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Background: Evidence of cardiac dysfunction in patients with pectus excavatum (PE) remains 
controversial. A growing number of studies report increased exercise tolerance following surgery. 
Nevertheless, many consider the correction of PE a cosmetic intervention, with post-operative changes 
ascribed to the concurrent growth of the young patient population. No studies have investigated non-
invasively the immediate cardiac changes following relief of the deformity. The aim of this study was to 
assess cardiac function before and during temporary sternal elevation using the non-invasive vacuum bell (VB) 
device on young adults with PE. 
Methods: Adult patients scheduled for surgical correction of PE underwent cardiac magnetic resonance 
imaging (CMRI) before and during the application of the VB. Steady-state free precession sequences were 
used for the evaluation of biventricular volume and function. Phase contrast sequences measured the aortic 
and pulmonary flow to calculate stroke index (SI). Scans were analyzed post hoc by the same investigator. A 
control group of healthy individuals was assessed in the same way.
Results: In total, 20 patients with PE (mean age 23±10 years) and 10 healthy individuals (mean age  
25±6 years) underwent CMR before and during VB application. Before intervention, baseline cardiac 
volumes and function were similar between the groups, with patient-values in the low-to-normal range. 
Following VB application, PE patients revealed a 10% increase in biventricular SI. Furthermore, left 
ventricular end-diastolic volume index (LV EDVI) improved by 8% and right ventricular ejection fraction 
(RV EF) increased by 7%. These findings were not mirrored in the healthy individuals. No correlations were 
found between improved cardiac parameters and the baseline Haller index (HI) of PE patients. 
Conclusions: Non-invasive, momentary correction of PE is associated with an immediate improvement 
in SI, RV EF and LV EDVI, not observed in controls. The findings suggest that sternal depression in PE 
patients affects cardiac function. 
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Introduction

Pectus excavatum (PE), the inward displacement of 
the sternum and adjacent costal cartilages—is the most 
common congenital chest wall deformity with an incidence 
of 1:400 and a male-to-female ratio of 5:1 (1). Symptoms 
associated with PE include dyspnea, loss of endurance, 
chest pain during exercise in addition to psychological 
complaints (2). During exercise, patients with PE have 
demonstrated poorer cardiopulmonary performance as 
compared with healthy controls (3-5). Furthermore, when 
evaluated with cardiovascular magnetic resonance imaging 
(CMRI), cardiac function is restricted, and seen as reduced 
right ventricular ejection fraction (RV EF) (6,7). In recent 
decades, corrective surgery performed for PE has increased 
considerably; nevertheless, the indications for surgery 
remain ill defined (8,9).

A growing number of studies have been published 
describing the physiological benefits of PE correction, both 
in the short and long-term (6,10-14). Among physiological 
parameters reported to improve post operatively, the 
most significant are size and volumes of cardiac chambers 
and self-reported improvement in exercise tolerance. 
Nonetheless, surgical correction of PE is still regarded by 
many as a purely cosmetic procedure. 

Possible explanations for the lack of consensus regarding 
surgical indications could be ascribed to the nature of 
the clinical studies, often reporting both on pulmonary 
and cardiac parameters (15). While several authors have 
reported improvements, albeit relatively small, in cardiac 
function after PE correction both at rest and during 
exercise, and independent of the surgical technique 
employed (11,13,14,16), the evidence on pulmonary 
function improvement remains inconclusive.

It was further observed that the results of several clinical 
studies reporting on cardiac function following surgery may 
have been confounded by factors such as growth during the 
investigation period, psychological changes and lifestyle 
modifications, with changing physical activity levels.

The golden standard for assessing cardiac parameters 
such as biventricular volumes and function (17,18) is CMR, 
occasional reports have been published on the use of MRI 
to assess cardiac function after PE correction (6,7), however 
chest metal implants may cause MRI artifacts and patient 
discomfort.

A strategy to assess the immediate effects of the PE-
correction on heart function in a non-invasive way is by 
applying the vacuum bell (VB), which is a CMR-safe, silicon 

device, designed to correct the deformity with immediate 
effect (19) (Figure 1). The VB was originally developed 
for the conservative treatment of PE; however, long term 
outcomes have suggested that it was not a reliable treatment 
option for all patients, particularly in the adult population 
(19-23). Nonetheless, the device can be successfully 
used during the minimally invasive repair of pectus 
excavatum (MIRPE) to elevate the sternum, facilitating bar 
introduction and reducing intraoperative risk of heart injury 
(24,25). In this prospective, clinical study, the immediate, 
temporary effect of PE-correction on cardiac function was 
evaluated with CMRI, using the VB on patients with PE.

Methods 

Study population 

This study was a prospective, interventional, single-
center study carried out at Humanitas Research Hospital, 
Rozzano, Milan, Italy. Patients who were scheduled 
for surgical correction of PE with the Nuss procedure 
between January 2015 and January 2016 were included. 
Regional health system criteria for reimbursement of 
surgical correction of PE included: age <40 years; presence 
of psychological impairment; a Haller index (HI) ≥3.5 as 
verified on computed tomography (8,26). Patients were 
excluded if they suffered from claustrophobia or had other 
clinical contraindications to undergoing CMRI or VB 
application, including: osteogenesis imperfecta, Glisson’s 
disease, Marfan syndrome, and coagulopathies (23). A 
healthy control group, matched for age and body surface 
area (BSA), was included. The controls were excluded if 
they had chest wall deformities or any cardiovascular or 
pulmonary diseases. 

This study was conducted in accordance with the 
amended Helsinki declaration and received Approval of the 
local ethics committee. All participants provided written 
informed consent. 

Cardiovascular magnetic resonance imaging

CMRI was performed using a 1.5 Philips Achieva magnetic 
resonance scanner (Philips, Amsterdam, The Netherlands) 
equipped with 30 mT/m gradients,  a slew rate of  
80 mT/m/msec, software release 5.17, and a 16-channel torso 
surface coil. During the entire session, the heart rhythm 
was monitored with a four-electrode vectorcardiography 
system. Electrodes were placed on the lateral or posterior 
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chest wall to allow correct adhesion of the VB device. The 
CMR protocol was designed according to the Society of 
Cardiovascular Magnetic Resonance image acquisition 
protocols (27): first, standard scout images of the heart 
and surroundings were obtained followed by axial single-
shot steady state free precession (SSFP) images and pilots 
to line-up cines. SSFP cine images of four-chamber, two-
chamber and short axis stacks were obtained, ensuring 
that both ventricles were covered using slice thickness of 
8 mm and slice gap of 2 mm. Flow measurement for the 
calculation of stroke index (SI) was acquired using phase-
contrast scans. Transverse images of the ascending aorta 
and the pulmonary trunk were obtained covering 40 cardiac 
phases. Two identical series of CMRI were performed 
on all participants: Baseline CMR and CMR during VB 
application, where SSFP and phase contrast sequences 
were repeated using the same protocol. Both studies were 
performed using the same initial localizer. 

VB application 

The VB was applied to the thorax at the end of baseline 
CMRI. The device covered the thoracic depression and 
the superior borders of the sternum in healthy controls; 
ensuring that the internal contours of the suction cup 
adhered firmly to the skin. Once applied, a negative 
pressure of up to 15% below atmospheric pressure was 
manually created using the pump of the device. Following 
the second CMRI during VB application, the effect of the 
VB was terminated, relieving the negative pressure within 
the suction cup immediately. 

Data analysis 

A single independent, non-blinded observer performed 

offline CMRI analysis using dedicated software (CVI42, 
Circle Cardiovascular Imaging Inc., Calgary, Canada). 
Manual tracing of the left and right endocardium was 
performed according to current guidelines to calculate end-
diastolic volume index (EDVI), end-systolic volume index 
(ESVI), EF, SI and cardiac output (CO) of both right and 
left ventricles (LV) (28). All measurements were normalized 
to BSA and a comparative analysis between baseline and 
VB values was performed. The SI was calculated on phase 
contrast sequences and was measured in the ascending aorta 
and pulmonary trunk before and during VB application. 
The possible changes between baseline measurements and 
following VB application were measured in all participants 
as biventricular mean percentage change ± standard 
deviation (± SD) using the following formula:

(VB mean value-baseline mean value)/baseline mean 
value × 100

Investigations were undertaken as to whether baseline 
biventricular parameters could predict the hemodynamic 
response to VB application, in terms of final change in 
biventricular volumes, EF and SI, respectively. 

Statistical analysis 

Continuous, normally distributed data were reported as 
means ± SD. Wilcoxon test was used for comparisons 
between measurements of patients and controls, and the 
paired Mann Whitney test was used for comparisons 
between baseline and VB values. Prior to study start, power 
calculations were conducted for the hemodynamic indices 
to ensure the number of participants

We expected a variation of 20% as measured with CMR. 
Considering a type-one error of 5%, a 2 cohort of 16 
patients was considered enough to reveal the expected 20% 
change with a power of 90%, exemplified with cardiac index 
improving from 6.5 to 8 L/min, considering a common ± 
SD of 1.7 L/min. A P value <0.05 was considered statistically 
significant. Statistical analyses were performed using StataIC 
13 (StataCorp LP, College Station, TX, USA).

Results 

Study population 

A total of 21 patients and 10 healthy controls were 
included in the study. One patient with PE suffering 
from claustrophobia was excluded from the study. The 20 
remaining patients and 10 controls exhibited similar clinical 

Figure 1 The Vacuum Bell device: silicon made, is an MR-safe 
device.
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Table 2 Biventricular hemodynamic parameters before and during vacuum bell application in patients with pectus excavatum and healthy controls 
undergoing cardiovascular magnetic resonance  

Parameter
Patients (n=20) Controls (n=10)

Baseline VB Delta P value Baseline VB Delta P value

Right ventricle

EDVI, mL/m
2

88.8±14.4 92.6±13.9 4.9±11.3 0.10 96.0±6.5 96.1±13.3 0.0±11.3 0.61

ESVI, mL/m
2

40.8±10.8 39.0±10.8 -2.7±2.5 0.33 41.6±4.4 44.5±11.7 6.4±23.7 0.58

EF, % 54.5±7.2 58.2±7.1 7.3±9.2 <0.01 56.5±5.6 54.1±7.5 −4.3±8.1 0.13

SI, mL/m
2

48.0±7.0 53.1±7.7 10.9±8.7 <0.01 54.5±8.2 51.6±6.9 −5.0±6.5 0.05

Left ventricle

EDVI, mL/m
2

77.5±11.3 83.3±11.3 7.8±6.7 <0.01 83.6±11.4 81.4±13.0 2.9±5.8 0.17

ESVI, mL/m
2

29.3±6.7 30.3± 7.0 3.4±8.9 0.15 29.5 ± 5.4 30.3 ± 7.9 1.2±17.1 0.65

EF, % 62.3±5.4 63.9 ± 5.9 2.5±3.7 0.01 64.6 ± 4.6 62.9 ± 5.3 −2.5±5.8 0.19

SI, mL/m
2

48.1±7.1 53.0 ± 7.9 10.5±8.5 <0.01 54.0 ± 8.3 51.3 ± 6.5 −4.7±6.0 0.04

Data presented as mean ±standard deviation.  Delta, delta change in % from baseline to VB-application. VB, vacuum bell; EDVI, end-
diastolic volume index; ESVI, end-systolic volume index; EF, ejection fraction; SI, stroke index. 

Table 1 Demographic data on patients with pectus excavatum and healthy controls 

Parameter Patients (n=20) Controls (n=10) P value 

Age, years 22.9±9.5 24.9±5.7 0.20

Weight, Kg 68.2±10.3 67.6±6.4 0.87

Height, cm 181.7±6.6 177.4±4.9 0.11

BMI 20.6±2.1 21.4±1.7 0.29

BSA, m
2

1.9±0.1 1.9±0.1 0.66

Males, % (number) 100% (20) 80% (8) 0.10

Data presented as mean ± standard deviation or percentages with total numbers. BMI, body mass index; BSA, body surface area.

characteristics. The demographic parameters are displayed 
in Table 1. 

CMR before and during VB application 

All CMR scans of the participants were included for analysis, 
the biventricular volumes and function are displayed in  
Table 2. Baseline cardiac parameters revealed lower values in 
RV SI for patients (P<0.05) and a tendency for a lower LV SI 
(P=0.05) as compared with controls. Other baseline cardiac 
parameters showed no significant difference. Following 
VB application, patients demonstrated increases in RV EF 
7%±9% and SI 11%±9% (both P<0.01). No changes were 
noted in controls. The LV parameters of the patients similarly 

revealed improvement with increasing EDVI 8%±7%, SI 
11%±9%, and EF 3%±4% (all P<0.05). No changes were 
found in either RV or LV parameters for the controls 
except for a 5% decrease in LV SI following VB application 
(P=0.04). The cardiac parameters changes of the RV and LV 
are displayed in Figures 2 and 3. Examples of CMR images 
displaying changes in RV volumes from baseline position 
of the sternum to VB application are presented in Figure 4, 
demonstrating relief of the sternal compression at the level of 
the right atrioventricular groove in two patients.

Adverse events 

The brief VB-application of 20-to-30 minutes presented 



5402 Monti et al. CMR and vacuum bell in pectus excavatum

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2019;11(12):5398-5406 | http://dx.doi.org/10.21037/jtd.2019.12.41

Figure 2 Right ventricular %-change of right ventricular parameters after vacuum bell  application. The percentage change in right 
ventricular parameters from baseline to vacuum bell application in patients and controls. *, indicates significant difference in percentage 
change with P<0.01. EDVI, end-diastolic volume index; ESVI, end-systolic volume index; EF, ejection fraction; SI, stroke index.

Figure 3 Left ventricular %-change of left ventricular parameters after vacuum bell application. The percentage change in left ventricular 
parameters from baseline to vacuum bell application in patients and controls. *, indicates significant difference in percentage change with 
P<0.05. EDVI, end-diastolic volume index; ESVI, end-systolic volume index; EF, ejection fraction; SI, stroke index.

few adverse events. The most common was local reddening 
of the skin below the suction cup, observed in six patients 
and three controls, which resolved spontaneously in 
all cases. Chest discomfort was also described by a few 
participants, with complete relief following device removal. 
No participant reported pain.

Discussion

To the best of our knowledge, this is the only study that 

shows an immediate improvement in cardiac function using 
a simple non-invasive device to obtain temporary sternal 
elevation in PE patients scheduled for surgical correction. 
The study was designed to simulate the effects of surgical 
correction with the VB, a CMRI-safe noninvasive device.

Data obtained from each patient prior to the application 
of the VB served as their own control versus post-
application parameters; confounding factors such as imaging 
artifacts due to the presence of metal implants, patients 
growth or lifestyle changes after surgery are avoided and the 
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sole influence of lifting the depressed sternum was assessed. 
A group of healthy subjects underwent the same procedure, 
in order to assess unforeseen cardiovascular effects of sternal 
elevation, or of the negative pressure application per se. 
Our data show an immediate improvement in biventricular 
SI and in biventricular EF in PE patients during temporary 
relief of chest wall-depression. No significant variation 
was observed in healthy subjects undergoing the same 
procedure.

The study demonstrated an immediate measurable 
change in cardiac parameters similar to those previously 
described by both short- and long-term follow-up studies 

post-surgical repair of PE. In a long-term follow-up 
study from 2013, O’Keefe et al. investigated the effects of 
surgical correction of PE on cardiac function at rest and 
found increases in both CO and stroke volume (29). The 
authors reported that the mean preoperative stroke volume 
increased from 68.1 to 75.0 mL three months after Nuss-bar 
removal. Surgical correction carried an estimated change 
of 10%, in line with the right and left ventricular mean SI 
changes of 11 % in our non-invasive study. Other Authors 
have also noted improvements in cardiac function following 
corrective surgery for PE. In a study from 2008, Hu et al. 
saw a 23% increase in LV stroke volume in 40 children, 

Figure 4 Cardiovascular magnetic resonance images of change in right ventricular dimensions in patients before and during vacuum bell 
application. Examples of cardiovascular magnetic resonance performed on two patients with pectus excavatum. Patient 1: axial view with (A) 
and (B). Patient 2: four-chamber views with (C) and (D). (A) and (C) show the cardiac compression applied by the sternal depression (arrow) 
at the level of the right atrioventricular groove. (B) and (D) reflect the immediate sternal relief (arrow) of cardiac compression during the 
vacuum bell application.

A

C

B

D
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4.2 years post PE-surgery (30). This was compared with a 
group of 38 healthy children without PE, investigated in 
the same period of time, in whom a 17% increase in stroke 
volume was observed, which could be attributed to growth. 
Hence, approximately 5% may be credited the corrective 
surgery. In a recent study with CMRI, Töpper et al. looked 
at the surgical impact on cardiac function in 38 adult 
patients with PE (6). The patients demonstrated significant 
increases in their RV stroke volume (approximately 6%) 
and LV stroke volume (5%), more than one-year post-
surgery. Another important finding from this study was 
a significant improvement in both RV and LV systolic 
function of the patients, but not the controls who displayed 
a 5% decrease in LV SI following VB application, likely 
due to the excessive displacement of the sternum impeding 
optimal cardiac contraction.

Gürkan et al. performed transthoracic echocardiography 
on a group of 16 male adults before and one month after PE 
repair (14) and observed significant increases in RV diastolic 
diameter, systolic excursion velocity and tricuspid annular 
plane systolic excursion, suggesting improved systolic 
function of the RV (14). This was in line with the findings 
of improved RV EF of our study. In the Topper study, the 
authors also reported on EF of the 38 adult PE-patients and 
found a reduced RV EF prior to surgery, with normalized, 
significantly increased RV EF more than a year after  
surgery (6). RV EF was approximately increased by 6% one 
year after surgery, whereas the LV EF increased significantly 
by approximately 3%. These improvements in EF are 
reflected in our acute study, where RV EF was increased by 
7% and LV EF by 3% with sternal elevation. Immediate 
changes in cardiac parameters following surgical correction 
of PE have been reported previously (13,31). Cardiac 
parameters were examined by intraoperative transesophageal 
echocardiography and the authors noted increases in RV 
volume, area and diameter as well as LV EF. 

The accuracy and reproducibility of CMRI is well 
established (17), making it the gold standard, cost effective 
technique. According to a seminal study (32), the adequate 
sample size to detect a 3% change in EF with CMRI is as 
few as 15 patients. Our observed change in LVEF was 7%, 
beyond the variability of the adopted diagnostic approach: 
therefore, it should be attributed to a measurable effect of 
the intervention.

We compared the cardiac measurements with that 
of a recently published study on CMR reference values, 
determined from a population of healthy, Italian adults (33).  
Ten patients (50%) showed lower-than-reference LV EDVI 

measures before VB application, while only 4 patients did 
so following VB application. In addition, 7 patients showed 
lower-than-reference RV EF at baseline, while only 1 
patient did so during VB application.

Comparing PE patient measurements with those of 
our healthy group, neither EDVI nor EF were different 
between the two groups at baseline, however, patients still 
had lower cardiac measurements on all baseline parameters 
compared with the healthy group.

As in previous studies on cardiac function at rest in 
PE patients, cardiac function is only mildly restricted, 
whereas reduced function is evident during exercise (15). 
Although the patients are in the lower limit of normal 
according to different sets of proposed reference values, 
the improvements brought by chest wall correction are 
markedly greater in PE patients when compared with the 
healthy controls.

Limitations and future perspectives

Several limitations should be mentioned. The analysis of 
the CMR images was performed in an un-blinded fashion, 
as blinding was technically impossible due to the degree of 
deformity in these patients (the Mean HI being 5.7±1.7) 
and the VB phase would have unavoidably become evident. 
The cohort was small, however the number of patients 
studied was comparable to other similar studies of cardiac 
function after PE repair. A larger validation cohort would 
be appropriate to confirm these observations. Variations 
of similar magnitude under different conditions have been 
reported before by other authors (6,13)

Cardiac Function variations, albeit statistically significant, 
were limited. It may be argued that such variations per se 
do not constitute a sufficient reason to recommend surgical 
correction. Conversely, most adult patients request PE 
correction because of psychological issues, rather than any 
cardiovascular impairment (34). 

As previously reported (6,7,11) we could not find 
a correlation between the HI and cardiac function 
modifications following VB application. The HI did not 
fully account for the degree of cardiac compression, which 
can vary according to the shape of the chest and any 
displacement of the heart. 

The depressed sternum was not sufficiently elevated in 
all patients (Figure 4), thus the effect of a corrected PE may 
be underestimated in this study.

Application of the VB is technically possible in patients 
while they are conducting strenuous exercise, hence this 
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technique may be useful to observe physiological changes 
of sternal elevation under physical strain for example 
by transthoracic echocardiography. We are planning to 
perform the same CMRI analysis at 3 years follow-up, 
after bar removal. These results will reveal whether the VB 
device was a reliable predictor of cardiac improvement after 
permanent correction of PE. 
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