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The Automatic Quantiﬁcation of Morphological
Features of Pectus Excavatum Based on ThreeDimensional Images
Nadine A. Coorens, MSc,*,†,‡,1 Jean H.T. Daemen, MD,*,‡,1 Cornelis H. Slump, MSc, PhD,†
, MD, PhD,* and
Tom G.J. Loonen, MSc,§ Yvonne L.J. Vissers, MD, PhD,* Karel W.E. Hulsewe
Erik R. de Loos, MD*
Visual examination and quantiﬁcation of severity are essential for clinical
decision making in patients with pectus excavatum. Yet, visual assessment
is prone to inter- and intra-observer variability and current quantitative methods are inadequate. This study aims to develop and evaluate a novel, automatic and non-invasive method to objectively quantify pectus excavatum
morphology based on three-dimensional images. Key steps of the automatic
analysis are normalization of image orientation, slicing, and computation of
the morphological features encompassing pectus depth, width, length, volume, position, steepness, ﬂaring, asymmetry and mean cross-sectional
area. A digital phantom mimicking a patient with pectus excavatum was
used to verify the analysis method. Prospective three-dimensional imaging
and subsequent surface analysis in patients with pectus excavatum was
performed to assess clinical feasibility. Veriﬁcation of the developed analysis
tool demonstrated 100% reproducibility of all morphological feature values.
Calculated parameters compared to the predetermined phantom dimensions were accurate for all but four features. The pectus width, length, volume and steepness showed an error of 4 mm (4%), 2 mm (2%), 12 mL (5%)
and 1 degree (3%), respectively. Prospective imaging of 52 patients (88%
males) demonstrated the feasibility of the developed tool to quantify morphological features of pectus excavatum in the clinical setting. Mean duration to calculate all features in one patient was 7.6 seconds. We have
developed and presented a non-invasive pectus excavatum surface analysis
tool, that is feasible to automatically quantify morphological features based
on three-dimensional images with promising accuracy and reproducibility.
Semin Thoracic Surg &&:&&–&& © 2021 Elsevier Inc. All rights reserved.
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Three-dimensional surface analysis of morphologic
features of pectus excavatum.
Central Message
We have developed, verified and prospectively
evaluated an innovative and non-invasive surface analysis tool that automatically quantifies
morphologic features of pectus excavatum
using 3D images.
Perspective Statement
The automatic quantification of morphological
features allows for an objective and non-
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INTRODUCTION
Pectus excavatum accounts for up to 90% of all chest wall
deformities1 with a birth prevalence of 1 in 400.2 In essence,
pectus excavatum is characterized by a posterior depression of
the sternum. However, multiple other features contribute to its
presentation, including sternal rotation (leading to asymmetry),
ﬂaring (ie, anterior protrusion of the inferior costal arch), and
the position and extent of depression.1,3 The combination and
degree of these features deﬁne the patient-speciﬁc clinical presentation of pectus excavatum. Attempts to qualitatively
describe and characterize variations in pectus morphology
have led to the utilization of descriptive subtypes, for example
trench-, saucer- and cup-shaped types.4,5 Unfortunately, this
qualitative classiﬁcation is inherently related to inter-observer
and intra-observer variability,6 in contrast to a more objective
quantitative assessment.
To date, a variety of indices have been proposed to quantify
pectus excavatum. Among these indices, the Haller index is still
considered as the gold standard7 to determine surgical candidacy. However, as stressed by Martinez-Ferro, none of the current measures are without limitations.7 For instance, the Haller
index depends on thoracic shape, vertebral level at which it is
measured, age and sex, and it does not consider asymmetry,
nor other morphological features. Hence, it may fail to comprehensively assess the deformity, emphasizing the need for alternative methods to quantify pectus excavatum.7 As suggested,
the perfect index might be a mathematical combination of different aspects of pectus excavatum.7
Based on these conclusions, we propose that a new approach
should be able to reﬂect the full three-dimensional extent of the
deformity. An automatic assessment tool based on 3D images
of the chest may provide objective quantiﬁcation and documentation of the morphological characteristics of pectus excavatum. Since this approach has not been studied to date, the
research question of this study was: is it feasible to objectively
and automatically quantify the three-dimensional morphology
of pectus excavatum based on non-invasive 3D images?
MATERIALS AND METHODS
To answer this research question, the study was divided into
three stages: (1) development of an automated surface analysis
tool to evaluate 3D images of pectus excavatum patients, (2)
veriﬁcation of this developed tool and (3) assessment of its
clinical feasibility through prospective acquisition of 3D images
and analysis in patients with pectus excavatum.
Development of the surface analysis tool was based on threedimensional surface images acquired using a handheld Artec
Leo imaging system (Artec3D, Luxembourg, Luxembourg).
This is a structured light scanner that projects a grid pattern on
the subject and captures the distortion in stereoscopic vision.
The disparity between images is used to calculate depth information though triangulation, thereby creating a digital 3D
mesh of the scanned surface. The device uses a built-in accelerometer, gyroscope and compass to monitor its position during
scanning and does not require additional markers for tracking.
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invasive assessment of pectus excavatum, eliminating inter- and intra-observer variability.
Three-dimensional features may form the basis
for comprehensive severity classification, prediction of aesthetic outcome and individualized
planning of surgical treatment.

Development of Surface Analysis Tool
The essential features of pectus excavatum to be identiﬁed
and computed by the surface analysis tool were determined
after assessment of the available literature and consultation of
two experienced general thoracic surgeons (YV, EdL). The
selected features include the pectus excavatum depth, width,
length, volume, position (ie, point of onset and maximum
depth), steepness, ﬂaring, asymmetry and mean cross-sectional
area.5,8 The surface analysis tool was developed using MATLAB
(MATLAB R2019a, The Mathworks Inc., Natick, MA, USA),
which is a programming platform enabling computations on
three-dimensional geometries (eg triangulated surfaces) generated by the imaging device.
Pre-Processing Phase
Prior to the quantiﬁcation of features, pre-processing of 3D
images is required and encompasses normalization of the
image orientation, selection of the region of interest and slicing
of the 3D images. The method of pre-processing has partially
been adapted from Glinkowksi et al.9 The following sections
describe the pre-processing phase in more detail.
Normalization through alignment of the
3D image and system axes facilitates standardization of measurements obtained along speciﬁc axes. Since the Artec Leo
device is able to automatically align the ﬂoor with the transversal plane, only a rotational correction of the longitudinal axis is
required. An optimal correction is deﬁned as the state wherein
the transversal torso width is maximal. The tool calculates and
selects the median correction angle of all transversal image slices to correct the longitudinal axis (see Fig. 1A).
Normalization of orientation.

Selection of region of interest. To focus on the thoracic area which is
generally affected by pectus excavatum, a region of interest is
deﬁned within the three-dimensional image. To account for
differences in height between patients, the region of interest is
based on a set of ratios. The cranial 1/8th and caudal 1/4th portions of the 3D image are disregarded, leaving a region of interest with a length of 5/8th of the original 3D image length (see
Fig. 1B).

After alignment of the axes, the 3D image is
divided in transversal (Fig. 1C) and sagittal (Fig. 1D) slices
with a ﬁxed thickness of 2 mm. This slice thickness was chosen
to prevent voids in the surface (ie elements without vertices),
because the density of vertices may vary between areas. Intersection of every transversal and sagittal slice results in a 2-by2 mm bar-shaped element which height equals the distance
Slicing of the 3D images.
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Figure 1. Pre-processing phases of three-dimensional images of patients with pectus excavatum. (A) Images are automatically
rotated along the longitudinal body axis (dashed blue line) to obtain a normalized orientation. (B) A region of interest (blue box) is
deﬁned that is cranially and caudally bounded by approximate levels of the sternomanubrial junction and transverse costal plane,
respectively. The image is sliced with 2 mm thickness in the (C) transversal and (D) sagittal direction (Color version of ﬁgure is
available online at http://www.semthorcardiovascsurg.com).

between the mean heights of the anterior and posterior surface
vertices in that element. These elements are used in the quantiﬁcation of all pectus excavatum features.
Quantiﬁcation of Surface Features
The point of maximum thoracic depression is identiﬁed in two stages. First, a preliminary point is identiﬁed that
servers as an auxiliary for the actual point. The preliminary
point is the location of maximum depression in between bilateral maxima of the anterior chest per transversal slice (see
Fig. 2A). The actual point is situated at the largest distance
(pectus depth) between the anterior chest surface and craniocaudal surface line plotted from the cranial to caudal maxima
along the identical sagittal slice exhibiting the preliminary
point (see Fig. 2B). This step is required to cope with the cranial thoracic surface that is often posteriorly angulated and
being misidentiﬁed as deepest point. This especially counts for
mild pectus excavatum. The pectus depth corresponds with
the largest distance with respect to the craniocaudal reference
line. This facilitates comparability between males and females,
since breast formation may overestimate the pectus depth
when a transversal reference is used.

Pectus depth.

Two pectus positions are deﬁned: the cranial onset
point of the depression and location of the most excavated
point with respect to the suprasternal notch. The onset is
deﬁned as the most cranial point where the inward depression
initiates and automatically identiﬁed by the tool. The positions
are expressed as percentage, with a value closer to 0% when
the point is located more cranially (0% = at the suprasternal
notch) and closer to 100% when the point is located more caudally (100% = at the umbilicus). See the example from
Figure 2C.
Pectus position.

Steepness of the depression is determined in four
directions (Figure 2D). Utilizing the point of maximum posterior displacement as origin, the angle between the coronal
plane and cranial, caudal, right lateral and left lateral most

Pectus steepness.

anterior surface point is calculated. The angles serve as a measure of steepness.
Pectus width and length. The size of the depression is expressed by
its width and length. The width is deﬁned as the Euclidean distance between the bilateral most anterior surface points used
for steepness calculations. Similarly, the length is deﬁned as
the Euclidean distance between the cranial and caudal surface
points.

Flaring is deﬁned as anterior protrusion of the costal
arch and is located below the transverse midline of the torso.
The ﬂaring height is quantiﬁed by the perpendicular distance
between the ﬂaring point and medial most posterior surface
point (see Fig. 2E).
Flaring.

The pectus volume describes the volume of the
external depression in milliliters. A rectangular plane is placed
over the excavation, of which the sides are bordered by the
most cranial, caudal, right lateral and left lateral most anterior
surface point utilized for steepness calculation. The volume is
estimated by the content between the body surface and plane
(see Fig. 2F).

Pectus volume.

Asymmetry was based on relative volumetric differences. The 3D image is divided in a left- and right hemithorax
by the mid-sagittal slice. Asymmetry is calculated for the entire
3D image, but also for the single transversal slice encompassing
the deepest point that, respectively, identiﬁes global and localized asymmetry. The level of asymmetry is expressed as percentage where a negative value indicates a lower volume of the
left hemithorax.
Asymmetry.

The mean cross-sectional area of the thorax can be used in the clinical setting to emphasize or nuance
other characteristics. For example, a large compared to small
mean cross-sectional area, both with the same depth, depicts a
less severe pectus excavatum. The mean cross-sectional area is
computed by dividing the total thoracic volume by its length
(within the region of interest).

Mean cross-sectional area.
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Figure 2. Quantiﬁcation of morphological features of pectus excavatum. (A) The automatic identiﬁcation of the bilateral maxima
(red), central minima (yellow) and overall minimum (blue; ie, preliminary point of maximum depression) serves as an auxiliary in the
process of ﬁnding the actual pectus point. (B) The actual pectus point (black arrow) is situated at the largest distance (red) between
the anterior chest surface (blue) and craniocaudal surface line (green) along the sagittal slice deﬁned by the preliminary point. The
largest distance (red) corresponds to the pectus depth. (C) The position of the cranial onset of the depression (blue dot) and point
of maximum depression (red dot), depicted as percentage of the torso length. (D) The pectus steepness (u) in the cranial (1), caudal
(2) and right (3) and left (4) lateral direction (blue lines) with the actual pectus point (red) as origin. (E) Flaring quantiﬁed by the perpendicular distance between the ﬂaring point (yellow) and medial most posterior surface point (black) in the same transversal slice.
(F) Quantiﬁcation of the pectus volume, deﬁned as the volume between the image chest surface and an approximation of the
reconstructed chest wall surface (black striped area) (Color version of ﬁgure is available online at http://www.semthorcardiovasc
surg.com).

Veriﬁcation of the Analysis Tool
After development of the tool, veriﬁcation was performed
through assessment of the accuracy and reproducibility of
computed pectus excavatum characteristics. A digital phantom
that mimicks a male patient with a cup-shaped pectus excavatum (See Fig. 3A) was utilized for veriﬁcation. The phantom
was created in-silico using MATLAB and deﬁned by a 3D point
cloud of an elliptic cylinder with a longitudinal, maximum
transversal and maximum antero-posterior length of 340 mm,
310 mm and 210 mm, respectively. To simulate the inward
deformity, a hemispherical depression (radius: 50 mm; equals
depth) was created anteriorly with its center in the mid-sagittal
plane at a distance of 140 mm to the cranial end. Flaring was
simulated by bilateral protruding hemispheres with a radius of
20 mm. To assess reproducibility of both the normalization
and feature quantiﬁcation, the phantom was in ﬁvefold subjected to the analysis tool in various orientations around its
longitudinal axis. Calculated values were tested against the
ground truth features of the digital phantom to assess validity
of the tool.

4

Prospective Imaging and Analysis
Prospective imaging was performed to assess clinical feasibility of the automated feature quantiﬁcation by the developed
surface analysis tool. All outpatients consulted for pectus excavatum at Zuyderland Medical Center (Heerlen, the Netherlands) between August 2019 and August 2020 were
prospectively imaged and retrospectively analyzed. Patients
with any form of light-hypersensitivity (eg, photosensitive epilepsy) were excluded due to the use of light ﬂashes during 3D
image acquisition. In addition, patients with prior surgical correction and patients with clearly no thoracic depression were
excluded. The study was approved by the local ethical committee for scientiﬁc research (METC Zuyderland, ID:
METCZ20190048, date of approval: April 19, 2019). Written
informed consent was obtained from all participants. Additional consent was obtained from the patient’s parent(s) or legal
guardian if younger than 16 years of age.
All participants underwent 3D imaging of their pectus excavatum using the handheld Artec Leo imaging system (Artec3D,
Luxembourg, Luxembourg) according to the protocol
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Figure 3. A digital phantom was used to verify the surface analysis tool. (A) The phantom, mimicking pectus excavatum. (B) Analysis results, depicting pectus depth (red), pectus width and length (green), steepness (blue), pectus volume (black) and ﬂaring (yellow) (Color version of ﬁgure is available online at http://www.semthorcardiovascsurg.com).

published elsewhere.10 This protocol ensures standardization
of image acquisition. Images were acquired while patients were
standing in an upright position, with the hands behind the
head and holding breath at end inspiration. A full circumferential 3D image was captured of the patient’s torso, including the
jugular notch and umbilicus. All images were recorded by a
single medical photographer.
Following acquisition, all images were subjected to the
developed surface analysis tool. Correctness of the feature identiﬁcation was assessed and judged by two researchers (NC and
JD). In addition, resulting feature values were summarized utilizing the median, interquartile range (IQR) and range.
RESULTS
Analysis Tool Development and Veriﬁcation
The automatic 3D image surface analysis of pectus excavatum features was developed based on the requirements and
methods described. Veriﬁcation was performed through a digital phantom mimicking the shape of pectus excavatum
(Fig. 3B). The pectus volume, width, length and steepness
computed by the surface analysis tool demonstrated an absolute error of 4 mm (4%), 2 mm (2%), 12 mL (5%) and 1 degree
(3%), respectively. All other calculated features were identical
to the predetermined phantom dimensions (ie error: 0%, see
Supplementary Material Table 1). Repeated analyses of the digital phantom yielded identical results for all features, both in
constant and varying orientations (ie reproducibility of 100%).
Prospective Imaging
Fifty-three consecutive participants presenting with pectus
excavatum prospectively received 3D imaging of their chest.
One female participant was excluded from analysis due to
insufﬁcient scan quality. Of the 52 participants, 46 (88%) were
male with an overall median age of 15.3 years (IQR:
14.017.7).

Examples of the automatic assessment of pectus excavatum
features are shown in Figure 4. The pectus excavatum features
were correctly identiﬁed for all but one participant. In this one
case, ﬂaring was identiﬁed without being present (Fig. 5A).
Table 1 shows the results of features stratiﬁed by gender.
Females demonstrated a higher left and right lateral steepness
due to the fact that the bilateral points of maximum protrusion
were formed by the breasts (see example in Fig. 5B). In addition, for the same reason females demonstrated relatively less
pronounced ﬂaring.
The mean duration of analysis per 3D image was 7.6 seconds
(standard deviation: 1.0). Key outcomes are summarized in
Figure 6.
DISCUSSION
In this study we have developed and veriﬁed an innovative
and non-invasive surface analysis method that is able to automatically quantify morphological pectus excavatum features
based on 3D images. The surface analysis tool demonstrated to
be accurate and reproducible, overcoming the limitations of
visual assessment and qualitative description of features by surgeons that is prone to inter- and intra-observer variability.6 It
may, moreover, guide and objectify clinical decision making
and evaluation of treatments by providing quantitative assessment of the pectus morphology without the exposure to radiation from a CT.
With the automated 3D phenotypical quantiﬁcation of pectus excavatum features, we aim to overcome the shortcomings
of current severity indices, such as the Haller index. This twodimensional measure is not able to reﬂect the full three-dimensional extent of the pectus deformity, as demonstrated by the
morphological features visualized in Figure 7 and presented
Supplementary Material Table 2. Despite all eight patients in
Figure 7 having a Haller index between 3.5 and 3.6, their phenotype showed substantial diversity arising from the combination and severity of features present. The combination of
features may thus not only better describe the overall pectus
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Figure 4. Examples of prospectively imaged patients with pectus excavatum and surface analysis results: pectus depth (red), pectus steepness (blue), pectus width and length (green), pectus volume (black) and ﬂaring (yellow) (Color version of ﬁgure is available
online at http://www.semthorcardiovascsurg.com).

Figure 5. Limitations of the automatic analysis tool that quantiﬁes morphological features of pectus excavatum. (A) In one participant, ﬂaring was identiﬁed without being present, while (B) the lateral steepness may be overestimated among females.

morphology, but could in the future also be used to objectify
the cosmetic aspects of pectus excavatum and evaluate treatment. Although the proposed features may better deﬁne the
pectus severity, their clinical value in the process of surgical
decision making is yet to be investigated. The three-dimensional surface analysis should be compared to the conventional
Haller index which is widely used to help determine indications for corrective surgery.11 In addition, the morphologic features may serve as a basis for patient-speciﬁc models that
predict aesthetic outcome or aid in the preoperative planning
of surgical treatment.
The surface analysis tool is also able to accurately calculate
the external Haller and correction index. Both indices are progressively being investigated as 3D image derived alternatives
of the conventional indices to determine severity without exposure to ionizing radiation.12

6

Cartoski et al. 8 and Park et al.13 both developed a classiﬁcation of the dysmorphology of pectus excavatum. The classiﬁcation of Cartoski et al. was developed by categorization of visual
pectus excavatum features. Yet, such a classiﬁcation requires
observers to classify the deformity based on visual examination
that is prone to inter-observer and intra-observer differences,6
especially if the deformity is not pronounced or on the border
between categories. This disadvantage may be overcome by the
developed surface analysis tool that is able to automatically
quantify phenotypical pectus excavatum features. Moreover,
calculated features may be combined to express speciﬁc facets
of pectus morphology. For instance, a below-average steepness
of the deformity in combination with a larger external Haller
index, and/or small mean thoracic area may indicate platythorax. Nonetheless, the classiﬁcation of different types of
deformity based on morphological features requires cut-off
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Table 1. Median, Interquartile Range and Absolute Range of Feature Values of 52 Prospectively Imaged Patients With Pectus
Excavatum Calculated by the Surface Analysis Tool
Median (IQR; Absolute range)
Feature

All (N = 52)

Males (N = 46)

Females (N = 6)

Units

Pectus depth
Pectus width
Pectus length
Pectus volume
Pectus onset position
Pectus deepest position
Pectus steepness (cranial)
Pectus steepness (caudal)
Pectus steepness (right)
Pectus steepness (left)
Mean cross-sectional area
Asymmetry (localized)
Asymmetry (global)
Flaring (right)
Flaring (left)

17 (1225; 546)
141 (116162; 63194)
162 (138181; 118228)
68 (27113; 5313)
24 (1630; 1236)
43 (4246; 2955)
6 (19; -1517)
20 (1527; 540)
17 (1323; 242)
14 (1221; 4 35)
503 (426561; 314811)
0 (-22; -179)
-1 (-21; -165)
7 (216; -126)
8 (214; -627)

18 (1226; 546)
142 (115163; 63194)
162 (138180; 118228)
71 (28115; 5313)
24 (1730; 1236)
43 (4246; 2955)
6 (19; -1517)
20 (1528; 540)
16 (1323; 242)
14 (1219; 435)
508 (429578; 314811)
0 (-22; -179)
0 (-21; -165)
8 (316; -126)
8 (214; -627)

16 (1220; 1025)
137 (119152; 80166)
165 (135195; 122195)
63 (24100; 13200)
21 (1329; 1332)
45 (4245; 3746)
5 (-47; -88)
24 (1627; 1427)
18 (1328; 1129)
20 (1526; 1028)
492 (403516; 357516)
-2 (-31; -62)
-3 (-4-1; -51)
2 (010; -118)
5 (116; 117)

mm
mm
mm
mL
%
%
degrees
degrees
degrees
degrees
cm2
%
%
mm
mm

IQR, Interquartile range; N, sample size.

values, which should be subject of future research. It may also
be questioned whether a classiﬁcation yields more clinical
value over the separate quantitative values of features, as there
may be different levels of severity within a single category (eg,
two cup-shaped pectus excavatum may differ in depth). In
addition, it may be difﬁcult to categorize deformities if they are
less pronounced or borderline.
The feature outcomes differed between males and females;
speciﬁcally, a higher left and right lateral steepness was found
in female patients. This can be attributed to situations where
the most excavated point and breasts are at the same transverse

level, causing the bilateral steepness to be computed using the
breasts as outer maxima of the depression (Fig. 5B). Therefore,
in females, the calculated bilateral pectus steepness may be
considered as an ‘optical’ or cosmetic steepness measurement,
rather than a clinical steepness. This phenomenon may also
occur in adult muscular men, although not observed in the
current series wherein patients predominantly encompassed
adolescents.
Asymmetry was evaluated both locally and globally. In
asymmetric pectus excavatum, the localized level of asymmetry
was hypothesized to exceed the global level. Yet, the median

Figure 6. An automatic analysis tool was developed and veriﬁed to quantify morphological features of pectus excavatum based on
three-dimensional images. Clinical implications include non-invasive and objective diagnostics, while paving a path for various
innovative developments to improve clinical care of pectus excavatum.
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Figure 7. Three-dimensional images of eight patients with pectus excavatum with an equivalent Haller index ranging from 3.5 to
3.6. Visualization of the morphological features highlights the considerable phenotypical heterogeneity despite the comparable
Haller index.

asymmetry was found to be comparable (local: 0% versus
global: -1%) with an almost perfect correlation coefﬁcient of
0.95. We therefore suggest to only compute the global asymmetry in the future because it provides an overall reﬂection of
asymmetry.
Limitations
Although the developed analysis tool enables quantiﬁcation
of pectus morphology, the ﬁndings of this study should be
seen in light of some limitations which can be addressed in
future research. First of all, evaluation of the clinical feasibility,
regarding the correctness of feature identiﬁcation, was based
on the assessment by two researchers. Since there is no gold
standard that quantiﬁes morphological features, evaluation of
clinical feasibility of the tool was constrained to this subjective
assessment. Still, the actual calculations are performed automatically and objectively.
A second limitation relates to the use of ratios to select the
region of interest during calculations. To ensure standardization of scan acquisition, the 3D image of the torso includes the
jugular notch and umbilicus. The region of interest was deﬁned
primarily to focus on the thoracic cage and disregard the
abdominal area. The ratios used to deﬁne this region have not
been clinically validated to accurately deﬁne the cranial and
caudal boundaries of the thoracic cage, but were evaluated as
part of the clinical feasibility assessment.
Furthermore, subsequent images of the same patient may
result in different feature values, introduced by the 3D imaging
device and patient posture (including differences related to the
respiratory phase). Here, an imaging protocol was adopted to
ensure standardization of image acquisition, including patient
positioning, phase of respiratory cycle (end inspiration) and
completeness of the imaged area. A recent study by Daemen
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et al.14 demonstrated that when abiding by this imaging protocol, subsequent images obtained by the Artec Leo imaging system provide a clinically acceptable reproducibility of 0.48 mm
(standard deviation: 0.60). This reproducibility reﬂects errors
introduced by the scanning device and potential posture
changes between subsequent images. Although this study conﬁrmed intra-observer reproducibility, it did not investigate variations introduced by different observers. Nevertheless, all
images in this study were obtained by a single photographer,
thereby preserving the demonstrated reproducibility. Additionally, we consider that the analysis tool is compatible with
images acquired using other devices of comparable scanning
resolution (up to 0.20 mm), although this has not been veriﬁed
here and should be subject of future research.
A digital phantom was chosen to verify the developed analysis tool because its dimensions can be accurately deﬁned with
sub-millimeter precision, while errors are likely to be introduced when manufacturing and digitizing a tangible model.
Yet, this phantom is a simpliﬁed representation of a patient
with cup-shaped pectus excavatum. Including other typical
pectus and asymmetric shapes may enhance the veriﬁcation
process.
In the veriﬁcation process, slight errors were observed in the
pectus volume, width, length and steepness. These errors are
likely to be caused by the fact that slices of 2 mm thickness
were used, potentially introducing averaging errors at the excavations’ edges.
Additionally, the volume inaccuracy observed was inherent
to its method of measurement and the phantoms’ design.
Because the phantoms’ area encircling the pectus depression
was posterior to the cranial and caudal surface points, additional volume was included under the vertices of the rectangular plane (Fig. 3B). This is unlikely to occur in clinical 3D
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image analyses of cup-shaped pectus excavatum, because the
bilateral chest area is typically more exalted compared to the
caudal and cranial ends, resulting from the presence of the
major pectoral muscles. However, in saucer-like pectus excavatum, where the deformity extends to the lateral sides, an overestimation of the volume may occur. Although a rectangular
plane is a simpliﬁed representation of a reconstructed chest
wall, dynamic models that conform to the surface contour
would still introduce errors (eg by disregarding asymmetric
deformities). We suggest that a more appropriate method to
calculate the pectus volume is based on a valid simulation of
the postoperative outcome (ie undeformed shape) of the chest
wall, but such a prediction tool is not available yet.
Finally, variations in subcutaneous tissue thickness can
inﬂuence comparability of morphological measurements
between patient groups (eg female versus male and pediatric
versus adult) and longitudinal patient observations. However, a typical patient with pectus excavatum is thin,15 and
the shape of the thoracic cage can be adequately represented
by the outer body surface. Nevertheless, future research
should establish a correction for calculated features based
on subcutaneous fat thickness to enhance comparability in a
broader population.
Despite these limitations, this study enabled objective and
non-invasive quantiﬁcation of morphologic features of pectus
excavatum based on 3D images. The outcomes give rise to new
research opportunities, including severity classiﬁcation, surgical decision-making, prediction of internal anatomy and
related abnormalities, simulation of post-operative outcome
and personalized pre-operative planning.
CONCLUSION
We have developed and presented an innovative and noninvasive surface analysis tool that is able to automatically quantify morphologic pectus excavatum features based on 3D
images. We showed that our analysis tool is accurate, reproducible and feasible in the clinical setting, eliminating the effect
of inter- and intra-observer differences. Moreover, morphologic features vary in patients with comparable Haller indices,
emphasizing the limitations of the gold standard Haller index
and providing an alternative method to describe the full 3D
extent of the deformity. Future research should focus on the
clinical value of morphologic features in the process of surgical
decision-making.
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