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Purpose: To test the feasibility of cardiac real-time MRI in combination with ret-
rospective gating by MR-compatible spirometry, to improve motion control, and to 
allow quantification of respiratory-induced changes during free-breathing.
Methods: Cross-sectional real-time MRI (1.5T; 30 frames/s) using steady-state 
free precession contrast during free-breathing was combined with MR-compatible 
spirometry in healthy adult volunteers (n = 4). Retrospective binning assigned im-
ages to classes that were defined by electrocardiogram and spirometry. Left ventricu-
lar eccentricity index as an indicator of septal position and ventricular volumes in 
different respiratory phases were calculated to assess heart–lung interactions.
Results: Real-time MRI with MR-compatible spirometry is feasible and well 
tolerated. Spirometry-based binning improved motion control significantly. The 
end-diastolic epicardial eccentricity index increased significantly during inspira-
tion (1.04 ± 0.04 to 1.19 ± 0.05; P < .05). During inspiration, right ventricular 
end-diastolic volume (79 ± 17 mL/m2 to 98 ± 18 mL/m2), stroke volume (41 ± 8 
mL/m2 to 59 ± 11 mL/m2) and ejection fraction (53 ± 3% to 60 ± 1%) increased 
significantly, whereas the end-systolic volume remained almost unchanged. Left 
ventricular end-diastolic volume, left ventricular stroke volume, and left ventric-
ular ejection fraction decreased during inspiration, whereas the left ventricular 
end-systolic volume increased. The relationship between stroke volume and end-
diastolic volume (Frank-Starling relationship) based on changes induced by res-
piration allowed for a slope estimate of the Frank-Starling curve to be 0.9 to 1.1.
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1  |   INTRODUCTION

Physiological conditions in combination with the best available 
methods to quantify physiological parameters are necessary to 
judge heart–lung interactions and to guarantee meaningful car-
diac function examinations. Noninvasive studies are preferred 
to investigations necessitating, for example, catheterization, se-
dation, or even anesthesia with mechanical ventilation because 
these interventions are known to interfere with cardiovascular 
function.

Similarly, free-breathing imaging better represents the phys-
iological conditions compared with breath-hold imaging.1,2 
Breath-hold in expiration, but especially in inspiration, induces 
primarily neurally mediated heart-rate changes.3,4 Breath-hold–
induced alterations of preload and intrathoracic pressure modify 
ventricular size and stroke volume.2

Real-time MRI commonly uses radial data encoding com-
bined with nonlinear inverse reconstruction to provide accel-
erated imaging.5-7 It ensures significantly increased temporal 
resolution, whereas image quality (ie, spatial resolution and 
signal-to-noise ratio) is only slightly reduced.5-7

This fast imaging technique is perfectly suited for visualiza-
tion and investigation of moving structures like the heart (see 
Zhang et al8 for a review). It offers the opportunity to replace 
the conventional breath-hold technique by imaging during 
free-breathing.9

Spirometry is the gold standard to measure pulmonary ven-
tilatory function and can be performed in concert with MRI.10,11

To ensure physiological conditions, we tested the feasibility 
of combining real-time MRI with simultaneous spirometry to 
assess cardiac function during free-breathing.

We hypothesized that this technique would enable good mo-
tion control and could ease semiautomated image analysis. In 
addition, we investigated the suitability of this combination for 
studying heart–lung interactions, that is, the influence of respi-
ration on ventricular dimensions and function.

2  |   METHODS

Adult healthy volunteers without contraindications (n = 4, aged 
24–55 years (39 ± 14 years), body weight 72.5 ± 8.2 kg; two 

male, two female) signed a written consent form. The study was 
approved by the Ethics Committee of the Faculty of Medicine 
of Heinrich Heine University Düsseldorf (Study No: 6176R).

Real-time MRI with steady-state free precession 
(SSFP) contrast was used to acquire a short axis stack for 
volumetry (see Supporting Information S1 and Figure S1 
for details).

Physiological data acquired by electrocardiogram (ECG), 
respiratory bellows, and MR-compatible spirometry were 
recorded continuously (see Supporting Information S1 and 
S2 for details). MR-compatible spirometry was performed as 
described by Eichinger et al10 and as shown in Supporting 
Information Figure S2.

A questionnaire was used to assess anxiety and comfort 
during scanning (modified from Chen et al12 (see Supporting 
Information S3).

2.1  |  Binning

Binning of real-time MR images acquired during free-
breathing was performed using the information provided 
by MR-compatible spirometry (flow and flow-derived lung 
volume) and ECG-derived distance between consecutive R-
waves (RR interval) (Figure 1).

ECG-derived RR intervals were assigned to MR im-
ages by the intrinsic MR scanner software (Syngo MR 
E11; Siemens Healthineers). Respiratory information ob-
tained by spirometry was assigned to the individual MR im-
ages after preprocessing using the programming language 
Python (Python Software Foundation), by adapting pub-
lished open-source packages (eg, Numpy13 and pydicom14; 
Figure 1A).

MR images were binned in eight respiratory classes (in-
spiration/expiration; four different lung volumes) and 25 car-
diac phases (interval: 33.5 ± 4.3 ms; Figure 1B).

Images were selected and arranged focusing on heart cycle-
dependency (eg, ventricular volume, ejection fraction or respira-
tory effects (eg, heart–lung interaction, eccentricity index [EI]; 
Figure 1C).

Binning was individualized by the typical tidal volume 
and heart rate observed to optimize the number of filled 

Conclusion: Real-time MRI during free-breathing combined with MR-compatible 
spirometry and retrospective binning improves image stabilization, allows quantita-
tive image analysis, and importantly, offers unique opportunities to judge heart–lung 
interactions.
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bins. Unfilled bins were excluded from the analysis. In 
case of overfilled bins, the image closest to the median 
lung volume of the respiratory class was chosen.

Further analyses were performed with a commercial 
cardiac MR software [cvi42; Release 5.10.1.(1241); Circle 
Cardiovascular Imaging Inc].

F I G U R E  1   Binning. After assignment of respiratory and electrocardiogram (ECG) data to the real-time MR images (A), images were sorted 
into ECG and respiratory classes (B). Typically, ECG- or spirometry-based arrays were used for visualization and analysis (C)
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2.2  |  Data analysis

The real-time MR images, binned into eight respiratory 
categories, were analyzed regarding the benefit of respira-
tory binning for motion control, the left ventricular EI, and 
the respiratory effects on the ventricular volumes.

2.3  |  Motion control

To quantify the quality of motion control, the displacement 
of the middle—between the cranial and the caudal end of 
the interventricular septum (Figure 2A,B)—was deter-
mined in a midventricular slice for all respiratory catego-
ries (eight heartbeats). Anterior-to-posterior (right-to-left) 
movement (Figure 2A), superior-to-inferior (left anterior 

to right posterior) displacement (Figure 2B) and rotation 
were analyzed separately. Images solely sorted based on 
ECG and images sorted by data from ECG and respiratory 
bellows served for comparison.

2.4  |  Left ventricular eccentricity index

The left ventricular EI was determined in the series over-
view module from cardiac MRI software cvi 42 (Circle 
Cardiovascular Imaging Co). It was analyzed for all end-
diastolic and end-systolic phases of a midventricular slice. 
The evaluation was performed separately for endocardial 
and epicardial contours and calculated from the horizontal 
diameter (perpendicular to the septum) and vertical diam-
eter (parallel to the septum; Figure 3).

F I G U R E  2   Motion control. The middle between the cranial (P1) and caudal (P2) junction of the interventricular septum with the right 
ventricle P (mean) served as reference point (A,B) for the analysis of motion control. The movement in horizontal direction (x-axis; A,C,E) and 
vertical direction (y-axis; B,D,F) was calculated referring to the defined point in a heart cycle. The reference point remained quite stable in heart 
cycles composed of images sorted by electrocardiogram and spirometry volume (C-F)
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2.5  |  Volumetry

Ventricular volumes were calculated for each respiratory 
category with the Short3D module of the cardiac MRI soft-
ware cvi 42 (Circle Cardiovascular Imaging Co). Manual 
corrections were performed (L.R.) using a standardized ap-
proach (see Supporting Information S4) based on current 
recommendations on image analysis15-18 (see also Supporting 
Information Video S1).

2.6  |  Statistical analysis

Statistical analysis was calculated using SPSS Statistics for 
Windows (version 25.0, released 2017; IBM Corp).

The Shapiro-Wilk test was used to test for normal distri-
bution. In case of nonnormal distribution (eg, motion con-
trol), the nonparametric Wilcoxon matched-pair test and the 
Kruskal-Wallis test were used where appropriate.

Linear regression was performed to evaluate the correla-
tion between the spirometry volume and the corresponding 
volumes and the influence of the spirometry volume on the 
left ventricular EI.

P < .05 was considered statistically significant.

3  |   RESULTS

3.1  |  MR-compatible spirometry

Subjects breathed freely and evenly with a respiratory rate of 
13.5 ± 1.4 per minute and a tidal volume of 9.9 ± 3.8 mL/kg, 
resulting in a respiratory minute volume of 125.6 ± 38.4 mL/
kg/min (n = 4). A questionnaire (Supporting Information S3) 
showed that the subjects’ degree of anxiety was hardly influ-
enced by spirometry, and the overall comfort with connected 
spirometry was still high (see Supporting Information S3 for 
details).

3.2  |  Binning

Whereas ECG bins were filled almost evenly, spirometry 
binning showed a nonuniform distribution with consider-
ably less images assigned to the intermediate respiratory 
classes. Consequently, the number of images necessary to 
fill the majority of bins was approximately four- to five-
fold the number of bins (see Supporting Information S5, 
Table S1, Figure S3).

3.3  |  Motion control

Binning of images that was solely based on the ECG phase, but 
without considering the respiratory category, resulted in blurred 
sequences hardly useful for qualitative, visual assessment 
(“eyeballing”; Supporting Information Video S2, first part). 
Combining binning for ECG phase with binning by spirometry 
or respiratory bellows improved motion control meaningfully 
(Figure 2; Supporting Information Video S2, second and third 
parts). The superiority of spirometry over respiratory bellows 
could not be shown (see Supporting Information S6, Table S2, 
and Figure S4 for details).

3.4  |  Left ventricular eccentricity index

The impact of an increasing lung volume on the left ventricu-
lar end-diastolic eccentricity index (EId) was obvious (Figure 
3C,E) with a higher index with increasing lung volume dur-
ing inspiration (Figure 3C), as well as expiration (Figure 3E), 
whereas there was no effect on the end-systolic left ventricu-
lar eccentricity index (EIs; Figure 3D,F).

3.5  |  Respiration-dependency of 
ventricular volumes

Respiration had a relevant impact on the shape and volumes 
of both ventricles.

3.5.1  |  Right ventricle

Qualitative analysis
At end-diastole (Supporting Information Video S3, first part) 
the size of the right ventricle increases during inspiration. 
Although at the end of expiration the ventricle has got an al-
most triangular shape, it becomes more convex and rounded 
with inspiration. Both effects are less pronounced at end sys-
tole (Supporting Information Video S3, second part).

Quantitative analysis
The right ventricular end-diastolic volume (RV-EDVi), 
stroke volume (RV-SVi), and RV-EF increased especially 
during inspiration, whereas the end-systolic volume (RV-
ESVi) remained almost unchanged (Figure 4, Supporting 
Information Figure S5). This was paralleled by an increase of 
the RV-SVi (Figure 4) and an increase of the RV-EF.

The mean increases of the right ventricular volumes ref-
erenced to the increase of the lung volume during inspiration 
were RV-EDVi approximately 3.6 mL/m2, that is, approxi-
mately 5% per 100-mL lung volume, RV-SVi approximately 
3.3 mL/m2, that is, approximately 8% per 100-mL lung volume.
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3.5.2  |  Left ventricle

Qualitative analysis
At end diastole, the shape of the left ventricle turns 
from a circle to an ellipse during inspiration (Supporting 
Information Video S3, first part), the effect on the size of 
the left ventricle (decreasing diameter during inspiration) 
is less obvious. The shape remains unaffected by respira-
tion at end systole (Supporting Information Video S3, sec-
ond part).

Quantitative analysis
Left ventricular end-diastolic volume (LV-EDVi), left 
ventricular stroke volume (LV-SVi), and left ventricu-
lar EF (LV-EF) decreased during inspiration, while the 

left ventricular end-systolic volume (LV-ESVi) increased 
(Figure 4, Supporting Information Figure S5). The de-
crease of LV-EDVi, LV-SVi, and LV-EF were less pro-
nounced compared with the respiratory impact on the right 
ventricular volumes.

3.6  |  Frank-Starling law

There were highly significant linear relationships between 
SVi and EDVi whenever there was a significant change of 
the ventricular volume (ΔEDVi > 5 mL/m2; see Figure 5). 
The slopes for the Frank-Starling law-related curves for the 
right ventricle during inspiration (ΔRV-SVi/ΔRV-EDVi) 
were 0.9 for inspiration and expiration (Figure 5A); the 
slope for the left ventricle (ΔLV-SVi/ΔLV-EDVi) was 1.1 
(Figure 5B).

F I G U R E  3   Eccentricity index. The left ventricular eccentricity index (EI) was calculated for end-diastole (EId) (A) and end-systole (EIs) (B) 
for the endocardial (red) and epicardial (green) border of the midventricular slice by calculating the ratio of the axis parallel to the interventricular 
septum (D2, S2) to the axis perpendicular to the interventricular septum (D1, S1). Whereas the end-diastolic left ventricular eccentricity index (EId) 
increased with a higher lung volume during inspiration (C,D), as well as during expiration (E,F), the end-systolic left ventricular eccentricity index 
(EIs) is not influenced by respiration (D,F). Circles indicate mean value, whiskers, and standard deviation. *P < .05 (linear regression). Results 
of the corresponding linear regression analyses are inserted in the graphs in case of statistical significance. The unit of x in the linear equations is 
milliliters of lung volume



2698  |      RÖWER et al.

4  |   DISCUSSION

We started a proof-of-principle study to show the possibility 
of performing real-time cardiac MRI during free-breathing 
using respiratory gating with MR-compatible spirometry 
maintaining bona fide physiological conditions. We expected 
improved motion control, resulting in a less error-prone sem-
iautomated image analysis. In addition to the original goals 
the method turned out to be a tool that can provide data on 
basic cardiac physiology and heart–lung interactions.

We used spirometry because it is the gold-standard tech-
nique for assessing pulmonary ventilatory function in humans 
quantitatively. Binning is a technique frequently used for 

motion compensation (eg, Shahzadi et al19). We used binning 
to group the images according to RR interval and spirometry 
signals into data classes, that is, “bins.” The number of bins 
determines the similarity of the images with respect to RR in-
terval and lung volume and is crucial for the required number 
of images. We decided to differentiate between inspiration 
and expiration because our results and the results of previous 
studies2,20 have shown relevant functional differences.

We found that for 18,000 images, a recording time of 10 
minutes was required to fill all bins (20 image planes × 25 
ECG classes × four breathing categories × inspiration/expi-
ration = 4000 bins) sufficiently. Thus, the number of images 
required 4 to 5 times the number of bins.

F I G U R E  4   Volumetry. The mean 
values (± standard deviation) of the end-
diastolic volume (EDVi), the end-systolic 
volume (ESVi), the stroke volume (SVi), 
and the ejection fraction (EF) for the left 
and right ventricles indexed to the body 
surface area were shown for all respiratory 
categories. The results of the corresponding 
linear regression analyses are inserted in 
the graphs in case of statistical significance 
(R2 > 0.96; P ≤ .015). The lung volume 
measured by spirometry as a continuous 
numerical variable instead of respiratory 
categories was preferred for linear 
regression analyses (the unit of x was in 
milliliters)
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Although standard gating techniques during cine imaging 
select only one respiratory class, typically the end of expira-
tion, we obtained images in every respiratory class.

The intriguing aspect about this approach is that by rear-
ranging the images, we were able to study these images in a 
completely novel way: Although the classical approach is to 
control for respiration and to analyze the change of the heart 
during a heart cycle, we had the opportunity to control for the 
heart cycle and analyze the cardiac alterations of the heart 
during a respiratory cycle.

Respiratory motion during cardiac MRI has at least three 
different aspects. First, motion may result in blurry images. 
The easiest way to solve this problem is to eliminate respi-
ratory motion by breath-hold imaging. Apart from the fact 
that long phases without breathing are problematic for many 
patients,21,22 holding one’s breath is unphysiological and has 
an influence on function and the dimensions of both ven-
tricles.1-3 We chose accelerated imaging by real-time MRI, 
which is an alternate, more physiological approach.

The second aspect of respiratory motion is its impact on 
image analysis. Because of the respiratory motion of the 
heart, the quantitative assessment of the large number of im-
ages acquired with the help of real-time sequences becomes 
difficult and time-consuming. Stabilization of videos for 
image analysis is provided by respiratory binning, but can be 
achieved with increasing the quality using appropriate soft-
ware, too.

The most important aspect, however, is respiratory mo-
tion as an expression of pulmonary function, which induces 
heart–lung interactions. Therefore, beyond image stabiliza-
tion, maintaining respiratory information is highly desirable.

Various techniques for registering respiration have been 
developed over the last few decades (see Runge et al23 for a 

review on respiratory gating). Frequently, respiratory gating 
is based on respiratory bellows, recording the movement of 
the thorax or abdomen, or navigator echoes, reflecting the 
position of the diaphragm.24

Navigator echoes would have interrupted real-time MRI. 
Indirect respiratory measurement via bodily movement by re-
spiratory bellows is artifact-prone and not quantitative.24

Our results show that during regular breathing, retrospec-
tive gating was possible by respiratory bellows, as well as by 
MR-compatible spirometry. The limiting factor for the qual-
ity of image stabilization is the number of respiratory classes. 
Increasing the number of respiratory bins, however, would 
have increased scan time significantly.

Although motion reduction is possible with both tech-
niques, an exact assignment of the image data to specific 
lung volumes is only possible with the help of spirometry. 
The latter is, therefore, the prerequisite for the analysis of the 
heart–lung interactions described.

To test the hypothesis that the described combination of 
real-time MRI, spirometry, and binning is suited to examine 
the respiratory influence on cardiac parameters, we analyzed 
whether the effect of spontaneous breathing on ventricular 
shape, function, and dimensions shown by other, particularly 
invasive techniques, could be reproduced noninvasively with 
this setup.

First, the effect of respiration on cardiac function was as-
sessed by the left ventricular EI. The position of the ventric-
ular septum is influenced by right ventricular pressure and 
volume load.25 An increase in the EIs indicates an increased 
right ventricular pressure, whereas the EId serves as a marker 
for an increased right ventricular volume load.25 As expected, 
the EIs did not change in our healthy subjects not suffering 
from, for example, pulmonary hypertension. However, the 

F I G U R E  5   Frank-Starling mechanism. When the end-diastolic volume (EDVi) of the ventricles was modified significantly by respiration 
(ΔEDVi > 5 mL/m2), the relationship between stroke volume (SVi) and EDVi could be analyzed. Linear regression revealed highly significant 
relationships for (A) the right ventricle (RV), and (B) the left ventricle (LV) during inspiration. Circles indicate mean value, whiskers, standard 
error of the mean. *P < .05 (linear regression). The unit of x in the linear equations was mL/m2
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EId was significantly influenced by respiration; it was mini-
mal at the end of expiration and maximal at the end of inspira-
tion, indicating an increased volume load during inspiration.

Though easy to obtain, given the respiratory-induced 
through-plane motion of the heart, a simple assessment of 
one midventricular slice does not replace true volumetry. 
This, however, is provided by the analysis of sorted images.

Binning of images of all slices according to the respiratory 
phases resulted in eight stacks of images that could be pro-
cessed similar to the images obtained during breath-holding 
at different phases during the respiratory cycle.

The first result was that even during spontaneous breath-
ing, the volumes of the right and left ventricle changed sig-
nificantly. This reinforces the observation from previous 
studies that the mixing of images acquired during different 
respiratory situations is inadequate.2

During inspiration, the right ventricular end-diastolic vol-
ume increases. This observation is perfectly supported by previ-
ous physiological studies26-28 and can be explained primarily by 
a change of the ventricular preload (see Magder2 for a review).

In contrast, there is a decrease of the left ventricular end-
diastolic volume during inspiration. This has long been known 
and has been well described using different methods.2,28 The 
mechanism thereof is difficult to discern.2,29-31 Most likely, it 
is a consequence of a decrease of left ventricular compliance 
and an increased afterload.2,31,32

Our results show respiratory-induced changes of the end-
diastolic volumes of both ventricles. This gave us the unique 
opportunity to study one of the most fundamental concepts of 
human physiology, the Frank-Starling mechanism.

The Frank-Starling law describes an increase of stroke 
volume with increasing end-diastolic volume (see Delicce 
and Makaryus33 for a review).

We could show that the respiratory-induced changes of 
the end-diastolic volume during normal breathing modified 
the stroke volume as predicted by the Frank-Starling law.34,35 
We are not aware of any previous publication that could 
quantify this relationship noninvasively and under physiolog-
ical conditions, and correlate this with the increase in lung 
volume. Such values should be helpful for understanding and 
modeling heart–lung interactions.

The present work shows the feasibility of the method and 
was able to show that it is suitable for providing quantitative 
and potentially clinically relevant data on heart–lung interac-
tions. However, to apply the methodology, first scientifically 
and then clinically, the number of cases would have to be 
increased considerably, standardization should be improved, 
and the study protocol will have to be optimized. In addition, 
although MR-compatible spirometry was well tolerated and 
is currently the gold standard for measuring lung function 
and will probably remain so, an alternate, even more comfort-
able noninvasive technique that could provide quantitative re-
spiratory data would be desirable.

5  |   CONCLUSIONS

Real-time MRI during spontaneous breathing in combina-
tion with MR-compatible spirometry and retrospective bin-
ning provides image stabilization, allows quantitative image 
analysis, and most interestingly offers unique opportunities 
to assess heart–lung interactions.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in 
the Supporting Information section.

VIDEO S1 Contouring Video. Video demonstrating the 
contouring of all slices of a completely reconstituted heart 
cycle for the volume category “minimum–low / inspiration.” 
Contours were corrected manually after automatic detection
VIDEO S2 Motion Control. The first part of the video shows 
a basal to midventricular slice of a heart cycle of a reconstruc-
tion based only on the ECG phase. There is a pronounced 
movement of the heart because of different respiratory condi-
tions. In contrast, the second part of the video demonstrates 
the same slice of the same subject when only images of one 
spirometry class (inspiration, volume <150 mL) were chosen. 
The third part of the video shows an equivalent heart cycle 
sorted with respiratory bellows (inspiration, resp. bellows a.u. 
<1000). The improvement of motion control in heart cycles 
with respiratory detection with spirometry or respiratory bel-
lows is obvious
VIDEO S3 Heart-lung interactions. Respiratory-induced 
variation of cardiac morphology during two ECG-defined 
phases of the cardiac cycle in a healthy volunteer during 
spontaneous breathing: In both ECG-defined cardiac phases 
a higher spirometry-determined lung volume (spirometry 
class, ie, lung volume above baseline) is associated with an 
increased lung area, caudal displacement of heart and liver, 
and an increased right ventricular area. First part of the video: 
end-diastole (45 ± 11 ms after R wave). The shape of the 
left ventricle becomes eccentric and changes from a circle 
to an ellipse with increasing lung volume during inspiration. 
Second part of the video: end-systole (406 ± 12 ms after R 
wave). The left ventricle remains round
FIGURE S1 Imaging Protocol. (A) Continuous real-time MR 
images (~36 images/heartbeat) were recorded simultaneously 
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with spirometry (middle row) and ECG (lower row). (B) To 
cover the whole heart, 20 slices were sequentially acquired 
resulting in a scan time of 10 minutes (corresponding to 30 s/
slice and 900 images/slice)
FIGURE S2 MR-compatible spirometry. (A) Schematic 
diagram of MR and MR-compatible spirometry set-up. (B) 
Photograph of the spirometry set-up taken outside the MR 
scanner room
FIGURE S3 Distribution. Example demonstrating the dis-
tribution of the images to the ECG classes (A-C), respiratory 
classes (D-F). ECG. The number of images is almost evenly 
distributed up to mean RR interval (A, B) resulting in a sim-
ilar percentage of filled ECG classes (C, green). Respiratory 
Classes. More imaging time is spent in the extreme respi-
ratory classes (D, E). Consequently, the number of unfilled 
classes (F, red) is higher in the intermediate classes
FIGURE S4 Motion Control. The middle between the cranial 
(P1) and caudal (P2) junction of the interventricular septum 
with the right ventricle P(mean) served as reference point 
(A, B) for the analysis of motion control. The movement in 
horizontal direction (x-axis) (A, C, E, G, I, K) and vertical 
direction (y-axis) (B, D, F, H, J, L) was calculated referring to 
the defined point in a heart cycle. Solely ECG sorted images 
(C, D) demonstrated a largely irregular position, whereas the 
reference point remained quite stable both in heart cycles 
composed of images sorted by ECG and spirometry volume 
(E-H) or ECG and respiratory bellows (I-L)
FIGURE S5 Volumetry. The mean values (±SD) of the end-
diastolic volume, the end-systolic volume, the stroke volume, 
and the ejection fraction for the left and right ventricle in-
dexed to the body surface area were demonstrated for all re-
spiratory categories on the left. The right part demonstrates 
the mean values (±SD) of the end-diastolic volume, end-
systolic volume, stroke volume and the ejection fraction for 
the left and right ventricle relative to the mean results of the 
lowest volume class for all respiratory categories. Results of 
the corresponding linear regression analyses are inserted in 
the graphs in case of statistical significance (R2 > 0.96; P ≤ 
.015). The lung volume measured by spirometry as a contin-
uous numerical variable instead of respiratory categories was 
preferred for linear regression analyses (unit of x: ml)

TABLE S1 Distribution. (A) More images were assigned to 
the extreme spirometry classes (“minimum-low” & “high-
maximum” lung volume) as compared to the intermediate 
classes (“low-medium” & “medium-high” lung volume) re-
sulting in a lower percentage of filled classes in the latter. 
(B) Images were almost evenly distributed among the ECG 
classes with a homogeneously high percentage of filled 
classes
TABLE S2 Motion Control Tables. Motion analysis of the 
midventricular slice of the four subjects. The tables provide 
data on the movement of the heart during breathing (“mean 
position and angulation”) and on the motion of the heart 
between subsequent images (“mean displacement and rota-
tion”). Mean displacement is reduced significantly by respi-
ratory binning, either by spirometry or by respiratory bellows
DOCUMENT S1 Imaging protocol. Detailed information on 
the imaging protocol and information on ECG and respira-
tory bellows data acquisition
DOCUMENT S2 MR-compatible spirometry. Additional in-
formation on the function and technical background of MR-
compatible spirometry
DOCUMENT S3 Questionnaire. (A) Comfort and anxiety 
questionnaire (modified from Chen S et al. 2018). (B) Results 
of the evaluation of this questionnaire for the four subjects
DOCUMENT S4 Contouring Manual. Relevant sections 
of the contouring manual: (A) Definition of the apical slice 
of the short axis stack. (B) Dealing with papillary muscles. 
(C) Definition of the basal slice of the short axis stack. (D) 
Definition of the end-diastolic and end-systolic phase
DOCUMENT S5 Binning Results. Detailed results of bin-
ning with ECG and MR-compatible spirometry
DOCUMENT S6 Motion Control Results. Detailed results 
of the Motion control analysis
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