – volgens de 

methodiek van de Cochrane Collaboration – naar de vraag of pré-operatieve 

fysiotherapie luchtweginfecties kan voorkomen bij volwassen patiënten die een 

hartoperatie moeten ondergaan. Op de volgende elektronische databestanden is 

tot mei 2006 gezocht naar geschikte studies: Cochrane Central Register of 

Controlled Trials, Medline, Embase, Physical Therapy Evidence Database 

(PEDro), en Cinahl. Er is gezocht naar gerandomiseerde en gecontroleerde 

studies die het effect van pré-operatieve fysiotherapie op het voorkomen van 

luchtweginfecties hebben onderzocht bij volwassen patiënten die een 

hartoperatie moesten ondergaan. Twee onafhankelijke beoordelaars hebben 
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gegevens over het aantal patiënten, de patiënteigenschappen, het soort operatie, 

de risicofactoren, welke behandeling(en) voor en na de operatie werd(en) 

gegeven en de uitkomstmaat(en) verzameld. Uiteindelijk zijn zeven studies met 

in totaal 922 patiënten in dit onderzoek opgenomen. De methodologische 

kwaliteit van de geïncludeerde studies is gescoord met behulp van de PEDro-

scorelijst. Dit is een lijst bestaande uit tien onderdelen waarbij elk onderdeel dat 

aanwezig of beschreven is in een studie, gescoord wordt met een punt. Het 

aantal punten loopt dus van 0 (hele slechte methodologische kwaliteit) punten 

tot 10 (uitstekende methodologische kwaliteit) punten. De methodologische 

kwaliteit van de gevonden studies was erg laag (mediane PEDro-score van 3; 

range van 2 tot 7). Drie studies rapporteerden atelectase (samendrukken van de 

longblaasjes) als uitkomstmaat en twee studies rapporteerden longontsteking als 

uitkomstmaat. Er was geen (significante) vermindering in het voorkomen van 

atelectase en longontsteking bij de patiënten die zowel voor als na de operatie 

fysiotherapie hadden gehad in vergelijking met de patiënten die alleen na de 

operatie fysiotherapie hadden gehad. Op basis van dit literatuuronderzoek kan 

nog geen ‘harde’ uitspraak worden gedaan over de mogelijke positieve effecten 

van pré-operatieve fysiotherapie bij patiënten die een hartoperatie moeten 

ondergaan. 

 

In hoofdstuk 3 wordt een model gepresenteerd om ruim voor de 

hartoperatie te kunnen bepalen welke patiënten een verhoogd risico lopen op 

het ontwikkelen van een luchtweginfectie. Deze indeling maakt het mogelijk 

om al voor de operatie zorg op maat te kunnen bieden aan patiënten met een 

verhoogd risico op het ontwikkelen van een luchtweginfectie. In totaal hebben 

117 patiënten, die een bypassoperatie moesten ondergaan in het Universitair 

Medisch Centrum Utrecht, deelgenomen aan deze studie. Voor de operatie zijn 

baseline gegevens en risicofactoren van alle 117 patiënten vastgelegd en is door 

ziekenhuishygiënisten geregistreerd welke patiënten na de operatie een 
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luchtweginfectie hebben ontwikkeld. Aan de hand van de verzamelde gegevens 

is een model ontwikkeld met risicofactoren die gezamenlijk het beste in staat 

zijn om al voor de operatie te kunnen voorspellen welke patiënten na de 

operatie een luchtweginfectie ontwikkelen. De factoren die de kans op het 

ontwikkelen van een luchtweginfectie vergroten zijn: leeftijd boven de 70 jaar, 

productief hoesten, suikerziekte en/of roken. Een goede longinhoud en een 

goede kracht van de uitademspieren blijken een beschermend effect te hebben. 

Naar aanleiding van deze studie kan geconcludeerd worden dat leeftijd (> 70 

jaar), productief hoesten, roken, suikerziekte, verminderde longinhoud en 

afname van de ademspierkracht risicofactoren zijn voor het ontwikkelen van 

een luchtweginfectie na de operatie. 

 

Doel van de studie beschreven in hoofdstuk 4 is te kijken naar de 

mogelijkheid voor en geschiktheid van ademspiertraining, gegeven voor de 

hartoperatie, bij patiënten met een verhoogd risico op luchtweginfecties. De 26 

patiënten die mee hebben gedaan aan deze studie zijn willekeurig verdeeld over 

een trainingsgroep (14 personen) en een controlegroep (12 personen). De 

patiënten in de trainingsgroep hebben minimaal zes dagen van de week 

getraind, gedurende twee tot vier weken voor de operatie, afhankelijk van de 

operatieplanning. De controlegroep heeft de gebruikelijke pré-operatieve zorg 

gekregen in de vorm van informatie over de operatieprocedure en de zorg na 

de operatie. De belangrijkste uitkomstmaten waren het optreden van 

bijwerkingen en/of complicaties, patiënttevredenheid en motivatie voor de 

training. Ook de totale ligduur in het ziekenhuis is bij beide groepen vastgelegd. 

Naar aanleiding van deze studie kunnen we concluderen dat pré-operatieve 

ademspiertraining geschikt is voor patiënten met een verhoogd risico voor het 

ontwikkelen van een luchtweginfectie. Bovendien bleken patiënten erg tevreden 

en gemotiveerd om te trainen. Patiënten scoorden voor tevredenheid een 7,9 

op een tien-puntsschaal en voor motivatie een 8,2. Het aantal patiënten dat na 
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de operatie atelectase heeft ontwikkeld, was in de trainingsgroep duidelijk 

(significant) minder dan in de controlegroep. De totale ligduur in het ziekenhuis 

bedroeg gemiddeld 7,9 dagen voor patiënten uit de trainingsgroep en 9,9 dagen 

voor patiënten uit de controlegroep. Deze studie toont aan dat 

ademspiertraining, die twee tot vier weken voor de operatie wordt uitgevoerd, 

goed wordt verdragen en ontvangen door patiënten met een verhoogd risico 

voor luchtweginfecties en bovendien het optreden van atelectase duidelijk 

(significant) vermindert en de ligduur in het ziekenhuis lijkt te verkorten. 

 

Na dit onderzoek op bescheiden schaal is een grote gerandomiseerde en 

gecontroleerde studie uitgevoerd in het Universitair Medisch Centrum Utrecht 

om de effectiviteit van pré-operatieve fysiotherapie, waaronder 

ademspiertraining, bij patiënten met een verhoogd risico voor het ontwikkelen 

van luchtweginfecties te onderzoeken (zie hoofdstuk 5). In totaal hebben 655 

patiënten aan deze studie meegedaan waarvan er 299 voldeden aan de criteria 

voor hoog risico en er uiteindelijk 279 willekeurig zijn verdeeld over een 

trainingsgroep (139 patiënten) en een controlegroep (137 patiënten). Beide 

groepen hebben dezelfde postoperatieve zorg gekregen, alleen de patiënten in 

de trainingsgroep hebben voorafgaand aan de operatie fysiotherapie gekregen in 

de vorm van ademspiertraining, ademhalingsoefeningen en het aanleren van 

hoesttechnieken. De belangrijkste uitkomstmaten waren het aantal 

longontstekingen en de ligduur in het ziekenhuis. De resultaten van dit 

grootschalige onderzoek laten zien dat 9 (6,5%) van de 139 patiënten uit de 

trainingsgroep een longontsteking hebben ontwikkeld in vergelijking met 22 

(16,1%) van de 137 patiënten in de controle groep. Bovendien lagen de 

patiënten uit de trainingsgroep gemiddeld korter in het ziekenhuis. 

De studie die in hoofdstuk 5 wordt beschreven laat duidelijk zien dat pré-

operatieve fysiotherapie, bij patiënten met een verhoogd risico op het 

ontwikkelen van een longontsteking en die een hartoperatie moeten ondergaan, 

het aantal longontstekingen en het aantal ligdagen in het ziekenhuis duidelijk 
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(significant) kan verminderen. Bovendien zijn drie mensen in de niet-

fysiotherapie groep overleden aan de gevolgen van een longontsteking. 

 

Hoofdstuk 6 beschrijft het onderzoek naar de geldigheid (validiteit) van 

het risicomodel dat ontwikkeld is in hoofdstuk 3 en naar de vraag of het model 

gesimplificeerd kan worden. Hiervoor zijn gegevens gebruikt van 421 nieuwe 

patiënten die een hartoperatie moesten ondergaan. Het model uit hoofdstuk 3 

bestaat uit zes risicofactoren (leeftijd > 70 jaar, productief hoesten, suikerziekte, 

roken, verminderde longfunctie en ademspierkracht) voor het ontwikkelen van 

een luchtweginfectie waarbij elke patiënt een score krijgt die kan variëren van -4 

tot 10 punten. Patiënten met een score van -4 tot -2 werden als laag risico 

gekwalificeerd en patiënten met een score tussen -1 en 10 als hoog risico. De 

accuraatheid van het model is vervolgens getest door de verwachte hoeveelheid 

luchtweginfecties te vergelijken met de werkelijke hoeveelheid 

luchtweginfecties. Verder zijn de verzamelde gegevens gebruikt om te kijken of 

het zes-factoren-risicomodel eenvoudiger gemaakt kan worden zonder dat het 

aan voorspellingskracht verliest.  

Van de 421 patiënten werden er door het model 227 (53,9%) als hoog 

risico geclassificeerd voor het ontwikkelen van een luchtweginfectie waarvan er 

24 (10,6%) daadwerkelijk een longontsteking ontwikkelden. Slechts vier (2,1%) 

van de 192 patiënten die als laag risico geclassificeerd waren hebben een 

longontsteking ontwikkeld. Met statistische technieken is aangetoond dat het 

zes-factoren-risicomodel preoperatief voor 97,9% juist kan voorspellen welke 

patiënten geen luchtweginfectie ontwikkelen na de operatie. Het model is 

vereenvoudigd tot een drie-factoren-risicomodel, zonder veel aan 

voorspellingskracht te verliezen, met daarin productief hoesten, suikerziekte en 

verminderde longfunctie als risicofactoren. Met behulp van dit drie-factoren 

risicomodel kan gesteld worden dat patiënten die voor de operatie niet 

productief hoesten, geen suikerziekte hebben en een goede longfunctie, een 

kans van slechts 0,8% hebben op het ontwikkelen van een longontsteking na de 
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operatie. Aan de hand van dit drie-factoren-risicomodel kan dus al voor de 

operatie heel goed onderscheid gemaakt worden tussen hoog en laag risico 

patiënten voor het ontwikkelen van een luchtweginfectie. Dit model biedt 

daarom een uitgelezen mogelijkheid om ruim voor de hartoperatie zorg op 

maat te kunnen bieden, speciaal voor de groep hoog risico patiënten (zie 

hoofdstuk 4 en 5). 

 

Samenvattend kunnen we stellen dat de studies die in dit proefschrift zijn 

beschreven duidelijk laten zien dat [1] met behulp van het drie-factoren-

risicomodel, al voor de operatie, patiënten ingedeeld kunnen worden in laag en 

hoog risico voor het ontwikkelen van een luchtweginfectie, [2] dat pré-

operatieve fysiotherapie, gegeven aan patiënten met een hoog risico, de duur 

van de beademing, het aantal longontstekingen en het aantal ligdagen in het 

ziekenhuis duidelijk (significant) kan verlagen. Bovendien is het pré-operatieve 

fysiotherapieprogramma veilig en wordt het goed door patiënten verdragen. Dit 

alles leidt tot de conclusie dat het pré-operatieve fysiotherapie programma 

beschreven in dit proefschrift zo snel mogelijk geïmplementeerd moet worden 

in de reguliere zorg. Zeker gezien de verwachting dat steeds meer fysiek 

‘slechtere’ patiënten een hartoperatie moeten ondergaan. 
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Dankwoord 

Na in totaal 655 patiënten te hebben gemeten, 300 patiënten thuis te 

hebben getraind, zeshonderd euro lichter aan bekeuringen, 140.000 km gereden 

en drie keer verhuisd in het UMC ligt er nu het proefschrift van de PORT-

studie.  

Zoals iedereen weet is het dankwoord het meest gelezen onderdeel van een 

proefschrift en gaat iedereen op zoek naar zijn eigen naam. Maar voordat u gaat 

zoeken wil ik eerst alle patiënten en partners bedanken voor hun deelname aan 

de PORT-studie. Zonder jullie was dit proefschrift nooit tot stand gekomen. 

Jullie vertrouwen, inzet, gastvrijheid, cadeautjes en de vele brieven waren voor 

mij hartverwarmend. Jullie hebben deze studie voor mij tot een succes gemaakt 

en ik hoop dat de vele personen die nog een hartoperatie moeten ondergaan 

profiteren van de uitkomsten van dit proefschrift.  

Met onderstaande tekst wil ik mij dank aan alle personen kenbaar maken 

die een rol hebben gespeeld bij het tot stand komen van dit proefschrift.  

 

“Thank you” is one of those wonderful phrases, people use to express a special gratitude.  

But there is often a lot more to it, than those words can say.  

When it comes from the heart, from deep inside, the nicest feelings and the most special 

thoughts come free. 

“Thank you” means so much.  

It means: thank you for taking the time to show that you care, it means: “You really 

made my day” and sometimes it means that you really make all the days so much better. 

It means you make me feel so nice and wish I could do the same for you just by letting 

you know how much you mean to me. “Thank you” means you didn’t have to but I’m so 

grateful that you did. 

“Thank you” means that you’ve done something special that I’ll never forget.  

 

(Chris Gallatin)  
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Enkele personen wil ik hierbij persoonlijk danken voor hun inbreng. 

 

Op de allereerste plaats wil ik mijn ouders en schoonouders bedanken voor 

de onvoorwaardelijke steun, hulp en aanmoedigingen, maar ook relativerende 

‘support’ tijdens mijn lange studie loopbaan. Ik ben ontzettend blij en dankbaar 

voor de mogelijkheden die jullie mij geboden hebben om dit te kunnen doen en 

vind het een groot voorrecht dat jullie alle vier deze eindfase mee mogen 

maken. Pa, het was niet de bedoeling dat je alles wat ik in dit proefschrift 

beweer ook zelf moest ondergaan maar gelukkig bevestigde jij het succes van 

adequate pré-operatieve fysiotherapie.  

Pa en Ma Hulzebos & Pa en Ma Pit bedankt en fijn dat jullie er zijn. 

 

Prof. Dr. P.J.M. Helders, beste Paul,  

In 1995 heb je mij aangenomen als fysiotherapeut - projectmedewerker in het 

Universitair Medisch Centrum Utrecht. In ons eerste gesprek gaf je je visie over 

de contouren hoe de zorg bij patiënten die een hartoperatie moeten ondergaan 

eruit zou moeten zien. Deze visie heeft mede door jouw inbreng, sturing en 

steun geresulteerd in dit proefschrift. Ik dank je dat je mij de mogelijkheid hebt 

geboden en het vertrouwen hebt gegeven om de PORT-studie te maken tot wat 

het geworden is en dat ik nu deel mag uitmaken van je inspirerende team.  

 

Dr. N.L.U. van Meeteren, beste Nico,  

Ik dank je voor je steun en bovenal vriendschappelijke collegialiteit tijdens deze 

hectische fase in ons werkzame leven. Je nooit aflatende inzet en ‘drive’ voor 

het vak en de PORT-studie in het bijzonder hebben indruk op mij gemaakt. Op 

momenten waarop ik het ‘stuur’ even kwijt was jij er altijd. Mede door jouw 

enthousiasme en toewijding is het proefschrift een “fait accompli”. Een betere 

projectleider had ik niet kunnen wensen. 
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Prof. Dr. A. Brutel de la Riviere en Prof. Dr. J.J. Bredée,  

Ik dank jullie beiden voor de prettige samenwerking en mogelijkheid die ik van 

u beiden kreeg om binnen het domein van de cardio-chirurgie dit onderzoek te 

mogen uitvoeren. Met de uitkomsten van dit proefschrift kunnen we nu ook 

zorg dragen dat patiënten niet alleen beter het ziekenhuis verlaten maar ook 

beter het ziekenhuis inkomen. Professor Brutel, de voorwaarde dat de artikelen 

gemiddeld een impact factor van > 1 moeten hebben is gelukkig ruimschoots 

gehaald! 

 

Dr. A de Wijer, beste Anton,  

Maestro, jij hebt mij mede de noten aangereikt om dit muziekstuk te schrijven! 

Allereerst vind ik het fantastisch dat je mijn paranimf wilt zijn op deze 

bijzondere dag. Jij bent de persoon geweest die mij binnen het vakgebied de 

weg hebt gewezen. Je hebt me meegenomen in jouw enthousiasme en me 

gecoacht waar nodig. Ook heb jij er voor gezorgd en het mogelijk gemaakt dat 

ik een Universitaire studie kon beginnen aan de VU in Amsterdam. Jouw geloof 

in mij werd de kracht en inspiratie om te bereiken, waar ik nu sta. Voor je 

kennis en kunde in het vakgebied heb ik grote bewondering. Bovenal dank ik je 

voor je onvoorwaardelijke vriendschap! 

 

Stefan Buikema, beste Steef,  

Met jou kan ik niet alleen dingen in het leven breed uitmeten, maar ook in alle 

betrekkelijkheid het relativeren en reduceren tot het nulpunt. Wederzijdse 

waardering, begrip, humor met een lach en een traan en af en toe een vleugje 

ranzigheid typeert onze waardevolle intense vriendschap. Je luisterend oor en 

betrokkenheid tijdens mijn goede en slechte momenten in deze vakinhoudelijke 

‘roller-coaster’ hebben ervoor gezorgd dat ik de draad steeds weer ‘open-

minded’ kon oppakken. Wij hoeven elkaar niet te bedanken, je bent er 

“gewoon” als vanzelfsprekend. Big 4!!! 
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Renson, Michiel en Peter, 

Jullie vriendschap die tijdens de studie Fysiotherapie is ontstaan en vooral 

daarna is voor mij zeer waardevol. Ik dank jullie voor jullie aanwezigheid ook 

tijdens deze drukke levensfase en hoop dat we onze ‘survival’ avonturen weer 

snel gaan oppakken. 

 

Drs. H. Wesenhagen en drs. J. van Klarenbosch, beste Hans en Jan, 

Jullie waren mijn aanspreekpunt binnen de cardio-anesthesiologie. Jullie 

bereidheid, interesse en geduld om mee te denken en te werken aan de PORT-

studie waren voor mij zeer waardevol. Jan jouw inzet om toch maar steeds weer 

een goede kamer voor ons te regelen op de POS-poli heeft er voor gezorgd dat 

we voldoende mensen konden insluiten en ons nauw betrokken voelden bij de 

pré-operatieve screening.  

 

De beoordelingscommissie prof. dr. J. Haalboom, prof. dr. L.A. 

Herwerden, prof. dr. C. Kalkman, dr. J. van der Net met als voorzitter prof. dr. 

J-W Lammers wil ik bedanken voor het beoordelen van mijn manuscript en de 

positieve reacties die ik van jullie heb mogen ontvangen. 

 

Alle fysiotherapie collega’s van het AZU wil ik bedanken voor de 10 

plezierige jaren die ik bij jullie heb gewerkt. Ik wil de clusterleiders Rob, 

Mathijs, Ton en Marie-José bedanken voor jullie vertrouwen en mogelijkheden 

die ik kreeg om mij binnen het team verder te ontwikkelen. Roel jij hebt mij 

wegwijs gemaakt in het grote AZU mede dankzij je relativerende rust, 

bezinning en overwegingen werd ik gestimuleerd om ons handelen binnen het 

HLI verder wetenschappelijk te onderbouwen. Ria ik heb nog steeds goede 

herinneringen aan ons gezamenlijke hartrevalidatie programma’s, gezamenlijke 

lessen en de vele discussies die we gevoerd hebben. Margriet, veel woorden 

hadden we niet nodig om elkaar te begrijpen. Je persoonlijke betrokkenheid en 

begrip waren voor mij altijd voelbaar. Wytze, als kamergenoot hebben we veel 
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gedeeld. De vele gesprekken, onze ‘workouts’, muzikale interesse en de UMC 

estafettes blijven me bij. Bert, je brede interesse in het vak, je oprechtheid en 

natuurlijk een rustpunt in de hectiek van alle dag typeren jou. Jaco, je inzet, 

“hart voor de zaak” en positieve instelling maakten ‘ons’ cluster 3 compleet. 

 

De schapenvrienden onder aanvoering van opperstalmeester Henk wil ik 

danken voor de veelzijdige jaarlijkse agrarische uitjes en introductie binnen de 

Koninklijke familie. Ik hoop dat ik lid mag blijven van de club en dat er nog 

vele uitjes volgen? 

 

Het UMC-running team (Jos, Jan, Kees, Ad, Paul, Dennis) wil ik bedanken 

voor de afleiding bij de voorbereidingen op mijn eerste marathon in the Big 

Apple. Het is een onvergetelijke trip geworden en hoop dat er nog vele volgen. 

 

Collega’s WKZ (Patrick, Jan-Jaap, Raoul, Ron, Tim, Marco, Marja, Femke, 

Rian, Lianne, Carola, Annemiek, Sonja en Carla): ik bedank jullie voor jullie 

betrokkenheid en interesse tijdens de afrondende fase van dit proefschrift in dit 

niet pediatrisch domein. Jullie inzet voor het vak, wetenschappelijke attitude en 

bovenal inzet en werkplezier die jullie uitstralen vind ik grandioos en heel 

stimulerend. Ik vind het een voorrecht dat ik samen met jullie mag meewerken 

om de zorg rondom (chronisch) zieke kinderen verder vorm en inhoud te 

geven. 

 

Drs. J. Dronkers en drs. J. Prins, beste Jaap en Jan, 

Onze gezamenlijke treinreizen naar Maastricht, waar we aan de UM ons 

wetenschappelijk denken en handelen aangereikt hebben gekregen, is de basis 

geweest voor dit proefschrift. Jaap van jouw analytisch vermogen en kritische 

blik op het vak en daarbuiten heb ik veel geleerd. Ik zie uit naar de resultaten 

van je eigen promotie onderzoek. Als dit is afgerond moeten we onze afspraak 

toch maar een keer nakomen.  
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Jan jouw vakmanschap is ook in het onderwijs en binnen Fysiotherapie 

Wetenschappen niet ongemerkt gebleven. Helaas worden je keuzes nu door 

andere omstandigheden bepaald. De manier waarop je hiermee om gaat laten je 

persoonlijkheid zien. Iets waar ik veel bewondering voor heb. 

 

Leonieke Rammelt, 

Bedankt voor het maken van de prachtige omslag van dit proefschrift. Vanuit 

het donker naar het licht kijken geeft prachtig weer hoe patiënten zich voor en 

na de operatie voelden. 

 

Jan Verhoef, dr. Hugo Hoeksma, drs. Sandra Verhagen en Cees Casteleijn 

wil ik bedanken voor jullie collegialiteit, gastvrijheid en enthousiasme voor de 

PORT-studie. Jullie hebben het mogelijk gemaakt dat we de studie ook in het 

Antonius Ziekenhuis Nieuwegein konden starten en afmaken.  

Omdat het wetenschappelijke bewijs al werd aangetoond tijdens de 

tussentijdse analyse en we dit resultaat van de medisch ethische commissie 

‘wereldkundig’ moesten maken zijn de gegevens uit Nieuwegein nog niet 

meegenomen in de analyses. Deze gegevens tesamen en de vele andere 

gegevens die verzameld zijn kan een tweede proefschrift opleveren!  

 

Drs. N.J. Favié, beste Nine, 

Zonder jouw structurele inbreng in de PORT-studie was ik nu nog bezig 

geweest met het trainen van patiënten en de verzamelde gegevens in de 

computer te zetten. Dat ze in Rotterdam het gezegde “geen woorden maar 

daden” hebben bedacht is niet toevallig. Je nooit aflatende toewijding aan het 

project en de manier waarop je de zaken in het Antonius Ziekenhuis 

Nieuwegein hebt aangepakt heb ik zeer gewaardeerd. 
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Dr. FR. van Genderen, beste Frank, 

Aan de tekst in je eigen boekje “Nu jij nog” heb ik veel gehad en nu ligt er ook 

van mij een boekje. Je bent tijdens dit proces mijn kamergenoot geweest, mijn 

secretaresse, mijn routeplanner, mijn telefonische afleiding als ik met ‘de vlam 

in de pijp’ door Nederland aan het toeren was, mijn PC helpdesk, mijn ‘native 

speaker’, mijn vormgever. Kortom, zonder jou geen boekje van dit formaat. 

Frank je nooit aflatende hulp kan ik niet in woorden uitdrukken. 

 

Lieve Gea, 

More than words, “Jij bent mijn inspiratie”. 
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Curriculum Vitae 

De auteur van dit proefschrift werd geboren op 30 mei 1965 te Meppel. Hij 

volgde het middelbaar onderwijs in Meppel (HAVO aan de Christelijke 

Scholengemeenschap Dingstede en 5 VWO aan de Rijks Scholengemeenschap). 

Aansluitend heeft hij in 1987 het CIOS in Heerenveen afgerond (differentiaties: 

voetbal (Rimmert Zelle, Foppe de Haan en Hans Westerhof), sportmassage en 

verzorging, lichamelijk gehandicapten sport en Sport Technisch Kader). Tijdens 

deze studie werd de interesse in de medische kant van sport gewekt waardoor 

hij aansluitend de opleiding Fysiotherapie aan de Hogeschool Utrecht is gestart 

waar hij in 1991 Cum Laude afstudeerde, met als differentiaties 

sportfysiotherapie en craniomandibulaire dysfuncties. In 1991 kreeg hij een 

parttime baan als (sport)fysiotherapeut op het Academie Instituut voor 

Fysiotherapie in Utrecht (Directeur: Dr. A. de Wijer en Hoofd: B. Verwey, 

MBA) aangeboden waardoor hij in 1991 kon starten aan de Faculteit 

Bewegingswetenschappen van de Vrije Universiteit Amsterdam (Hoofdrichting 

Inspanningsfysiologie, nevenrichting Filosofie). Tijdens deze periode heeft hij 

ook zijn militaire dienstplicht moeten vervullen als fysiotherapeut op het 

Selectie en Keuringscentrum van de Koninklijke Landmacht. In 1995 werd de 

auteur in het Universitair Medisch Centrum Utrecht aangenomen als 

fysiotherapeut - projectmedewerker op het Hart-Long-Instituut binnen de 

toenmalige divisie Revalidatie- en Voedingswetenschappen. Tijdens deze 

periode is hij overgestapt van de Vrije Universiteit Amsterdam naar de 

Universiteit Maastricht, Faculteit Gezondheidswetenschappen, waar hij in 1998 

het doctoraat Bewegingswetenschappen heeft afgerond. Een projectvoorstel, 

getiteld: “De (kosten) effectiviteit van preoperatief uitgevoerde fysiotherapie bij 

patiënten die een hartoperatie moeten ondergaan” geschreven in 2000 in het 

kader van de opleiding tot Epidemioloog A is door ZonMw (project nr. 

1310.0004) gehonoreerd waardoor in 2001 gestart kon worden met dit 
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promotietraject (de PORT-studie) onder leiding van Prof. dr. PJM Helders en 

Prof. dr A. Brutel de la Rivière met als projectleider dr. NLU van Meeteren. 

De auteur is sinds januari 2006 werkzaam als inspanningsfysioloog en 

fysiotherapeut in het Wilhelmina Kinderziekenhuis, afdeling Kinder-

fysiotherapie en Klinische Inspanningsfysiologie van het UMC Utrecht. 

Erik is getrouwd met Gea en samen hebben zij drie kinderen: Spier, Patou 

en Soleil. 
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