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OBJECTIVE. We sought to explore whether patients with pectus excavatum have exagger-
ated interventricular dependence and to evaluate the impact of the malformation severity (as-
sessed on CT) on both anatomic and functional cardiac parameters (assessed on cardiac MRI).

SUBJECTS AND METHODS. The current study involved consecutive patients with
a diagnosis of pectus excavatum who were referred to undergo cardiac MRI and chest CT to
establish surgical candidacy or to define treatment strategies.

RESULTS. Sixty-two patients with pectus excavatum underwent cardiac MRI and chest
CT. Fifty (81%) patients were male, and the median age was 17.5 years (range, 14.0-23.0
years). Forty-seven (76%) patients had evidence of right ventricular compression. The left
ventricle showed a significantly decreased end-diastolic volume (inspiration vs expiration:
70.4 £ 11.6 vs 76.1 + 13.7 mL/m?, respectively; p = 0.01) and a significantly higher eccentric-
ity index (1.52 £ 0.2 vs 1.20 £ 0.1, p < 0.0001) during inspiration than during expiration. The
median respiratory-related septal excursion was 8.1% (interquartile range, 5.1-11.7%). Pa-
tients with pericardial effusion showed a significantly higher pectus excavatum severity in-
dex than patients without pericardial effusion (6.3 + 3.4 vs 4.4 + 1.3, respectively; p = 0.003).
Patients with a relative septal excursion equal to or larger than 11.8% showed a significantly
higher pectus excavatum severity index than patients with a relative septal excursion of less
than 11.8% (6.3 £2.6 vs 4.7 + 2.4, respectively; p = 0.05).

CONCLUSION. In this study, patients with pectus excavatum showed significant altera-
tions of cardiac morphology and function that were related to the deformation severity and

that manifest as an exaggerated interventricular dependence.

ectus excavatum is a relatively
common congenital malforma-
tion of the anterior chest wall that
is observed more frequently in
men; it is characterized by a depression of the
sternum and adjacent cartilages. Patients with
pectus excavatum have a lower quality of life
because of cosmetic issues that can lead to
significant psychosocial impact, particularly
among children and young adults, and can
have impaired pulmonary functional test re-
sults [1-3]. Moreover, pectus excavatum has
recently been related to decreased exercise
performance and decreased cardiac function;
this impairment is at least partly attributed to
the compression of the right-sided chambers
between the sternum and the spine [4, 5].
Cardiac MRI is currently the reference
standard for anatomic and functional cardi-
ac assessments, particularly for the assess-
ment of the right ventricle (RV) [6]. Further-
more, unlike echocardiography, cardiac MRI

can be used to assess surrounding structures
such as the chest wall. Pathologic (incre-
mented) interventricular dependence and the
resulting ventricular septal shift to the left
are typically associated with clinical condi-
tions that interfere with pericardium disten-
sibility, such as constrictive pericarditis. Car-
diac MRI can be used to assess ventricular
septal shape and motion and the extent of the
excursion using real-time operator-guided
breathing cine sequences [7].

Pectus excavatum is associated to some
extent with external pericardial constraint.
A recent echocardiographic study has shown
a significant decrease in right chamber com-
pression after surgical repair [8]. However, to
our knowledge, cardiac MRI data regarding
respiratory cycle changes in cardiac anatomy
and function and the relationship of cardiac
MRI data with thoracic indexes are lacking.
Accordingly, we sought to explore whether
patients with pectus excavatum have exag-
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gerated interventricular dependence and to
evaluate the impact of the malformation se-
verity (assessed using CT) on both anatomic
and functional cardiac parameters (assessed
using cardiac MRI).

Subjects and Methods

This observational investigator-driven study
involved consecutive patients with a diagnosis of
pectus excavatum who were referred to undergo
cardiac MRI and chest CT to establish surgical can-
didacy or to define treatment strategies. Inclusion
criteria were age of more than 8 years old and the
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Fig. 2—Classification of right-heart compression.
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Fig. 1—CT scan of
16-year-old boy shows
measurements needed
to calculate thoracic
indexes. Tdrefersto
transverse diameter;

Min APd, minimum
anteroposterior diameter;
Max APd, maximum
anteroposterior diameter;
L, left; and R, right.

presence of Haller index of = 3 on cross-sectional
imaging using CT. Patients with previous surgical
correction of pectus excavatum were excluded.

All procedures performed were in accordance
with the ethical standards of the institutional re-
search committee and with the 1964 Helsinki
Declaration and its later amendments. Informed
consent was obtained from all participants includ-
ed in the study.

Chest CT Acquisition
CT scans were obtained using a 256-MDCT scan-
ner (ICT, Philips Healthcare). Acquisition parame-

ters were the following: tube voltage, 80 kVp; tube
current, 100 mA; pitch, 0.699; collimation, 128 x
0.625 mm; and rotation time, 0.75 second. Automat-
ic tube current dose modulation (D-DOM, Philips
Medical Systems) was applied during acquisitions.
Images were reconstructed at 1.0-mm-thick sections
with a soft-tissue algorithm. Patients were scanned
craniocaudally during a full-expiration breath-hold.
IV contrast material was not administered.

Cardiac MRI Acquisition

All MRI examinations were performed on the
same system (Achieva 1.5 T, Philips Healthcare) us-
ing a 5-element cardiac phased-array coil for signal
reception and using a vector ECG for cardiac syn-
chronization. Cine cardiac MRI (balanced steady-
state free-precession [SSFP]) sequences were ac-
quired at end-expiration using long-axis slices
(horizontal, vertical, and left ventricle [LV] outflow
tract) and 8-10 contiguous short-axis slices from
the level of the mitral valve annulus through the LV
apex; commercially available SSFP pulse sequenc-
es were performed, and the technical parameters
were as follows: TR/TE, 3.5/1.8; flip angle, 60°;
section thickness, 8 mm; matrix, 144 x 157; FOV,
320 mm; voxel size, 2.2 x 2.0 mm; and number of
phases, 30. In a subset of 34 patients, the short-axis
stack (8-10 slices) cine cardiac MRI examination
was repeated at end-inspiration to assess volumet-
ric variations related to the respiratory cycle.

A and B, Class I: no right-heart compression. MR image shows normal heart position (class la) in healthy 35-year-old man (A), and MR image shows left-heart shift (class

Ib) in 27-year-old man (B).

CandD, Class II: right ventricle (RV) compression. MR image shows mid RV compression (class Ila) in 13-year-old boy (C), and MR image shows mid and basal RV

compression (class Ilb) in 13-year-old boy (D).

E, Class lll: right atrioventricular groove compression. MR image shows right atrioventricular groove compression in 22-year-old woman.
F, Class IV: RV compression and atrioventricular groove compression. MR image shows RV compression and atrioventricular groove compression in 25-year-old man.
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TABLE I: Ventricular Dimensions and
Atrioventricular Groove
and Atrial Dimensions

Measurement Value

Leftventricle

End-diastolic diameter (mm) 475+4.1

End-systolic diameter (mm) 33.1+3.3

Ejection fraction (%) 54.9+3.7

End-diastolic volume (mL/m?) 76.6+12.3

End-systolic volume (mL/m?) 35.0+6.2
Right ventricle

Long-axis diameter (mm/m?) 50.9+6.5

Short-axis diameter (mm/m2) 22.9+9.1

Ejection fraction (%) 51.1+7.0

End-diastolic volume (mL/m?) 69.4+15.0

End-systolic volume (mL/m?) 34.7+94
Atrioventricular groove and atrial

dimensions

Left atrium (cm?) 15.6+3.3

Right atrium (cm2) 16.5+3.8
Tricuspid annulus (mm) 28.6+4.7

Mitral annulus (mm) 33.3+4.1
Tricuspid-mitral annulus 0.8+0.2

Note—Data are reported as means + SD.

Real-time (i.e., free-breathing, nontriggered)
assessment of ventricular coupling was assessed
using balanced SSFP sequences in combination
with parallel imaging sequences at a basal half
short ventricular axis (reconstructed pixel size,
1.15 x 1.15 mm) and a scanning time of approxi-
mately 36 seconds covering at least three complete
respiratory cycles. During image acquisition, pa-
tients were instructed to breathe deeply in and out.

Chest CT Analysis

CT analyses were performed by an experienced
radiologist blinded to the clinical data and cardiac
MRI results. Two chest wall diameters were mea-
sured: a minimum anteroposterior diameter and a
maximum transverse diameter. We measured both
diameters at the point of maximal sternal depres-
sion. The Haller index (HI) was calculated using
those variables from dividing the transverse di-
ameter (the largest horizontal distance of the in-
side of the ribcage) by the anteroposterior diame-
ter (the shorter distance between the vertebrae and
the sternum) [9]. For the correction index, which
corresponds to the percentage of chest depth to
be corrected by bar placement, we drew a hori-
zontal line across the anterior spine and measured
two distances: the minimum distance between the
posterior sternum and the anterior spine and the
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maximum distance between the line placed on the
anterior spine and the inner margin of the most an-
terior portion of the chest. The difference between
these two lines is the amount of defect the patient
has in the chest [10] (Fig. 1).

Three cardiac diameters were also measured
at the deepest point of cardiac depression: two
anteroposterior (minimum and maximum) and
transverse diameters as previously reported [11,
12]. The cardiac asymmetry index was calculated
as reported by Kim et al. [12].

Morphologic and functional cardiac MRI vari-
ables were compared between groups according to
patient stratification in HI tertiles and, as a sec-
ondary analysis, in correction index tertiles.

Cardiac MRI Analysis

All cardiac MRI studies were analyzed offline us-
ing a dedicated workstation (ViewForum, Philips
Healthcare) by consensus of two similarly experi-
enced observers (> 6 years of experience with car-
diac MRI) who were blinded to clinical history
and CT data. The presence and pattern of right-
heart compression were determined on the hori-
zontal long plane (Fig. 2).

LV end-diastolic volume (EDV) and end-sys-
tolic volume (ESV) were calculated as standard-
ized by the Society for Cardiovascular Magnetic
Resonance [13]. Basal image position was defined
as the basal-most image encompassing at least
75% of the circumference of the myocardium.

For assessment of ventricular coupling, the
short-axis real-time cine MR images were visu-
ally analyzed for abnormal motion of the ven-
tricular septum throughout the respiratory cy-
cle during early ventricular filling, as previously
reported (Video S1, which can be viewed in the
AJR electronic supplement to this article, avail-
able at www.ajronline.org). The respiratory-re-
lated septal excursion was quantified by measur-
ing the distance between the RV free wall and
the septum as well as the biventricular diameter
in a single plane (Figs. 3 and 4). During inspi-
ration and expiration, these measurements were
performed using the heartbeat that showed the
largest septal displacement to the left and to the
right, respectively. As reported by Francone et
al. [7], normalized septal excursion (percentage
septal shift) was calculated by dividing the RV
wall-to—septum distance by the biventricular di-
ameter at inspiration and expiration, respectively.
We further evaluated the number of patients with
a respiratory-related septal excursion equal to or
larger than 11.8%, the previously defined cutoff
value using the mean normal value plus 2 SDs
[7]. Furthermore, the LV eccentricity index (a
surrogate of the extent of RV overload and septal
bowing) at both expiration and inspiration was

calculated at end-diastole as the superior-inferior
LV diameter divided by the anterior-posterior di-
ameter; a value of greater than 1.0 was suggestive
of RV overload [14, 15] (Fig. 3).

Statistical Analysis

Discrete variables are presented as counts and
percentages. Continuous variables are presented as
means + SD and as medians (interquartile range),
as indicated. Comparisons among groups were per-
formed, as indicated, using paired samples, inde-
pendent-samples ¢ test, and one-way ANOVA (with
the Bonferroni test for posthoc multiple compari-
sons) for continuous variables with normal distribu-
tion or nonparametric tests (Wilcoxon signed rank
test) for continuous variables without normal dis-
tribution. Spearman correlation coefficients were
used to explore nonparametric correlations. All
statistical analyses were performed using statistics
software (SPSS, version 22, IBM). A two-sided p <
0.05 indicated statistical significance.

Results

Sixty-two patients with pectus excavatum
underwent cardiac MRI and chest CT. Fif-
ty (81%) patients were male; the median age
was 17.5 years (range, 14.0-23.0 years). At
clinical presentation, 23 (42%) patients were
asymptomatic, 16 (29%) had atypical chest
pain, and 16 (29%) had exertional dyspnea.
Clinical data were unavailable for seven pa-
tients. The mean heart rate was 72.3 + 12.1
beats/min. The approximate effective radia-
tion dose was 1.1 mSv (dose-length product,
80 mGy x cm).

Cardiac MRI

All patients completed the cardiac MRI
procedure, and periods of apnea were well
tolerated. Mild pericardial effusion was ob-
served in 21 (34%) patients, and minimal
(laminar) pleural effusion was identified in
five (8%) patients.

With regard to the type of RV compression
(Fig. 2), 15 (24%) had no RV compression
(2/15 with left-side cardiac shift), whereas
47 patients had evidence of RV compres-
sion (mid RV, 22 [36%]; mid and basal RV,
6 [10%]; atrioventricular groove, 1 [2%]; and
atrioventricular groove and RV, 18 [29%)]).

The mean LV and RV dimensions are list-
ed in Table 1. The mean tricuspid annulus
width was 28.6 + 47 mm, and the mean mi-
tral annulus width was 33.3 £ 4.1 mm (mean
tricuspid—mitral annulus width, 0.8 + 0.2).
Among patients who underwent expiratory
and inspiratory short-axis stack cine cardiac
MRI (n = 34), a significant decrease in left



ventricular dimensions was observed during
the inspiratory phase (Table 2).

Real-time cine cardiac MRI of sufficient
quality was performed in 55 patients. In this
subset of patients, the RV short axis was
significantly higher during inspiration than
expiration (26.6 + 8.7 vs 24.9 + 6.3 mm, re-
spectively; p = 0.03). Likewise, the LV ec-
centricity index was significantly higher dur-
ing inspiration than expiration (1.52 £ 0.2 vs
1.20 = 0.1, p < 0.0001). This difference was
associated with a significantly higher supe-
rior-inferior LV diameter during inspiration
(61.3 + 5.8 vs 56.4 = 5.8 mm, p < 0.0001).
Furthermore, the median respiratory-relat-
ed septal excursion was 8.1% (interquartile
range, 5.1-11.7%), and 13 of 55 (24%) pa-
tients had a respiratory-related septal excur-
sion equal to or larger than 11.8%.

CT Thoracic Indexes

The mean thoracic indexes of the study
population were as follows: HI, 5.1 + 2.4;
correction index, 34.2% + 17.6%; and cardi-
ac asymmetry index, 1.5 + 0.5. Tables 3 and
4 show cardiac morphologic and function-
al findings according to the HI and correc-
tion index tertiles. Patients with pericardial
effusion, although mild, showed significant-
ly higher HI values (6.3 + 3.4 vs 44 + 1.3,
respectively; p = 0.003) and trends toward
higher correction index values (40.2% =+
22.5% vs 31.8% + 12.7%, p = 0.07) and high-
er cardiac asymmetry index values (1.70 +
0.8 vs 1.45 £0.3, p =0.07) than patients with-
out pericardial effusion. Likewise, patients
with a relative septal excursion equal to or
larger than 11.8% showed significantly high-
er HI values (6.3 = 2.6 vs 4.7 + 2.4, respec-
tively; p = 0.05) and correction index values
(47.8% + 16.4% vs 31.7% + 15.2%, p = 0.003)
than patients with septal excursion smaller
than 11.8%.

Significant positive correlations were
identified between respiratory-related septal
excursion and the HI (» =0.37, p = 0.07), cor-
rection index (r = 0.46, p < 0.0001), and car-
diac asymmetry index (r = 0.49, p < 0.001).
Significant correlations, albeit weaker, be-
tween the eccentricity index and the HI (r =
0.27, p = 0.049), correction index (r = 0.34,
p =0.01), and cardiac asymmetry index (r =
0.37, p = 0.007) were also shown. Similar-
ly, significant inverse relationships were ob-
served between the tricuspid annulus width
and the HI (r = -0.34, p = 0.01), correc-
tion index (r = —0.28, p = 0.35), and cardi-
ac asymmetry index (r = —-0.36, p = 0.006).
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TABLE 2: Ventricular Dimensions Among Patients Who Underwent
Expiratory and Inspiratory Short-Axis Stack Cine Cardiac MRI

Measurement Expiration Inspiration p

Left ventricle

End-diastolic diameter (mm) 47.8+4.0 449+0.7 <0.0001
Ejection fraction (%) 545+4.3 55.9+4.5 0.02
End-diastolic volume (mL/m?) 76.1+13.7 70.4+11.6 0.01
End-systolic volume (mL/m?) 35.4+6.9 31.1£6.5 <0.0001
Rightventricle

Long-axis diameter (mm) 51.9+5.8 52.3+6.1 0.39
Short-axis diameter (mm) 23.0£11.0 19.3+5.4 0.04
Ejection fraction (%) 53.6+7.2 54.0+15.6 0.88
End-diastolic volume (mL/m?) 73.3+12.5 68.5+13.8 0.003
End-systolic volume (mL/m2) 34185 33.2+£9.0 0.32

Note—Data are reported as means + SD.

TABLE 3: Morphologic and Functional C
in Haller Index (HI) Tertiles

ardiac MRI Data After Stratification

HI
Measurement First Tertile | Second Tertile | Third Tertile ANOVA

Tricuspid annulus width (mm) 30.8+3.9 28.2+45 26.6+5.22 0.02
Mitral annulus width (mm) 35133 32.3x4.2 329+46 0.10
Tricuspid-annulus ratio 0.88+0.1 0.88+0.1 0.81+0.2 0.22
Left atrium area (cm?) 17.0+2.9 15.7+3.1 1424352 0.04
Right atrium area (cm?) 17.3+£3.5 16.8+3.8 15.5+4.2 0.34
Leftventricle

Septal excursion (%), median (1QR) 6.2(3.3-9.0) | 7.5(5.6-10.7) | 10.9(7.8-14.1) <0.0001°
Eccentricity index (expiration) 1.16+0.1 1.20+0.1 1.22+0.1 0.08
Eccentricity index (inspiration) 1.46+0.2 1.52+0.2 1.58+0.2 0.20
End-diastolic diameter (mm) 49.8+4.2 459+3.9 46.9+3.3 0.007
End-systolic diameter (mm) 34.6+3.7 32.2+3.1 32.7+2.8 0.07
End-diastolic volume (mL/m?) 78.6+£10.6 74.6 £10.7 75.9+15.4 0.57
End-systolic volume (mL/m?) 36.5+5.9 32.5+5.1 36.6+7.1 0.047
Stroke volume (mL/m?) 42.0+7.0 42.0+6.8 42.2+4.3 0.99
Ejection fraction (%) 53.9+4.2 56.4+3.2 53.8+3.3 0.03
Right ventricle

Short-axis diameter (mm/m?) 27.4+14.6 22.4+47 19.6 +4.5 0.03
Long-axis diameter (mm/m?) 49.2+8.9 51.7+4.8 51.4+6.0 0.47
End-diastolic volume (mL/m?) 68.4+16.4 68.1+10.1 711£18.7 0.80
End-systolic volume (mL/m2) 36.2+9.6 33156 34.7+12.8 0.60
Ejection fraction (%) 51.1+6.6 50.8+7.1 517717 0.93

Note—Unless indicated otherwise, data are reported as
aFor first tertile versus third tertile (Bonferroni), p< 0.05.
bWilcoxon signed rank test.

Left atrium area (vs HI: » =-0.34, p = 0.009;
vs correction index: r = —-0.50, p < 0.0001;
vs cardiac asymmetry index: r = -0.32,p =
0.01) and right atrium area (vs HI: » = -0.20,

means + SD. IQR = interquartile range.

p = 0.12; vs correction index: r = -0.32, p =
0.01; vs cardiac asymmetry index: r = —0.11,
p =0.44) were inversely correlated to thorac-
ic indexes.
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TABLE 4: Morphologic and Functional Cardiac MRI Data After Stratification
in Correction Index Tertiles

Correction Index (%)
Data First Tertile | Second Tertile | Third Tertile ANOVA
Tricuspid annulus width (mm) 29.5+4.8 29.3+4.8 26.6+4.5 0.12
Mitral annulus width (mm) 34.6+4.0 32944 32.6+4.0 0.28
Tricuspid-annulus ratio 0.86+0.1 0.89+0.1 0.83+0.2 0.44
Left atrium area (cm?) 17.2+27 15.7£3.1 13.9+3.52 0.007
Right atrium area (cm?) 17.5+£3.5 16.9+3.6 15.1+4.3 0.13
Leftventricle
Septal excursion (%), median (IQR) 5.1(3.0-8.1) | 7.6(5.1-10.2) | 11.6(7.9-14.4) <0.0001°
Eccentricity index (expiration) 116+0.1 1.20+0.1 1.22+0.1 0.07
Eccentricity index (inspiration) 1.43+0.2 1.54+0.2 1.58+0.2 0.09
End-diastolic diameter (mm) 48.5+4.6 46.7+3.9 46.9+3.5 0.30
End-systolic diameter (mm) 34.4+3.8 32.3+3.0 32.8+2.8 0.10
End-diastolic volume (mL/m?) 76.3+£10.9 75.8+10.0 76.6+16.0 0.98
End-systolic volume (mL/m?) 35.2+6.4 33.2+4.9 36.7+7.2 0.21
Stroke volume (mL/m2) 41.0+£6.5 425+6.5 42.8+5.1 0.64
Ejection fraction (%) 54.2+4.0 56.1+3.4 54.0+3.4 0.13
Right ventricle
Short-axis diameter (mm/m?) 25.8+14.1 23645 19.4+5.2 0.09
Long-axis diameter (mm/m2) 49.4+8.8 51.3+4.1 51.8+6.3 0.49
End-diastolic volume (mL/m?) 65.1+15.4 71.0+11.0 71.3+17.8 0.34
End-systolic volume (mL/m2) 34.3+8.4 347+175 346+12.4 0.99
Ejection fraction (%) 50.8 +6.1 50.9+75 51.9+7.0 0.89

Note—Unless indicated otherwise, data are reported as means + SD. IQR = interquartile range.
aFor first tertile versus third tertile (Bonferroni), p < 0.05.
bWilcoxon signed rank test.

Discussion

The main finding of our study was that al-
terations of cardiac morphology and function
in patients with pectus excavatum are relat-

ed to the severity of the deformation and that
these alterations manifest during inspiration.

Only 2 decades ago, pectus excavatum
was deemed a cosmetic condition, and the
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clinical symptoms of patients with this con-
dition were underrecognized or were con-
sidered to not be related to pectus excava-
tum [16]. Indeed, although pectus excavatum
has been associated to abnormal cardiopul-
monary function test results, there is lack of
consensus regarding whether chest deformi-
ty can cause symptoms and abnormal func-
tional test results of sufficient severity to
justify surgery [17, 18]. Nevertheless, surgi-
cal correction has rapidly gained acceptance
during the past decade, and minimally inva-
sive repair has become a safe standard for the
treatment of patients with pectus excavatum;
excellent results have been reported in most
patients, and positive impacts on quality of
life and cardiopulmonary function have been
observed [8, 18, 19].

Accordingly, it is essential to establish the
impact of the severity of the deformation on
cardiac anatomy and function, particularly
among children and young adults because
the surgical decision is challenging in these
patients given the intraoperative risk and the
relatively variable rates of infection, bar mi-
gration, and reoperation [20-22].

Previous studies using cardiac MRI for
the assessment of patients with pectus exca-
vatum have reported distorted RV geometry
and reduced RV ejection fraction [23, 24]. To
our knowledge, our study is the first to ex-
plore respiratory cycle changes in cardiac
anatomy and function values and the rela-
tionship of those values with pectus excava-
tum indexes. In this study, significant chang-
es in both cardiac chamber dimensions and
function were observed in relation to the re-
spiratory cycle. In particular, an exaggerated
interventricular dependence was identified

Fig. 3—15-year-old boy with Haller index of 7.2, correction index of 54%, cardiac asymmetry index of 1.6, and class IV right-heart compression.
A and B, Balanced steady-state free-precession images obtained at mid short axis during expiration (A) and inspiration (B) show dimensions of left ventricle (LV) are
smaller during inspiration (/ine, B: 35.7 mm) than expiration (/ine, A: 44.8 mm). LV end-diastolic volume is 80 mL/m2 during expiration and 62 mL/mZ2 during inspiration.

C. End-systole cine cardiac MR image obtained at horizontal long axis.
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D

Fig. 3 (continued)—15-year-old boy with Haller index of 7.2, correction index of 54%, cardiac asymmetry index of 1.6, and class IV right-heart compression.

D and E, Real-time cine cardiac MR images obtained during expiration (D) and inspiration (E) show relative septal excursion of 15% and eccentricity index during
inspiration of 1.9. Relative septal excursion is calculated by dividing distance between free wall of right ventricle and septum (solid arrows) by biventricular distance
(dotted arrows) at early ventricular filling during inspiration and expiration. Relative septal position is 47.3% at expiration and 22.4% at inspiration, resulting in relative
septal excursion of 24.9%.

F, Axial chest CT image obtained at maximum compression site.

Fig. 4—15-year-old boy with Haller index of 4.8, correction index of 33%, cardiac asymmetry index of 1.3, and class lla right-heart compression.

A and B, Balanced steady-state free-precession images obtained at mid short axis during expiration (A) and inspiration (B) show dimensions of left ventricle (LV) are
similar during inspiration (line, B: 52.4 mm) and expiration (/ine, A: 53.2 mm). LV end-diastolic volume is 96 mL/m? during expiration and 94 mL/m? during inspiration.
C. End-systole cine cardiac MR image obtained at horizontal long axis.

D and E, Real-time cine cardiac MR images obtained during expiration (D) and inspiration (E) show relative septal excursion of 2% and eccentricity index during
inspiration of 1.4. Relative septal excursion is calculated by dividing distance between free wall of right ventricle and septum (solid arrows) by biventricular distance
(dotted arrows) at early ventricular filling during inspiration and expiration.

F, Axial chest CT image obtained at maximum compression site.
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independent of the thoracic indexes explored.
This interventricular dependence was shown
both by a significant respiratory-related sep-
tal excursion and by a markedly increased LV
eccentricity index. It is noteworthy that 24%
of the patients with pectus excavatum had a
respiratory-related septal excursion equal to
or larger than 11.8%, the previously defined
cutoff value used to discriminate between
healthy patients and those with constrictive
pericarditis [7]. In parallel, the LV eccentric-
ity index, a surrogate of RV overload, was ab-
normal even during expiration; among the pa-
tients with a more severe chest deformation,
the superior-inferior diameter was, on aver-
age, more than 50% larger than the anterior-
posterior diameter. Furthermore, in line with
the study of Oezcan et al. [25], 34% of pa-
tients with pectus excavatum had evidence of
mild pericardial effusion, which was related
to the deformation severity. Pectus excava-
tum severity was also inversely related to the
width of the tricuspid annulus and to the area
of the left atrium. Atrioventricular groove
compression has been proposed as a poten-
tial mechanism associated with reduced RV
cardiac output in these patients. Furthermore,
the negative correlation between left atrium
area and pectus excavatum severity is consis-
tent with the findings reported in a previous
study: Humpbhries et al. [26] found compres-
sion relief in a substantial percentage of pa-
tients after sternal eversion. However, the po-
tential physiologic or clinical implications of
these findings are poorly understood [8, 26].

On the contrary, in opposition to a previ-
ous study that showed a significant increase
in LV ejection fraction on echocardiography
after surgical correction, we did not identify
a relationship between pectus excavatum se-
verity and this variable [27].

Our study adds to the increasing evidence
supporting the potential cardiac anatomic
and functional implications of pectus excava-
tum beyond the merely cosmetic issues. We
found that pectus excavatum leads to a cardi-
ac functional impact that is related to the de-
formation severity and that has a pattern sim-
ilar to, albeit obviously significantly milder
than, constrictive pericarditis [28]. Given the
compression of the heart (also commonly
displaced to the left) between the posterior
chest wall indentation and the spine, a con-
strictivelike hemodynamic pattern is likely
because of a “virtually” encased pericardi-
um. This pattern might partially explain the
paradoxical respiratory-related discordance
between chest deformity (attenuating during
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inspiration) and cardiac function impact (at-
tenuating during expiration).

A number of limitations should be ac-
knowledged. The relatively small sample
size might lead to selection bias, although it
is worth mentioning that one of the strengths
of our study is that thoracic indexes were as-
sessed using chest CT. Given the young age
of the patients included, an age-matched con-
trol group was not available. Nevertheless, in
an adult population, Francone et al. [7] have
previously reported that the mean respira-
tory-related septal excursion of healthy pa-
tients was 7.0% =+ 2.4%, similar to the one
we observed among patients at the lowest
HI tertile. We do not have follow-up data for
these patients regarding eventual surgical
correction. Finally, short-axis cine cardiac
MRI in both expiration and inspiration was
performed for paired respiratory-related vol-
umetric comparisons in only approximately
half of the patients.

Conclusion

In this study, patients with pectus excavatum
showed significant alterations of cardiac mor-
phology and function that were related to the
severity of the deformation and that manifest
as an exaggerated interventricular dependence.
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