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Abstract 

Due to the high survival rate, functional outcomes in patients with a congenital heart defect 

(CHD) have gained more and more attention in recent years. The physical and mental 

constitution of young, and old patients is of great interest. Especially in coping with every-

day life, patients need to have sufficient functional capacity. 

Exercise performance is one of the strongest predictors of morbidity and mortality in CHD 

patients and is often impaired. In addition, lung function, an additional functional outcome, 

which is one of the decisive factors for good exercise capacity, frequently occurs reduced 

in patients with various CHD. This is significantly related to the underlying heart defect, but 

also to the patients’ lifestyles and generally the current times and therefore also the surgical 

decade and treatment concepts used for the patient. There are only few studies that have 

investigated the lung function of CHD patients by means of a "large lung function test" 

(body plethysmography). Both, the time required and the cost-benefit ratio, play a role 

here.  

This study aimed to investigate most lung parameters in a large cohort of CHD patients. 

The results were divided by children and adults and separated regarding respective heart 

defect categories. 

The data show that many patients with congenital heart defects have worse results of lung 

volumes and function. There is no significant difference in frequency between children and 

adults.  

Most patients who have reduced volumes have small lungs (restriction). Here the data show 

a correlation with surgery; only a few patients have obstruction in lung function.  

Nevertheless, more than one third of all patients have abnormal results in spirometry and 

body plethysmography. Even though the latter revealed that a significant proportion (22 

out of 52 initially defined as preserved ratio impaired spirometry) had abnormal lung func-

tion, but the reason could not be specified due to lack of tests. These patients show a non-

specific pattern. 

Additionally, patients with a surgical intervention are more likely to have noteworthy results. 

Since lung function is (also) related to performance - and because of this and to improve 

the quality of life of patients with CHD, it is necessary and recommended that a regular 

lung function test is performed. Changes in the results should lead to further testing and 

training - thus guaranteeing lifelong monitoring and support for the patient. 
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1 Introduction 

During the last decades, medical, interventional, and surgical treatment in patients with a 

congenital heart defect (CHD) progressed dramatically, leading to a nowadays significantly 

improved survival [1-3]. As “staying alive” became self-evident, “staying healthy” became 

the focus of research in this cohort. However, studies have shown that especially in patients 

over the age of 40, co-morbidities are common [4-6] and it can be expected that this will 

even increase during the next decades. Next to different organic damages in specific sub-

groups (e.g. liver disease in Fontan patients [5] or nephrological issues in cyanotic patients), 

further functional impairments occur in this cohort. Functional outcomes including exercise 

capacity, but also lung function and volumes, can give a first hint on late-onset morbidities, 

mortality, and there is a correlation with the quality of life [7-9]: CHD patients show reduced 

lung volumes [10-12], a lack of exercise capacity [13-16], and also health-related physical 

fitness or quality of life is often reduced or at least affected [13-15,17]. These results also 

depend on the decade of birth (progress in surgery, primary, secondary, and tertiary care) 

and the patient’s current age. 

One main aspect of research during the last few years was mainly patients’ quality of life, 

[13,15,17-20] next to trainability (physically and mentally) [21-26], and further lifestyle 

changes [27]. These research questions have been investigated extensively, also in CHD 

patients. 

However, the lungs as the closest organ to the heart were mostly left aside – though it is 

well known that CHD patients’ lung volumes are often reduced [10,28-30]. 

Prospective studies are rare over a wide range of CHDs [31]. Therefore, this project aims 

to prospectively evaluate lung volumes and function in children and adults with a CHD and 

compare the results in sub-groups to state a trend in expectations. Further, it is ensured 

that any suspicious result was examined by a lung specialist. 
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2 Medical Background 

In the center of the thorax, the heart and the lungs form an inseparable unit, the basis for 

the functions of all other organs in the body (Figure 1). If either of the organs has developed 

an anomaly, the other may suffer from this – less space, worse function, or probable dam-

age from the other one (Figure 2). 

Figure 1: Cardiopulmonary system: positional relationship [32] 

[33] 

Figure 2: X-ray image in a patient with congenital heart defect and a healthy one 

left: X-ray image of a normal heart-thoracic-lung arrangement [33]; right: example of an X-ray from an Eb-

stein’s anomaly (own data) 
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2.1 Normal heart and normal lungs 

A normal heart consists of four chambers, two great arteries, pulmonary veins, and the 

vena cava (Figure 3). The blood circulation works as follows: 

Spent, deoxygenated blood from the body flows via the inferior and superior vena cava into 

the right atrium; from there via the tricuspid valve into the right ventricle and via the pul-

monary valve into the lungs. Here the blood is enriched with oxygen (ventilation see chapter 

2.2) and reaches the left atrium via the pulmonary veins. It enters the left ventricle via the 

mitral valve, where it then leaves the heart via the aorta and supplies the body with oxygen. 

After the oxygen has been "consumed", the circulation starts all over again. [34,35] 

Figure 3: Normal heart with chambers, arteries, veins and valves [36] 

The respiratory system consists of all airways between outside air and alveoli. The different 

parts are, from the upper part to lower part, the nasal cavity where the air is warmed and 

moistened and cilia trap the smallest foreign bodies; followed by the larynx that closes the 

access to the intrathoracic airways during swallowing via glottis, and the trachea. The lower 

airways consist of the lungs including bronchiole and alveoli (Figure 4). [37] 

It seems to be obvious that if one part does not work properly, the whole system might be 

affected. 
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Figure 4: Respiratory system [38] 

2.2 Cardiopulmonary interaction under physiologic conditions 

Ventilation affects human’s hemodynamic which is affected by the heart (Figure 5). 

Figure 5: Blood circulation in cardiopulmonary interaction 

Picture taken from: https://u.osu.edu/smoot.43/pathophysiology-of-pulmonary-embolism/ [39] 

Blue: deoxygenated blood, red: oxygenated blood 
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Pinsky defines ventilation as follows: 

“1) Spontaneous ventilation is exercise; 2) changes in lung volume alter autonomic 

tone and pulmonary vascular resistance and can compress the heart in the cardiac 
fossa; and 3) spontaneous inspiratory efforts decrease intrathoracic pressure, in-

creasing venous return and impeding left ventricular ejection, whereas positive-pres-

sure ventilation decreases venous return and unloads left ventricular ejection.” [40] 

With spontaneous inspiration, the intrathoracic pressure decreases [40]. Furthermore the 

heart rate increases with inspiration [41]. In some trained patients or children, breathing is 

even visible in the electrocardiogram. It is called respiratory arrhythmia [42] and shows a 

well-adapted heart and autonomic function concerning changes in breathing. 

However, changes in intrathoracic pressure affect the heart in both – venous return and 

systemic outflow due to changes in pressure in the arteries and veins [40]. Any imbalance 

within this system may affect the other organ. 

Since shortness of breath is a common complaint, especially in elderly patients, the heart 

should always be part of the medical examination when somebody has issues breathing. 

Moreover, chest pain is another reason for patients to get a consult [43]. In both cases the 

leading question is – are the complaints refer to their heart or their lungs? 

As mentioned, if the heart does not work properly, this may have an impact on the lungs. 

For example, in heart failure patients’ blood can no longer be sufficiently transported into 

the body, so. Therefore, it congests in the lung veins. Consequently, the lung capillaries are 

affected, blood flows from those to the alveoli and finally the gas exchange, that is oxygen 

uptake and carbon dioxide emission, decreases. The patient seems to get less air, although 

they have an increased respiratory rate -  and contrary to what symptoms like shortness of 

breath might indicate, it is actually heart failure that is responsible for this [43]. 
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2.3 Congenital heart defects 

Congenital heart defects (CHD) are the most common congenital defect in newborns with 

a prevalence of about 1% in infants [44,45]. Many patients reach adulthood due to recent 

medical advances [4-6,46]. However, a higher survival rate also leads to increased comor-

bidities in these patient group. Furthermore, side effects or late impacts of the defect arise 

more often. Already in children, deficits in several functional outcomes are present [13-

15,18,47]. Therefore, it is important to assess more than “only the heart” during routine 

follow up. Some patients with CHD seem to be more affected concerning their lungs com-

pared to others. Especially in those with a right heart obstruction (e.g. tetralogy of Fallot or 

pulmonary atresia), decreased lung volumes and impaired lung functions are expected [31]. 

Table 1 gives an overview of CHD that were investigated in this study. 

However, up to now, no large study including a various range of CHD was performed to 

prove this with both, spirometry, and body plethysmography.  
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Table 1: Overview of congenital heart defect with descriptions 

Classification Underlying heart defect Description [46,48] 

Left heart ob-

struction 

Aortic stenosis 
o Stenosis: bicuspid aortic valve; left ventricular outflow tract obstruction; forms: valvular, subval-

vular, supravalvular. 

* 

Coarctation of the Aorta 

o Organic stenosis at the physiological constriction between the subclavian artery and the aortic

orifice, based on ductal tissue surrounding the aortic wall in a pincer-like manner. 

o Part of a generalized arteriopathy and not just a circumscritical narrowing of the aorta.
* 

Right heart 

obstruction 

Truncus arteriosus communis 

o Aorta and truncus pulmonalis are not completely separated during fetal development, both ar-

teries originate together from the heart, often ventricular septal defect. 

o Categorized under “right heart obstruction”, because patients show these typical conditions af-

ter primary surgical repair, using an implanted right ventricle outflow conduit. * 

Tetralogy of Fallot 

o Displacement of the infundibulum septum to the right, anterocephalically.

o Obstruction of the right ventricular outflow tract.

o Large, subaortic, "malalignment" ventricular septal defect.

o Aorta riding over the ventricular septal defect (>50%).

o Right ventricle hypertrophy (consecutive).
* 

Pulmonary valve stenosis 
o Stenosis of pulmonary artery.

o Forms: subvalvular, valvular, supravalvular, peripheral.

*
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Ebstein’s 

anomaly 

Grade of severity depends 

on grade of tricuspid regurgi-

tation 

o One or more leaflets of the tricuspid valve malformed; displacement determines the severity.

o Tricuspid valve regurgitation, dysfunction of the left ventricle, mitral valve abnormalities, an in-

teratrial connection (patent foramen ovale or atrial septal defect) 

o Threatening arrhythmias are common; cardiomyopathy component * 

Isolated shunt 

Atrial septal defect type II 

(as example) 

o Ostium secundum defect: in the region of the oval fossa.

o Atrial septal defect type I; partial atrial-valve septal defect: Immediately cranial to the atrioven-

tricular valve plane. Atrioventricular septal portions are absent and there is abnormal atrioven-

tricular valve anatomy. 

o Sinus venosus defect: Outside the fossa ovalis, in each case at the junction of the superior or

inferior vena cava with the atrium (cranial in the superior type, caudal in the inferior type). 

* 

Perimembranous ventricular 

septal defect 

o Small to medium-sized ventricular septal defects have a volume load to the pulmonary circula-

tion, left atrium, and left ventricle. 

o Large defects result in an additional pressure volume load for the right ventricle and pulmonary

circulation. * 

Complete atrioventricular 

septal defect 

o Deep-seated atrial septal defect Type I, inlet ventricular septal defect.

o Gap formation in the anterior left-sided- and septal right-sided AV valve leaflets.

o All four cardiac cavities are in communication with each other.

o Atrioventricular valves are at the same level and form a common atrial-valvular valve orifice

from four to seven leaflet parts. 

o Unbalanced atrioventricular septal defect: "left or right dominance," when the common valve is

predominantly assigned to one ventricle and the other is hypotrophic, otherwise balanced 

(equilibrated) type. 

* 

Patent ductus arteriosus 

o Vascular connection between aorta and left pulmonary artery.

o Essential for fetal circulation (ductus arteriosus botalli).

o Persistent ductus arteriosus botalli if, after birth, the connection stays un-occluded > 3 months.
*

8
 



Patent foramen ovale 

o Foramen ovale is a valve-like connection between the two atria.

o Essential to stay open in fetal circulation, closes after birth and adheres during life.

o Patent foramen ovale is a lack of adherence, causing reopening and right to left shunt in certain

conditions like Valsalva maneuver or right heart failure. * 

Transposition 

of the great 

arteries 

D-transposition of the great 

arteries 

o Aorta arises from the morphologically right ventricle.

o Pulmonary artery arises from the morphologically left ventricle (ventriculo-arterial discordance).

o Aorta ascends ventrally and/or to the right of the pulmonary artery.

o Great vessels run parallel without crossing each other ("D- Transposition of the great arteries"). * 

D-transposition of the great 

arteries after atrial redirec-

tion (Mustard procedure; 

Senning procedure – autolo-

gous material) 

o Right atrium excision of the atrial septum down to a narrow groin fixation of a reverse patch

(baffle) of pericardium, Dacron, or Gore-Tex. 

o Patch dilatation of the pulmonary vein atrium frequently.

o Systemic venous blood → newly created systemic venous atrium → mitral valve → morphologi-

cal left ventricle → pulmonary artery. 

o Pulmonary venous blood → dorsal and lateral to the systemic venous tunnel → tricuspid valve

→ morphologic right ventricle → Aorta. 

* 

D-transposition of the great 

arteries after arterial switch 

operation (Jatene procedure) 

o Ventrally located aorta positioned peripheral to the coronary artery ostia and the dorsally lo-

cated pulmonary artery at the same level. 

o Excision of the coronary arteries.

o Relocation of the ascending aorta behind the pulmonary artery.

o Connection with the stump of the coronary artery carrying pulmonary artery.

o Reconstruction of the former aortic stump connection with the pulmonary artery ventral to the

"neoaorta". 

* 

Congenitally corrected trans-

position of the great arteries 

o Atrioventricular discordance.

o Transposition of the great vessels (ventriculoarterial discordance).

o Atrioventricular valves, coronary arteries, and conduction system are inverted.
*

9
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Fontan circu-

lation 

Fontan-Lins/Kreutzer o Right atrium to pulmonary arteria connection for various types of univentricular hearts.

* 

Fontan-Björk o Connection between right atrium and right ventricle for some types of tricuspid atresia.
no picture 

available 

Total cavopulmonary 

connection 
o With lateral tunnel for hypoplastic left heart syndrome (current surgical palliation).

* 

Cyanosis 

Example: pulmonary atresia 

with intact ventricular sep-

tum with hypoplastic right 

ventricle and cyanosis 

o Oxygen saturation at rest is below 90%.

o Includes Eisenmenger patients or failing palliation or failing of the repair.

* 

*Illustrations are taken from http://www.chd-diagrams.com. Illustrations are licensed under Creative Commons Attribution-Non-Commercial-No Derivatives 4.0 International

License by the New Media Center of the University of Basel 

1
0
 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.4 Lung volumes and function 

The amounts of air that can be mobilized by the lungs are referred to as volumes [49]. 

They  can be measured by a lung volume test using a flow-volume-curve and additional by 

a body plethysmography that precisely measures all volumes (due to Boyle and Gay-Lussac 

combined gas law [50,51]). This makes up part of a lung’s function. But the term lung 

function usually refers to how the human utilizes the air which takes place in the bronchioles 

and alveoli (diffusion and perfusion) [49]. However, to simplify reading, the term lung func-

tion and lung volumes are used equally. 

A spirometry (lung volume test) can quantify the forced vital capacity (FVC), forced expir-

atory volume in one second (FEV1), and related flow-volumes such as forced expiratory 

flow (FEF25-FEF75, as a first hint on pulmonary suspiciousness). A body plethysmography 

measures further volumes such as total lung capacity (TLC), residual volume (RV) or func-

tional residual capacity (FRC). All volumes are important to exclude possible impairments 

or diseases from differential diagnosis. 

Potential correlation with a heart defect 

Different studies have already shown that patients with CHD are more likely to show re-

duced lung volumes, represented in impaired results in FVC and FEV1 but normal ratio in 

spirometry [11,29,30,52]. Also, a recently published systematic review by Hock et al. 

showed, that overall, about one third to half of all patients’ lung function volumes are re-

duced [31]. However, reasons for these results are mainly unknown – and will presumably 

also be difficult to justify in the future due to the complexity of the subject. 
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3 Material and Methods 

The study was conducted in accordance with the Declaration of Helsinki and was approved 

by the local ethical board of the Technical University of Munich (project number: 110/19 S). 

It was retrospectively registered at the Deutsches Register für klinische Studien 

(DRKS00021120). Its design is a cross-sectional study with retro- and prospective details. 

All patients (or parents in case of children) were informed and signed a consent form in 

advance of participating (cf. Appendix). Next to data from lung function tests, medical rec-

ords were included to evaluate the patients’ medical background (e.g. surgery, co-morbidity 

etc.). 

Julia Hock was responsible for testing and calculations. She performed about 55% of all 

measurements, taught colleagues, supervised other technicians, and entered the data into 

the database. Eventually, she conducted all statistical analyses in this thesis. 

3.1 Aim of the study 

The leading question of this study is: “What about lung volumes and ventilatory disorders 

in patients with congenital heart defect?” The research aims to investigate a large cohort 

of patients with different kinds of congenital heart defects. 
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3.2 Lung function tests 

All tests were performed with the body plethysmography BPd-HP (Figure 6) including lung 

function laboratory HDpft 2000 and were assessed with the software KoKo Px v7. Measured 

parameters are given in Figure 7 and Table 2. All tests were performed following the latest 

ATS and ERS guidelines [53-56]. 

Figure 6: Body plethysmograph (KoKo) that was used for the study 

Figure 7: Static and dynamic lung function parameters and expiratory flows (modified 
from Criée et al., Figure 1 [57]) 

L: litre, BTPS: body temperature and pressure saturated, IRV: inspiratory reserve volume, VT: tidal volume, 

ERV: expiratory reserve volume, TLC: total lung capacity, IVC: inspiratory volume capacity, RV: residual vol-

ume, FEV1: forced expiratory volume in 1 second, FVC: forced expiratory volume, s: second, PEF: peak expir-

atory flow, FEF: forced expiratory flow 
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Table 2: Volumes that can be measured by lung function tests [50,51,56,58,59] 

Test Parameter Meaning/calculation 

Spirometry 

FVC forced vital capacity 

FEV1 forced expiratory volume in 1 second 

FEF25-75 forced (mean) expiratory flow (related to the percentage of 

exhaled FVC) 

IC inspiratory capacity 

IVC inspiratory vital capacity 

ERV expiratory reserve volume 

VT breathing volume 

Body plethysmography 

FRC functional residual capacity 

VTG  volume of thoracic gas 

TLC total lung capacity 

RV residual volume 

During the data collection, the machine had to be re-calibrated three times. All tests were 

re-performed after each calibration by the same expert to decrease the risk of calibration 

bias. 

Spirometry 

A spirometry is a test that mainly assesses the forced vital capacity (FVC) and the forced 

expiratory volume in one second (FEV1). Each patient underwent the examination at least 

three times. Afterward, according to ATS [54,55], the test with the best result (sum of FEV1 

and FVC) was used for study investigation. As reference values, the latest Global Lung 

Initiative references were used (GLI-2021) [56,58]. 

Strategy for analyses were performed as suggested in Stanojevic et al. (Figure 8). 

Figure 9 shows a normal spirometry. 

 

Figure 8: Examination strategy in spirometry for retrospective analyses (modified from 
Stanojevic et al., Figure 8 [56]) 

FEV1: forced expiratory volume in one second, FVC: forced vital capacity 
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Figure 9: Normal flow–volume (left) and volume–time display in spirometry (right) from 
the software 

L: litre, s: second, FEF: forced expiratory flow, Trig.: trigger, FEV1: forced expiratory flow in one second, EV: 

extrapolated volume, EOT: end of test, TET: total expiratory time 

Results with a z-score < -1.645 in FVC, a z-score < -1.645 in FEV1 and normal FEV1/FVC 

were classified as preserved ratio impaired spirometry (PRISm [56,60], Figure 10). In 

PRISm pattern, the graphical lower limits of normal (LLN, equivalent to z-score of -1.645), 

represented as a horizontal line for the volume and vertical line for the speed, are not 

reached (Figure 10). 

Patients can show normal values in FVC, but since they have difficulties in exhaling volume, 

their FEV1 is reduced with preserved ratio. These results are determined as “undefined 

pattern” since no definition is provided. 

Figure 10: Preserved ratio impaired spirometry (PRISm) 

PRISm: the flow is quick, but the reference values are not reached (FEV1/FVC normal, FVC and FEV1 z-score 

< -1.645), L: litre, s: second, FEF: forced expiratory flow, Trig.: trigger, FEV1: forced expiratory flow in 1 sec-

ond, EV: extrapolated volume, EOT: end of test, TET: total expiratory time 
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In an obstructive pattern the ratio of FEV1/FVC is below the LLN (Figure 11, right: FEV1 

not reached and less steep). 

 

Figure 11: Obstructive pattern in spirometry 

Obstructive: the flow is significantly reduced (FEV1/FVC < -1.645), L: litre, s: second, FEF: forced expiratory 

flow, Trig.: trigger, FEV1: forced expiratory flow in 1 second, EV: extrapolated volume, EOT: end of test, TET: 

total expiratory time 

As suggested in the examination strategy, if a suspicious flow-volume-curve is seen, a body 

plethysmography should be performed to find out, whether there is another lung function 

problem. These examination results should always be examined more closely to detect pos-

sible (non-)reversible lung diseases and, if necessary, to treat them. However, in this study 

each patient underwent a body plethysmography afterwards, anyway. 

Body plethysmography 

After a valid spirometry test, all patients performed a body plethysmography test, following 

the current operator’s manual [61] from KoKo GmbH® (former nSpire health GmbH®; 

KoKo Px v7 Operator’s Manual): First the patient takes a breath and then reestablishes tidal 

breathing at the functional residual capacity position. Afterwards, the shutter closes, and 

the patient breathes three times with a frequency of 30-60 breathes per minute. After re-

opening, the patient first breathes normally and then breathes (slowly) to maximum point 

of inspiration followed by maximum point of expiration. After that the patient breathes 

normal and finally the collection of the airway resistance data is performed with a breathing 

frequency of 90-120 breathes per minute. If the volume of thoracic gas (VTG) maneuver is 

improperly performed it can be reinitiated. Total lung capacity was calculated with the ex-

piratory vital capacity method: average functional residual capacity (FRC) + average inspir-

atory capacity (IC), what is equal to residual volume (RV) + maximum ventilatory capacity 

(VC). 
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The test execution has the same purpose, but the method of execution differs a bit from 

other machines used in Western Europe. Before the statistical analysis, however, all tests 

had to be re-examined, since in some cases incorrect measurements were made in the 

event of technical problems. That led to a significant reduction of subjects included (Figure 

14). 

Figure 12 shows an example of a well-performed body plethysmography with normal re-

sults, performed with the KoKo machine. 

 

Figure 12: Body plethysmography in a healthy subject 

L: litre, FRC: functional residual capacity, SVC: slow vital capacity, TLC: total lung capacity, TV: tidal volume, 

Sek.: second 
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As reference, latest data from Stanojevic et al. [56] were used and strategy for interpreta-

tion can be seen in Figure 13. 

 

Figure 13: Approach for interpreting results in spirometry and body plethysmography 
(modified from Stanojevic et al., Figure 8 and 10 [56]) 

FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, TLC: total lung capacity, FRC: func-

tional residual capacity, RV: residual volume 

3.3 Patients 

Included CHDs were: Aortic stenosis, coarctation of the aorta (both categorized as left heart 

obstruction, LHO); truncus arteriosus communis, tetralogy of Fallot and pulmonary stenosis 

(categorized as right heart obstruction, RHO); Ebstein’s anomaly (EA); transposition of the 

great arteries (TGA after Senning/Mustard/Rastelli procedure and CCTGA as TGA others 

and surgical repair with atrial switch as another group); atrial or ventricular septal defect, 

atrioventricular septal defect, partial or total anomalous pulmonary venous return, patent 

ductus arteriosus or foramen ovale (categorized as isolated shunt); Fontan circulation (in 

children: after total cavopulmonary connection, TCPC), and cyanotic patients (oxygen sat-

uration <90% at rest including palliated or native CHD). 

Lung function in retrospective analysis 

All data from the local database were retrospectively analyzed. A total of 13,994 spirometry 

tests were performed between July 2001 and October 2022. After exclusion of double, not 

included CHD category and exclusion of obvious invalid tests, 4,023 spirometries were an-

alyzed. 
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Lung function in prospective analysis 

From April 2018 to October 2022 five-hundred-forty-two (542) patients participated in the 

cross-sectional prospective study. Details on inclusion and exclusion criteria can be seen in 

Figure 14 and patients’ underlying CHD contribution in Table 3. After the exclusion of invalid 

tests in body plethysmography (n=199), and exclusion of some patient groups (e.g. Marfan, 

regurgitation of the aortic or pulmonic valve only, patients with arrhythmia only, or onco-

logic patients), 244 CHD patients (and 33 healthy reference subjects, tested randomly) 

were included in data analyses. 

 

Figure 14: Inclusion of the patients 

CHD: congenital heart defect 
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Table 3: Underlying congenital heart defect contribution 

Congenital heart defect Number of patients Group 

AS 22 (3 children) 
Left heart obstruction (n=35) 

CoA 13 (1 child) 

Fallot 70 (22 children) 

Right heart obstruction (n=87) PS 9 (2 children) 

TAC 8 (4 children) 

EA 23 (5 children) Ebstein’s anomaly (n=23) 

TGA art. Switch 19 (5 children) TGA after arterial switch (n=19) 

TGA Senning/Mustard 21 

TGA (Senning/ CCTGA/other) (n=30) TGA divers 5 

CCTGA 4 

PFO 1 

Isolated shunt (n=25) 

PDA 1 

ASD 11 (7 children) 

AVSD 5 (2 child) 

VSD 6 (1 child) 

TAPVR 1 child 

Fontan circulation 21 (5 children, 12 TCPC overall) Fontan circulation (n=21) 

Cyanotic 4 Cyanotic (n=4) 

Normal references 33 (3 children) normal references 

AS: aortic stenosis, CoA: Coarctation of the Aorta, EA: Ebstein’s Anomaly, PS: pulmonary stenosis, TAC: trun-

cus arteriosus communis, TGA: transposition of the great arteries, art.: arterial, CCTGA: congenitally corrected 

transposition of the great arteries, PFO: persistent foramen ovale, PDA: patent ductus arteriosus, ASD: atrial 

septal defect, VSD: ventricular septal defect, AVSD: atrioventricular septal defect, TAPVR: total anomalous 

pulmonary venous return, TCPC: total cavopulmonary connection 

Table 4 gives an overview of patients’ characteristics and pre-interventions or surgeries. 

Additionally, comorbidities are provided.  
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Table 4: Study characteristics in adults and children 

Adults 

CHD 
n (fe-

male) 

Age 

(years) 

Height 

(cm) 

Weight 

(kg) 

BMI 

(kg/m2) 

Surgery 

(%/n) 

Ster-

notomy 

(%/n) 

Thora-

cotomy 

(%/n) 

PM/ICD 

(%/n) 

Only 

cath. 

Native 

(%) 

Comor-

bidity 

(%) 

Lung 

disease 

(%) 

Overall 186 (83) 31.9 ± 10.4 172.1 ± 9.1 70.1 ± 12.7 23.6 ± 3.6 156 (84%) 148 (80%) 27 (15%) 
21 

(11%) 
10 (5%) 17 (9%) 91 (49%) 16 (9%) 

LHO 31 (9) 27.8 ± 7.6 173.5 ± 9.4 72.6 ± 14.5 24.0 ± 4.3 19 (61%) 11 (36%) 10 (32%) 3 (10%) 2 (7%) 9 (29%) 12 (39%) 2 (7%) 

RHO 59 (24) 30.4 ± 10.7 173.1 ± 9.0 70.9 ± 12.1 23.6 ± 3.6 56 (95%) 56 (95%) 8 (14%) 4 (7%) 2 (3%) 0 25 (42%) 6 (10%) 

EA 18 (12) 35.2 ± 13.5 170.9 ± 9.4 71.6 ± 13.2 24.4 ± 3.5 12 (67%) 12 (67%) 1 (6%) 2 (11%) 0 6 (33%) 9 (50%) 0 

Isolated shunt 14 (9) 32.7 ± 16.0 169.0 ± 8.0 65.2 ± 9.8 22.8 ± 2.1 7 (50%) 7 (50%) 0 0 5 (36%) 1 (7%) 5 (36%) 1 (7%) 

TGA switch 14 (4) 26.6 ± 2.9 175.7 ± 9.4 71.3 ± 10.4 23.1 ± 2.6 14 (100%) 14 (100%) 0 1 (7%) 0 0 6 (43%) 1 (7%) 

TGA other** 30 (12) 34.7 ± 7.7 172.3 ± 8.5 67.9 ± 12.0 22.8 ± 3.0 29 (97%) 26 (97%) 4 (13%) 7 (23%) 1 (3%) 0 18 (60%) 1 (3%) 

Fontan 16 (11) 31.4 ± 8.2 166.4 ± 8.5 68.1 ± 14.8 24.6 ± 4.8 16 (100%) 16 (100%) 4 (25%) 4 (25%) 0 0 12 (72%) 2 (13%) 

Cyanosis 4 (2) 43.1 ± 6.8 170.3 ± 11.2 71.6 ± 19.6 24.4 ± 4.0 3 (75%) 3 (75%) 0 0 0 1 (25%) 4 (100%) 3 (75%) 
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Children 

CHD group 
n 

(girls) 

Age 

(years) 
Height (cm) 

Weight 

(kg) 

BMI 

(kg/m2) 

Surgery 

(%/n) 

Ster-

notomy 

(%/n) 

Thora-

cotomy 

(%/n) 

PM 

(%/n) 

Only 

cath. 

Native 

(%) 

Comor-

bidity 

(%) 

Lung 

disease 

(%) 

Overall 58 (16) 14.0 ± 2.5 161.9 ± 14.0 53.1 ± 15.4 19.8 ± 3.4 45 (78%) 45 (78%) 3 (5%) 1 (2%) 5 (9%) 7 (12%) 14 (24%) 2 (3%) 

LHO 4 (2) 14.4 ± 1.4 168.3 ± 8.0 62.0 ± 12 8 21.9 ± 4.5 1 (25%) 1 (25%) 0 0 1 (25%) 2 (50%) 0 0 

RHO 28 (2) 14.4 ± 2.5 161.4 ± 13.7 52.1 ± 13.8 19.6 ± 3.2 27 (96%) 27 (96%) 2 0 1 (4%) 0 6 (21%) 1 (4%) 

EA 5 (2) 12.5 ± 2.1 161.6 ± 13.5 52.2 ± 17.1 19.5 ± 4.0 2 (40%) 2 (40%) 0 0 0 3 (60%) 0 0 

Isolated Shunt 11 (5) 13.7 ± 2.9 161.7 ± 18.2 55.0 ± 21.0 20.2 ± 4.1 5 (46%) 5 (46%) 0 1 (9%) 3 (27%) 2 (18%) 4 (36%) 1 (9%) 

TGA switch 5 (0) 12.7 ± 2.4 155.4 ± 11.8 45.2 ± 7.6 18.7 ± 1.8 5 (100%) 5 (100%) 0 0 0 0 0 0 

TCPC 5 (1) 14.5 ± 2.6 166.4 ± 14.4 56.0 ± 17.8 19.8 ± 4.1 5 (100%) 5 (100%) 1 (20%) 0 0 0 4 (80%) 0 

Cyanosis 0 - - - - - - - - - - - - 

** Senning/Mustard/Rastelli procedure and CCTGA 

CHD: congenital heart defect, LHO: left heart obstruction, RHO: right heart obstruction, EA: Ebstein’s Anomaly, TGA: transposition of the great arteries, TCPC: total cavopulmo-

nary connection, BMI: body mass index, PM: pacemaker, ICD: implantable cardioverter defibrillator, cath.: catheter
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3.4 Statistical analyses 

All analyses were performed with SPSS (version 28.0, IBM Corporation, Armonk, NY, USA). 

Methodology 

Data are presented in mean ± standard deviation (SD). Due to better comparisons, even in 

those with low number of subjects, mean ± SD was used. Data are provided as raw values 

or z-scores, if possible. If necessary, percentage were used. For statistical analyses, corre-

lations (Pearson and Spearman), Student’s T-tests and Mann-Whitney-U tests were per-

formed, where appropriate. A two-sided p-value of <0.050 was considered significant. 

References and normal values 

For reference values, latest Global Lung Initiative data were used (GLI-2021) [56,58]. The 

cut-off for normal spirometry results is a z-score ≥-1.645 in FVC, FEV1 and its ratio. Z-

scores are adjusted for sex, age, and height as well as race (in this cohort only Caucasian 

were examined due to lack of reference values). 

If FVC and FEV1 were below this, a PRISm pattern in spirometry was defined. A ratio in 

FEV1/FVC with z< -1.645 was defined as obstructive pattern. Results with only FVC or FEV1 

< -1.645 were named “undefined pattern” since no reference for naming was given. 

If a PRISm pattern was seen, further statistical calculations were performed with the results 

of the body plethysmography, as mentioned in Table 5, following Figure 13. Any suspicious 

results were re-evaluated with the physician’s letter and if the examination was abnormal, 

patients were advised to see a pulmonary specialist. Results should be sent to the German 

Heart Center of Munich to ensure a good clinical practice. 
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Table 5: Evaluation strategy in spirometry and body plethysmography results (modified 
from Stanojevic et al., Table 5 and Table 7 [56]) 

Spirometry 

 FVC FEV1 FEV1/FVC Comments 

PRISm ↓ ↓ normal/↑ TLC needed to confirm restriction (TLC_z< -

1.645) 

obstructive pattern normal normal/↓ ↓  

mixed disorder ↓ ↓ ↓  

non-specific pattern ↓ ↓ normal normal TLC  additional tests needed (e.g. bron-

chodilator response) 

muscle weak-

ness/suboptimal ef-

fort 

↓ ↓ normal lack of sharp PEF 

Body plethysmography 

 FRC RV TLC FRC/TLC RV/TLC Comments 

large lungs ↑ ↑ ↑ normal normal normal above upper limit 

of normal 

obstruction nor-

mal/↑ 

normal/↑ ↑ normal/↑ ↑ hyperinflation if FRC/TLC 

and RV/TLC are elevated 

simple restriction ↓ ↓ ↓ normal normal  

complex restriction ↓ ↓ normal/↑ normal ↑ e.g. due to small airway 

disease with gas trapping 

and obesity 

mixed disorder ↓ normal/↓ normal/↑ normal/↑ nor-

mal/↑ 

typically, with FEV1/FVC 

< -1.645 

PRISm: preserved ration impaired spirometry, FVC: forced vital capacity, FEV1: forced expiratory volume in 1 

second, PEF: peak expiratory flow, e.g.: exempli gratia (for example), FRC: functional residual volume, RV: 

residual volume, TLC: total lung capacity, ↑ with z-score > 2.0, ↓ with z-score < -1.645 
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4 Results 

4.1 Retrospective analyses 

Results of spirometry in retrospectively analyzed data are shown in Table 6. As in literature 

[31], also our database proves that approximately half of the patients show abnormal of at 

least distinctive spirometry results with a wide range within the different heart defects 

(reaching from 38-80% of abnormal results). These results were the baseline of the pro-

spective study. 

The next step was to find out, whether these patients have an abnormal lung function. This 

can only be tested with body plethysmography and was conducted as a prospective study. 
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Table 6: Results in spirometry in retrospectively analysed data 

CHD category 
n  

(female//children) 

Normal results 

(n/%) 

PRISm* 

(n/%) 

Obstructive 

pattern** 

(n/%) 

Mixed disorder 

(n/%) 

*Only FVC_z 

<-1.645 

*Only FEV1_z 

<-1.645 

Overall 4,023 (1,824//824) 1,966 (49%) 1,242 (31%) 201 (5%) 211 (5%) 176 (4) 227 (6%) 

Left heart obstruction 883 (298//199) 514 (58%) 175 (20%) 53 (6%) 34 (4%) 48 (5%) 60 (7%) 

Right heart obstruction 1,019 (486//215) 432 (42%) 384 (38%) 49 (5%) 64 (6%) 47 (5%) 43 (4%) 

Ebstein’s anomaly 271 (162//41) 188 (70%) 47 (17%) 9 (3%) 6 (2%) 4 (2%) 17 (6%) 

Isolated shunt 743 (435//149) 408 (55%) 190 (26%) 49 (7%) 32 (4%) 20 (3%) 44 (6%) 

TGA after arterial 

switch 
190 (54//75) 102 (52%) 45 (24%) 10 (5%) 4 (2%) 16 (8%) 13 (7%) 

TGA (Senning, CCTGA 

and other) 
444 (178//27) 212 (48%) 153 (35%) 19 (4%) 16 (4%) 25 (6%) 19 (4%) 

Fontan circulation 298 (125//100) 84 (28%) 153 (51%) 8 (3%) 16 (5%) 15 (5%) 22 (7%) 

Cyanotic 175 (86//18) 27 (15%) 95 (54%) 4 (2%) 39 (22%) 1 (1%) 9 (5%) 

CHD: congenital heart defect, TGA: transposition of the great arteries, CCTGA: congenitally corrected transposition of the great arteries; PRISm: preserved ratio impaired 

spirometry, *FEV1 and FVC z-scores< -1.645 with normal FEV1/FVC, **FEV1/FVC z-score< -1.645; Reference for normal data from Hall et al. (GLI-2021) [58]  

*: undefined pattern
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4.2 Prospective analyses 

4.2.1 CHD patients 

A total of 244 patients with 99 females were included (27.6 ± 11.9 years n=58 with 

age < 18 years). Overall, 7% (18) had a lung-affecting disease. One hundred-five patients 

(43%) had co-morbidities not affecting the lung directly (e.g. former borreliosis, iron defi-

ciency, arterial hypertension …) (Table 4). Six CHD patients were (former) smokers, five 

suffered from asthma (one exercise-induced and four allergic), three had diaphragmatic 

problems (two paresis and one hernia). Four patients had scoliosis, two were diagnosed 

with pulmonary arterial hypertonia. Further four patients had either vocal cord paresis, 

cerebral paresis, under continuous positive airway pressure therapy or long-stretch tracheal 

stenosis. 

Table 7 shows raw data of the study results. 
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Table 7: Results in spirometry and body plethysmography in CHD patients 

Adults 

CHD FVC_z FEV1_z FEV1/FVC_z FEF25-75_z TLC_z FRC_z RV_z RV/TLC_z 

Overall (n=186) -1.08 ± 1.16 -1.20 ± 1.23 -0.29 ± 1.04 -0.73 ± 1.18 -0.58 ± 1.16 -0.47 ± 1.14 0.59 ± 0.82 1.13 ± 0.92 

LHO (n=31) -0.69 ± 1.10 -0.93 ± 1.33 -0.52 ± 1.16 -0.86 ± 1.26 -0.11 ± 1.00 -0.06 ± 0.91 0.82 ± 0.64 1.18 ± 0.86 

RHO (n=59) -1.52 ± 1.12 -1.65 ± 1.04 -0.30 ± 0.95 0.99 ± 1.06 -0.98 ± 1.15 -0.86 ± 1.11 0.49 ± 0.89 1.20 ± 1.00 

EA (n=18) -0.69 ± 0.81 -0.85 ± 1.25 -0.32 ± 1.19 0.57 ± 1.38 -0.22 ± 0.82 0.07 ± 0.84 0.71 ± 0.67 1.08 ± 0.71 

Isolated shunt 

(n=14) 
-0.06 ± 0.75 -0.44 ± 0.97 -0.66 ± 0.0.79 -0.75 ± 0.90 0.46 ± 1.12 0.03 ± 1.27 0.96 ± 0.77 1.03 ± 0.62 

TGA switch 

(n=14) 
-1.17 ± 1.29 -1.05 ± 1.36 0.13 ± 1.10 -0.26 ± 1.27 -0.47 ± 1.35 -0.21 ± 1.04 0.79 ± 0.70 1.32 ± 0.73 

TGA other** 

(n=30) 
-0.85 ± 1.03 -0.77 ± 0.98 0.12 ± 0.90 -0.19 ± 1.06 -0.57 ± 0.97 -0.29 ± 0.98 0.53 ± 0.58 1.01 ± 0.58 

Fontan (n=16) -1.40 ± 0.86 -1.47 ± 1.02 -0.23 ± 0.93 -0.80 ± 1.05 -1.19 ± 1.00 -1.38 ± 1.39 -0.06 ± 1.18 0.56 ± 1.29 

Cyanosis (n=4) -3.18 ± 0.90 -3.65 ± 0.98 -1.75 ± 1.40 -1.95 ± 1.66 -2.03 ± 0.65 -0.90 ± 0.97 0.92 ± 0.60 2.78 ± 1.20 
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Children 

CHD FVC_z FEV1_z FEV1/FVC_z FEF25-75_z TLC_z FRC_z RV_z RV/TLC_z 

Overall (n=58) -1.03 ± 1.28 -0.98 ± 1.24 0.04 ± 1.03 -0.66 ± 0.98 -0.40 ± 1.12 -0.93 ± 1.17 0.27 ± 0.69 0.67 ± 0.73 

LHO (n=4) -0.59 ± 1.39 -0.46 ± 1.17 0.24 ± 1.22 0.23 ± 1.12 -0.15 ± 0.6 -0.85 ± 0.92 0.26 ± 0.39 0.50 ± 0.70 

RHO (n=28) -1.73 ± 0.86 -1.60 ± 0.80 0.18 ± 1.04 0.99 ± 0.80 -0.96 ± 0.87 -1.21 ± 0.95 0.20 ± 0.70 0.80 ± 0.70 

EA (n=5) 0.15 ± 1.00 -0.03 ± 1.58 -0.39 ± 1.18 -0.68 ± 0.13 0.67 ± 1.03 -0.00 ± 1.22 0.75 ± 0.64 0.81 ± 0.53 

Isolated shunt 

(n=11) 
-0.46 ± 1.30 -0.59 ± 1.33 -0.29 ± 1.10 -0.65 ± 1.17 -0.36 ± 2.03 -1.07 ± 1.35 0.12 ± 0.64 0.34 ± 0.76 

TGA switch (n=5) 0.41 ± 1.05 0.47 ± 0.96 0.06 ± 1.09 0.11 ±0.62 0.83 ± 0.94 0.58 ±0.63 0.63 ± 0.59 0.81 ± 0.97 

TCPC (n=5) -1.35 ± 1.25 -1.18 ± 1.25 0.21 ± 0.57 -0.29 ± 0.90 -0.40 ± 0.86 -1.03 ± 1.61 0.29 ± 0.95 0.71 ± 1.22 

Cyanosis - - -  -   - 

** Senning/Mustard/Rastelli procedure and CCTGA 

CHD: congenital heart defect, LHO: left heart obstruction, RHO: right heart obstruction, EA: Ebstein’s Anomaly, TGA: transposition of the great arteries, CCTGA: congenitally 

corrected transposition of the great arteries, TCPC: total cavopulmonary connection 
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Spirometry 

From all patients, 66% had normal results (in adults 60%, in children 55%). 

However, in adults, seventy-five patients had remarkable results – most of them (n=39, 

68% with impaired spirometry) showed a PRISm. Further ten (5%) had obstructive impair-

ments and eight (4%) had both. In 18 patients, an undefined pattern was diagnosed with 

either low FVC_z or low FEV1_z. 

In children, results are similar: 26 children have noteworthy results with 13 (77% with 

impaired spirometry) PRISm, three (5%) obstructive and one (2%) combined patterns and 

further nine an undefined one. Table 8 shows the origin CHD of these patients. 

Table 8: Classification of results in spirometry 

Adults 

CHD *PRISm 
**obstruc-

tive pattern 

mixed disor-

der 

***only 

FVC_z 

<-1.645 

***only 

FEV1_z 

<-1.645 

Overall (n=186) 39 (21%) 10 (5%) 8 (4%) 4 (2%) 14 (8%) 

LHO (n=31) 2  3  3 

RHO (n=59) 19 5 1 1 4 

EA (n=18) 2 2 1 1  

Isolated shunt (n=14) 1 2    

TGA switch (n=14) 3 1  1 2 

TGA other£ (n=30) 6   1 3 

Fontan (n=16) 4  1  2 

Cyanosis (n=4) 2  2   

Children 

Overall (n=58) 13 (22%) 3 (5%) 1 (2%) 6 (10%) 3 (5%) 

LHO (n=4)    1  

RHO (n=28) 11  1 4 3 

EA (n=5)  1    

Isolated shunt (n=11) 1 2  1  

TGA switch (n=5)      

TCPC (n=5) 1     

Cyanosis      

*: FVC_z and FEV1_z < -1.645 and FEV1/FVC_z normal 

**: normal FVC_z and FEV1_z and FEV1/FVC_z < -1.645 

***: undefined pattern 

£: Senning/Mustard/Rastelli procedure and CCTGA 

CHD: congenital heart defect, PRISm: preserved ratio impaired spirometry, LHO: left heart obstruction, RHO: 

right heart obstruction, EA: Ebstein’s Anomaly, TGA: transposition of the great arteries, CCTGA: congenitally 

corrected transposition of the great arteries, TCPC: total cavopulmonary connection 
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Body plethysmography 

Table 5 and Figure 13 show how in the present study results were interpreted, following 

the latest guidelines [56]. 

Having a closer look on the formerly defined patients with PRISm (Table 8), these patients 

(n=52) show the following results: thirty of 52 patients (12% overall) have a small lung 

with a TLC_z < -1.645. The other 22 patients with TLC_z ≥ -1.645 can only be defined as 

a “non-specific pattern” [62]. 

This group with a small lung includes 25 adults (13.4%, mean age 32.5 ± 10.8 years, 8 

females) and 5 children (8.6%, mean age 14.1 ± 2.2 years, 2 girls). 

Their underlying CHDs were: 1 LHO (3%), 18 RHO (60%), 1 EA (3%), 2 isolated shunts 

(7%), 1 TGA switch (3%), 4 TGA other (13%), 2 with a Fontan circulation (7%) and 1 with 

a cyanosis. 

Since the CHD distribution is uneven, the percentage in the whole cohort is: 

1/35 in LHO (3%), 18/87 in RHO (21%), 1/23 in EA (4%), 2/25 in isolated shunts (8%), 

1/19 in TGA switch (5%), 4/30 in TGA other (13%), 2/21 in Fontan circulation (10%) and 

1/4 in cyanotic patients (25%). 

One patient had a simple restriction (small lung: z-score in FVC, FEV1 and TLC < -1.645) 

and seven a complex restriction (with additional RV_z > -1.645 and RV/TLC_z > -1.645). 

However, one of these supposed complex restrictions originally showed “muscle weakness” 

with a lack of sharp peak expiratory flow (Figure 15, patient with TGA after switch), which 

should have already been noticed during spirometry. 

 

Figure 15: Probable muscle weakness in a supposed preserved ratio impaired spirometry 

L/s: litre per second, FEF: forced expiratory flow 
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The volumes in the other six patients were already abnormal in spirometry: four showed a 

PRISm pattern and two a mixed one. In three patients, a co-existing lung disease was 

previously defined: allergic asthma, severe kyphoscoliosis, and former pneumothorax. How-

ever, only in one patient results are confirmed by reduced functional residual capacity 

(FRC_z < -1.645, patient with kyphoscoliosis). 

Furthermore, following the current guidelines from Stanojevic et al., only patients showing 

an obstructive pattern in spirometry can be defined as “obstructive” [56]. In this study 

sample, 13 patients (three children) showed obstructive results in spirometry (FEV1/FVC_z 

< -1.645). Further examinations should be a bronchodilator or allergic tests to examine 

possible treatments. 

Comparisons between subgroups of interventions 

Overall, small lungs seem more likely to affect patients with RHO and surgical intervention. 

In patients with small lungs, one had not undergone any intervention or surgery at the 

testing time, categorized in cyanosis. However, overall, the number of surgical interventions 

reaches from one to six. Mean age at first surgical repair was 2.7 ± 4.0. All patients who 

underwent surgical repair had a sternotomy, eight additionally a thoracotomy. Three had a 

co-morbidity affecting the lung volumes (diaphragmatic paralysis, pulmonary arterial hy-

pertonia, severe scoliosis). Eighteen had a co-morbidity in general (e.g. spastic hemiparesis, 

genetics, and cerebral disorders). Six patients had a pacemaker/ICD with one to seven 

interventions (change or re-surgery due to infect). 

Comparing these patients (n=30) with those who have no conspicuous results (normal 

lungs, n=160), data show that they have had more surgeries (2.5 ± 1.3 vs. 1.2 ± 1.0, 

p<0.001, 95%CI: 0.80 – 1.83). However, age at first surgery did not differ significantly (2.7 

± 4.1 vs. 4.0 ± 8.5, p=0.441, 95%CI: -4.46 – 1.95). 

For analyzing interventional groups, data from undefined pattern were excluded from anal-

ysis (n=27). Values from those with surgical repair and native patients (including those who 

underwent a catheter only), as well as thoracotomy were compared against sternotomy. 

Results show that a noteworthy lung function appears more often in patients with surgical 

intervention (Table 9). However, also in patients with no surgical intervention it appears 

that the lung function volumes are at least reduced. 

Comparing sternotomy and thoracotomy, results are similar. Only small lungs are more 

often diagnosed in patients who underwent a thoracotomy (27% vs. 12%, p=0.049). 

As a next step, correlations between number of surgery and outcomes were calculated. The 

number of surgeries significantly influences FVC_z (r=-0.477, p<0.001), FEV1_z (r=-0.480, 
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p<0.001), and TLC_z (r=-0.426, p<0.001). However, number of surgeries due to pace-

maker/ICD do not influence any results. Furthermore, age at first surgical intervention (in-

dependently if sternotomy or thoracotomy) does not influence pulmonary outcome (Table 

9). 

 



 

 

3
4
 

Table 9: Results in comparing different circumstances in patients 

 
Surgical repair 

(n=201) 

Native***  

(n=43) 

 
Sternotomy  

(n=171) 

Thoracotomy  

(n=30) 

 

Group p-value¥ p-value¥ 

normal lung pattern 123 (60%) 37 (86%) 0.001§ 109 (64%) 14 (47%) 0.103§ 

PRISm 50 2 0.002§ 38 12 0.064§ 

obstructive pattern 10 3 0.706§ 9 1 1.000§ 

mixed disorder 9 0 0.367§ 6 3 0.135§ 

small lung* 29 1 0.037§ 21 8 0.049§ 

non-specific pattern** 21 1 0.139§ 17 4 0.527§ 

***including those with no intervention and those with catheter only 

¥: significant with p<0.500, highlighted bold 

§: two-tailed Fisher’s exact test 

FVC: forced vital capacity, FEV1: forced expiratory volume in 1 second, TLC: total lung capacity, ICD: implantable cardioverter defibrillator; PRISm: preserved ratio in spirome-

try *PRISm and TLC_z < -1.645, **PRISm and TLC_z ≥ -1.645 
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4.2.2 References (control cohort) and comparisons 

The reference cohort consists of 33 subjects with 21 females (30.7 ± 11.3 years, n=3 with 

age < 18 years). 

Two subjects suffer from exercise-induced or allergic asthma, three were (former) smokers. 

None had any severe or treatment-needed lung disease. Co-morbidities were not investi-

gated. 

Their results in spirometry show in FVC_z -0.15 ± 0.83, FEV1_z -0.41 ± 0.81, FEV1/FVC_z 

-0.51 ± 0.81 and FEF25-75_z -0.51 ± 0.99. Body plethysmography shows in FRC_z -0.18 

± 0.96, RV_z 0.55 ± 0.68, TLC_z 0.06 ± 0.86 and RV/TLC_z 0.72 ± 0.69, representing 

roughly normal values in the examined cohort. 

Only three subjects had an abnormal lung function: two showed an obstructive pattern in 

spirometry (one with asthma) and one had a preserved ratio impaired spirometry (PRISm). 

Afterwards, all patients with a CHD (n=244) were compared to data from the reference 

cohort (n=33) and show significant reduced values in FVC_z (-1.07 ± 1.19 vs. -0.15 ± 0.83, 

p<0.001, 95%CI: -1.343 – -0.503), FEV1_z (-1.15 ± 1.24 vs. -0.41 ± 0.96, p=0.001, 

95%CI: -1.177 – -0.297), and TLC_z (-0.55 ± 1.16 vs. 0.06 ± 0.84, p=0.004, 95%CI: -

1.02 – -0.20). 



Discussion        Julia Hock – PhD Medical Research 

36 

5 Discussion 

An impaired lung function increases the risk of mortality significantly [63-67]. In patients 

with congenital heart defects, follow-up examinations often overlook the fact that the lungs 

may also be affected due to the heart defect itself [11,68,69], due to interventions [70] or 

due to lack of exercise capacity [10,12,71-73], and therefore influence survival [74-76]. 

Thus, lung volume may be reduced, the function may be impaired or diseases of the pul-

monary vessels may be present or occur in the future [77].  

The present study shows that up to one-third of the patients show abnormalities in the 

results of spirometry. Undefined patterns with only one parameter decreased (FVC_z or 

FEV1_z but not both or its ratio) cannot be interpreted since references do not define them. 

However, if only the FVC_z is decreased, it is more likely that the test was performed in-

sufficiently. A re-test should be examined. In patients with only the FEV1_z below -1.645, 

a slight obstruction may be diagnosed. These patients should undergo more frequent re-

tests, to see, whether an obstructive pattern occurs. In these investigated patients in this 

study, FEF25-FEF75_z is simultaneously decreased, which can be a first hint on future ob-

struction, however a diagnosis cannot be made [78]. Nonetheless, a possible disease value 

can only be confirmed by means of further diagnostics - including body plethysmography. 

 

Patients with right heart obstruction (in both, children, and adults) show the lowest results 

in FVC_z and FEV1_z as well as in TLC_z, showing mostly a restriction. This may be due to 

the direct effect of reduced blood circulation in the lungs as previously described in a lung 

function training study [79]. 

A disturbed blood circulation into the lungs may affect the results in adult patients with TGA 

after Senning/Mustard due to systemic right ventricle after surgical palliation [80]. Since 

nowadays, surgical repair is performed differently, no children with this surgery were in-

vestigated in the present study. In those patients, who underwent arterial switch, results 

show no noteworthy results. However, in adults with TGA switch, lung volumes are some-

times conspicuous and need to undergo further examinations. 

Patients with Fontan circulation (or TCPC in children, and young adults) show slightly 

higher, but still results often below the lower limit of normal (LLN). This may have similar 

reasons as it does in RHO and TGA patients. Over the decades, results remain similar. 

However, more specific studies comparing the underlying CHD in Fontan or TCPC should 

be performed (e.g. hyperplastic ventricles against atresia of the valves).  
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Patients with EA show mainly normal results. This is surprising since 67% of the adults and 

50% of the children underwent a surgical repair. However, since the patient’s age at surgical 

intervention, variates in this CHD category, a summarizing result is not easy. Lung volumes 

seem not to be affected – which is encouraging news for these patients. Additionally, it 

should motivate patients to prevent their lung function from later onset impairments due 

to lifestyle. 

Patients with isolated shunts (with or without intervention) should have normal results in 

lung function since an effect on the lung should not apply. In sum, they have results below 

the median in z-score but show best results in adult CHD patients. A recently submitted 

study from Bessar et al. has proven this [81]. However, a certain number of abnormal lung 

functions can also be expected in the general population. The patients who come to 

Deutsches Herzzentrum München are also usually no small, "simple" shunts, but more com-

plex CHDs. This may lead to a selection bias and result in more abnormal results. 

Cyanotic patients (only in the group of adults) show all impaired lung function: two with 

PRISm and two with mixed disorder. Three of four have a previously diagnosed lung co-

morbidity. However, independently from individual constitution in these patients, a lung 

function test should be part of routine follow-up since any decreases in volumes may affect 

their daily life. Since the present study, the number of patients is significantly underrepre-

sented, future investigations should be performed. 

 

The basic question regarding lung volumes in patients with CHD is, where the PRISm flow-

volume-curve originates. Is it a small lung (small FVC, FEV1 and TLC) or is it hyperinflation 

(small FVC, FEV1 and normal TLC with increased RV/TLC). The new guidelines show that a 

"simple" diagnosis with normal lung size is not (any longer) easily possible despite limited 

spirometry [56]. Whereas previously it was referred to as hyperinflation, nowadays it is 

referred to as a "non-specific pattern". This change in the guidelines also shows that lung 

function research has not yet been exhausted in this respect. 

What does this mean for the patient population of children, adolescents, and adults with 

congenital heart defect? Every patient should have a pulmonary function test (and cardio-

pulmonary exercise test) as part of the routine examination. This should be done as early 

as possible, so that changes in the course of the results can be documented and interven-

tions can be made as early as possible. In patients with cystic fibrosis, for example, - a 

severe chronic, genetic lung disease - measures (medication, etc.) are already taken in the 

case of small changes to counteract a deterioration [82].  
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What might be the reasons? Is it possible to prevent patients from lung morbidities? That 

is a new or at least more likely new research field. The guidelines show, that after surgical 

intervention (no matter if thoracotomy, sternotomy, or catheter), lungs need to be trained 

[83,84]. Latest studies have shown, that isolated lung training (inspiratory volume-oriented 

breathing training or inspiratory muscle training) improves patients’ exercise capacity and 

lung function [79] – or at least there is no deterioration seen [24,26,85]. 

However, long lasting late onset injuries may not affect patient’s lives at first, but over time 

affect them in terms of health-related quality of life, exercise capacity etc. 

Some studies have already shown that there is a correlation between functional outcome 

and health-related quality of life. Abassi et al. have shown a correlation between FVC, FEV1 

and quality of life scores in children with CHD [69]. Furthermore, Callegari et al. show that 

FEV1 and quality of life terms in patients after Fontan palliation are associated [29].  

However, (health-related) quality of life is discussed contradictory in literature. Some stud-

ies show low [29,86] and others normal or even better results compared to peers [15,17]. 

It is therefore indispensable to assess functional outcome and quality of life [20]. 

There are studies that show that training in lung function and exercise capacity increases 

quality of life in severely sick patients. Mereles et al. investigated patients with chronic 

pulmonary hypertension and proved that a 15-weeks exercise and respiratory training im-

proves both – functional outcome and quality of life [87]. Other studies are needed to help 

patients to start, remain and continue with an active lifestyle - life-long training is advisable 

and recommended. 
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6 Conclusions 

More than one third of the evaluated subjects show impaired results in spirometry – in 

adults more likely than in children, and in right heart obstructive CHDs more likely than in 

left heart obstructive CHDs. However, in patients with noteworthy results in spirometry, a 

body plethysmography is recommended and should be performed to exclude a possible 

severe lung function impairment. Regular controls are needed to re-evaluate possible 

changes. Since surgical interventions influence the outcome, lung function training is rec-

ommended and should be used in all patients. Education regarding the importance of good 

lung function - and its relationship to exercise capacity - must be made clear to patients 

early on. 
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7 Limitations 

The collection of data in this study started initially in February 2017. Unfortunately, all data 

collected between 02/2017 and 04/2018 could not be included due to a technical issue 

(calibration). About 100 tests had to be excluded. Furthermore, between 2018 and 2021 

several technical issues occurred leading to an exclusion of further 199 tests. This leads to 

an additional selection bias. During the pandemic, from 03/2020-07/2020 no data could be 

collected. Additionally, afterwards only patients with a negative COVID-19 test were allowed 

to perform a body plethysmography. Therefore, this also leads to a selection bias and may 

have prevented a (significant) proportion of abnormal lung functions. 

The pandemic in recent years has shown how quickly a disease can attack the lung tissue, 

damaging and in some cases irreversibly destroying it [88,89]. COVID-19 disease can have 

many severe effects on patients. Many complain of shortness of breath, impaired perfor-

mance, or general fatigue even weeks after the disease. Some of the patients examined 

here were also confirmed to be infected with COVID-19 (recovered at the testing time). As 

a rule, they had a mild course (from no symptoms to fever/flu). All patients examined here 

wanted to know after the lung function measurement whether and how the lung volumes 

had changed. Fortunately, we were able to show a pre-test before the pandemic for each 

of them. Without having analysed the data separately (due to the small number of cases), 

it can be said that the results remained the same. Further studies could prove this in a 

larger patient population in our clinic - as there are probably sufficient comparative tests 

here. 

Furthermore, the small number of controls including fewer female in the CHD group also 

may influence results (though data are standardized due to z-score).  

Since two people examined the patients, there may have been a bias in the selection, con-

sent, and performance of the tests. Similar limitations can be applied to the evaluation of 

collected data.   
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