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Predicting Aesthetic Outcome of the Nuss
Procedure in Patients with Pectus Excavatum
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Prediction of post-operative aesthetic outcome in
patients with pectus excavatum.

Central Message

A model based on Gaussian functions and 3-

dimensional optical scans is a clinically prom-

ising noninvasive tool to predict postsurgical

aesthetic outcome in patients with pectus

excavatum.
Patients suffering from pectus excavatum often experience psychosocial
distress due to perceived anomalies in their physical appearance. The ability
to visually inform patients about their expected aesthetic outcome after sur-
gical correction is still lacking. This study aims to develop an automatic,
patient-specific model to predict aesthetic outcome after the Nuss proce-
dure. Patients prospectively received preoperative and postoperative
3-dimensional optical surface scanning of their chest during the Nuss proce-
dure. A prediction model was composed based on nonlinear least squares
data-fitting, regression methods and a 2-dimensional Gaussian function
with adjustable amplitude, variance, rotation, skewness, and kurtosis com-
ponents. Morphological features of pectus excavatum were extracted from
preoperative images using a previously developed surface analysis tool to
generate a patient-specific model. Prediction accuracy was evaluated
through cross-validation, utilizing the mean root squared deviation and max-
imum positive and negative deviations as performance measures. The pre-
diction model was evaluated on 30 (90% male) prospectively imaged
patients. The model achieved an average root mean squared deviation of
6.3 § 2.0 mm, with average maximum positive and negative deviations of
12.7 § 6.1 and �10.2 § 5.7 mm, respectively, between the predicted and
actual postoperative aesthetic result. Our developed 2-dimensional Gauss-
ian model based on 3-dimensional optical surface images is a clinically
promising tool to predict postsurgical aesthetic outcome in patients with
pectus excavatum. Prediction of the aesthetic outcome after the Nuss pro-
cedure potentially improves information provision and expectation manage-
ment among patients. Further research should assess whether increasing
the sample size may reduce deviations and improve performance.
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Perspective Statement
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Keywords: Pectus excavatum, Aesthetic prediction, 3-dimensional optical
surface imaging, Gaussian function
Prediction of aesthetic outcome of the Nuss

procedure potentially improves preoperative

information and expectation management
among patients with pectus excavatum. A pre-

diction model may objectively visualize

expected postsurgical under- and overcorrec-

tion, parasternal protrusions and other asymme-

tries. With further development prediction of

long-term postoperative aesthetic changes may

be achieved.
INTRODUCTION
Pectus excavatum is an abnormal formation of the thoracic

cage, characterized by an inward depression of the sternum
and adjacent costal cartilage.1-3 The majority of patients (ie,
80%) suffer from psychosocial complaints due to the anoma-
lous appearance of their chest.4 Usually, school-aged children
develop these concerns since classmates recognize and point
out their disfigurement. As a consequence, patients avoid activ-
ities, such as swimming, that involve chest exposure and disen-
gage themselves from social activities and sports.5-9

The Nuss procedure has been shown to be a safe surgical
approach for repair of pectus excavatum, providing satisfactory
aesthetic and functional outcomes that result in enhanced qual-
ity of life.6,10,11 Prior to correction, surgeons routinely inform
patients about the expected aesthetic outcome, but this infor-
mation is limited to a verbal or schematic impression. The abil-
ity to offer a sufficient visual prediction of the cosmetic result
is still lacking.

Previous efforts to predict aesthetic outcome were based on a
dynamic model through a mass-spring system12 and artificial
neural networks,13 but outcomes in these studies were limited
by relative poor performance and small sample size. In this
study, a different approach is proposed. The change in chest
shape resulting from surgical correction may be considered as
a 2-dimensional (2D) Gaussian, where the maximum coincides
with the point of largest depression. Since pectus excavatum
morphology is patient-specific, the 2D Gaussian should con-
form to patient-specific characteristics. This can be achieved by
incorporating quantified morphological features of pectus
excavatum based on 3-dimensional (3D) surface images, as
described previously.14 Subsequently, personalized prediction
models based on 2D Gaussian functions can be created. The
objective of this study is to develop and evaluate a 2D Gaussian
model that is personalized by patient-specific morphologic fea-
tures of pectus excavatum, as a non-invasive approach to pre-
dict aesthetic outcome after the Nuss procedure.
METHODS

Study Design and Patients
A prospective, single-center cohort pilot study was con-

ducted at Zuyderland Medical Center (Heerlen, the Nether-
lands). All patients who received primary surgical repair of
pectus excavatum through the Nuss procedure at our clinic
between May 2020 and December 2020 were requested to par-
ticipate in this study. Written informed consent was obtained
from all participants prior to inclusion. In case of patients
below the age of 16, additional consent was acquired from their
parent(s) or legal guardian. The study was approved by the
2 Seminars in Th
local research and ethics committee (METCZ; ID: 20200071;
approval date: April 14th, 2020).

Prospective Imaging and 3D Surface Analysis
Patients received two 3D images of their anterior chest dur-

ing the Nuss procedure using a handheld Artec Leo 3D imag-
ing system (Artec3D, Luxembourg, Luxembourg). The first
image was captured prior to skin incision, the second directly
after Nuss bar placement. All patients were in supine position
with both arms raised in front of their head. Patient position
remained unaltered between images. Images were obtained
within 10 seconds of controlled patient apnea to minimize
motion artifacts, while surgical lights were dimmed for proper
texturing. To facilitate image registration, auxiliary stripes were
drawn along the four sides of the surgical drapes using a sterile
marker (Fig. 1A).

Postprocessing and registration of images was performed
using Artec Studio 14 (Artec3D, Luxembourg, Luxembourg).
It was assumed that the bilateral, cranial and caudal sides of
the chest are the least affected areas after repair. Therefore, reg-
istration was performed based on manually selected points
indicated by the auxiliary stripes on the bilateral, cranial and
caudal sides of the chest (Fig. 1). Finally, images were manually
aligned such that the lateral axis corresponds to the system’s x-
axis, the longitudinal body axis to the y-axis and the antero-
posterior axis to the z-axis.

Following image acquisition and processing, all preoperative
images were subjected to the previously developed surface
analysis tool.14 The tool was used to calculate the pectus depth,
width, length, position and steepness from each preoperative
3D image. An additional feature was calculated to determine
the rotational component, defined as the angle (u) between the
line from the deepest pectus point to the cranial border of the
pectus and the line from the pectus point to the most
depressed surface point at the level of the cranial border
(Fig. 2). The angle was defined positive in clockwise direction.

Model Design
It was hypothesized that the deformation of the chest wall

after Nuss surgery (i.e., the difference between pre- and post-
operative images) may be modelled as a 2D Gaussian function.
The shape of this function is generally governed by the ampli-
tude, variance, skewness and kurtosis, while a position and
oracic and Cardiovascular Surgery � Volume 00, Number 00



Figure 1. Registration process of pre- and postoperative 3-dimensional images. (A) Auxiliary stripes along the 4 sides of the surgi-
cal drapes. (B�C) Registration based on selected points. (D) Registered images. (Color version of figure is available online.)
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rotational component contribute to the orientation of the func-
tion. This concept was used to create a patient-conformable
prediction model. Morphologic features of pectus excavatum
were utilized as input parameters to construct patient-specific
2D Gaussian functions. To retain versatility and allow for con-
verging of the model, morphologic features were scaled by fac-
tors that are estimated through regression of data-fitted factors.
An overview of the process is provided in Figure 3.
Amplitude, Position, and Variance
A Gaussian in the 2-dimensional space can be described as

the product of two 1-dimensional Gaussian functions15:

f x; y j A;mx;my; sx; sy

� �
¼ A exp � x� mxð Þ2

2sx
2

( )
exp � y� my

� �2
2sy

2

( )
ð1Þ

Here, coefficient A is the amplitude, mx,my are the coordinates
of the center of the peak (i.e., mean) and sx

2 and sy
2 are the

variances that control the spreads of the distribution. To account
for patient-specific morphological characteristics, the amplitude
A, center mx,my and spreads sx and sy were based on the calcu-
lated pectus depth d, position of deepest pectus point (x- and y-
coordinates), width w and length l, respectively.
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Rotation
Although the Gaussian in Equation 1 is customized using

patient-specific features, it does not consider asymmetry that
may be present in pectus excavatum. Asymmetry of pectus
excavatum can be expressed in various forms. For instance,
trench-like (long, furrow-shaped) pectus excavatum may con-
tain a rotational component such that the longitudinal direc-
tion of the depression is not parallel to the longitudinal body
axis. To account for this specific asymmetric shape, a rotational
component (based on the angle of rotation u) was incorporated
in the 2D Gaussian model (see Equation 2).
Kurtosis
The shape of a function is also described by kurtosis,

which is a measure of heaviness of the tails of the distribution.
Platykurtic distributions have shorter tails and are flat-topped
compared to normal (mesokurtic) distributions, whereas lepto-
kurtic distributions are more sharply peaked with long tails.16

This concept can be used to incorporate the “flatness” of pectus
excavatum in the prediction model. Classic cup-shaped and
trench-like deformities may resemble mesokurtic to leptokurtic
distributions, while a saucer-shaped pectus is more similar to a
flatter platykurtic distribution. The formulation of a Gaussian
function with variable tails can be taken by raising the content
, Number 00 3



Figure 2. Patient-specific morphologic pectus features. (A) Pectus width (green), length (blue), and position (red dot). (B) Pectus
depth (red line). (C) Rotational component u, defined as the angle between (1) the line from the deepest pectus point (red dot) to the
cranial border of the pectus (orange dotted line) and (2) the line from the pectus point to the most depressed surface point at the
level of the cranial border (black dot). (D) Pectus steepness v in 4 directions. (Color version of figure is available online.)
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of the exponent to a power P.17,18 In a 2-dimensional formula-
tion, the function can be combined with potentially different
powers Px and Py, see Equation 2.
Skewness
Asymmetry of pectus excavatum may also be expressed

as the inequality of the opposing pectus steepness angles,
both in lateral and longitudinal direction. To reflect this
form of asymmetry, a skewness component was imple-
mented. A multivariate skew-normal distribution can be
realized by the multiplication of the normal probability
density function f and the normal cumulative distribution
function F.19,20 In this study a similar approach was applied
by multiplying the 2-dimensional Gaussian function with 2
subsequent normal cumulative distribution functions to
produce independent skewness components in two dimen-
sions (see Equation 2). The cumulative distribution func-
tions were obtained from the normalized 1-dimensional
Gaussian function excluding rotation and kurtosis compo-
nents. The skewness parameters ax and ay determine the
slope of the cumulative distribution functions and are esti-
mated using the transversal pectus steepness vt and the
4 Seminars in Th
longitudinal pectus steepness vl, respectively. The transver-
sal pectus steepness is defined as the difference in bilateral
pectus steepness (vt ¼ vright � vleft), whereas the longitudi-
nal pectus steepness is the difference in caudal and cranial
steepness (vl ¼ vcaudal � vcranial).

The differences were defined such that a positive ax leads to
a left-skewed distribution whereas a positive ay results in cra-
nial skewness. For example, the correction of an asymmetric
pectus excavatum with a larger right steepness angle
(vright >vleft) requires a steeper distribution function on the
right side than the left. Therefore, in this case, the correction
should follow a left-skewed distribution. The introduction of
skewness shifts the distribution peak from its original position.
Therefore, the distribution was repositioned to ensure that its
peak is aligned with the point of largest depression in the
chest.
Model Formulation
All previously stated components were combined into a sin-

gle model. As such, this model adapts to various specific mor-
phologic characteristics of pectus excavatum. The model
formulation is:
oracic and Cardiovascular Surgery � Volume 00, Number 00



Figure 3. Development and validation process of a 2-dimensional (2D) Gaussian model to predict aesthetic outcome after Nuss
procedure.

Table 1. Definitions of the Model Input Parameters

Model Input Parameter Definition

Amplitude A ¼ qAd
Spread (transverse) s1 ¼ qs1w
Spread (longitudinal) s2 ¼ qs2l
Skewness (transverse) a1 ¼ qa1

vt
jvtj

Skewness (longitudinal) a2 ¼ qa2
vl
jvl j

Kurtosis (transverse) P1 ¼ qP1
Kurtosis (longitudinal) P2 ¼ qP2

Morphologic features of pectus excavatum (d = pectus depth,
w = pectus width, l = pectus length, vt = transversal pectus steepness
and vl = longitudinal pectus steepness) are scaled by the correspond-
ing prediction scale factor q.

THORACIC � State of the Art
f x; y

����A;mx;my; sx; sy; Px; Py

� �
¼ 4fFxFy

with f ¼ A exp � hx
2

2sx
2

� �Px
( )

exp � hy
2

2sy
2

� �Py
( )

and hx ¼ x� mxð Þ cosu � y� my

� �
sinu

hy ¼ x� mxð Þ sinu þ y� my

� �
cosu

ð2Þ
where u is the angle of rotation and Px and Py the kurtosis com-
ponents. The normal cumulative distribution functions Fx and
Fy are given by:

F uð Þ ¼ 1

2
1þ erf

uffiffiffi
2

p
� �� 	

with ux ¼ ax
x� mx

sx
uy ¼ ay

y� my

sy

and erf
uffiffiffi
2

p
� �

¼ 2ffiffiffi
p

p
Z uffiffiffi

2
p

0
e�t2dt

ð3Þ

and where ax and ay are the skewness parameters. The size of
the Gaussian function is equal to the dimensions of the region
of interest of the chest, that is, pectus area.14
Seminars in Thoracic and Cardiovascular Surgery � Volume 00
Nonlinear Least-squares Data-fitting
Although the shape components generate patient-specific

distribution functions, the model may be improved by imple-
menting posterior knowledge acquired from the postoperative
3D images. For this purpose, a prediction vector q with factors
qA; qsx; qsy; qax; qay; qPx; qPy was used to scale the correspond-
ing input features. Note that the rotation angle u and the posi-
tion ðmx;myÞ were directly applied without scaling. The
remaining components are defined in Table 1.
, Number 00 5
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Consider the matrices J and Z as the 3D surface heights of
the anterior chest wall prior to and directly after surgery,
respectively. The prediction of Z is the estimation:bZ ¼ J þ f x j qð Þ ð4Þ
where f is the distribution of the model and x ¼ ðx; yÞ. It is
desired to find the prediction scales q such that the predicted
outcome bZ best fits the given postoperative data Z, by mini-
mizing the sum of the squared residuals S. This can be
described as a nonlinear least-squares problem21:

minimize S qð Þ ¼
Xk

i¼1

Z� bZ2

¼
Xk

i¼1

Z� J þ f x j qð Þð Þ2 ð5Þ

where k is the number of elements in Z. The prediction scales q
were calculated per model and for each patient separately. The
lower bounds were set to zero to inhibit negative solutions:
q ¼ ½0; 1 Þ. The starting points of the minimization function
were chosen such that the distribution is mesokurtic (qPx;
qPy ¼ 1), but slightly skewed (qax; qay ¼ 1) and that its
height, and transversal and longitudinal standard deviations
equals the pectus depth, width and length, respectively
(qA; qsx; qsy2 ¼ 1).
Figure 4. Examples of predicted aesthetic outcome in patients with
From left to right: preoperative, postoperative, and prediction imag
texture to retain the patient’s appearance.
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Evaluation of Data-fitted Models
By minimizing S, values for q are estimated such that the

prediction best fits the target outcome. For each patient, the
aesthetic outcome after data-fitting was estimated using the
patient-specific q scale factors. To evaluate the performance of
the model at this stage, all outcomes were compared to the
postoperative images by calculating the root mean squared
deviation and the maximum negative and positive differences.

The effect of the model attenuates at the peripheral surfaces
of the chest. If these areas were to be included in the calcula-
tion of the root mean squared deviation, they could outweigh
the deviations occurring in the pectus area, where the model’s
effect is greatest. Therefore, the calculations were performed
within a delimited area, the pectus area. The pectus area is
defined as a rectangular area that is cranially, caudally and
bilaterally bordered by the most anterior surface points in the
corresponding direction.14
Regression and Cross-validation
To estimate the prediction scale factors without posterior

knowledgeofpostoperativeimages,regressionmodelswereestab-
lished.Anexponential regressionmodelwasproducedtoestimate
the scale factor qA, whereas linear regression models were used
to estimate qs1, qs2, qa1, qa2, qP1 and qP2. For each regression
model, the goodness of fit was evaluated through the R2 value.
pectus excavatum. (A) Patient 7, (B) patient 8, (C) patient 28.
es. The predicted reconstruction utilizes the preoperative image

oracic and Cardiovascular Surgery � Volume 00, Number 00



Table 3. Mean R-square Values for the Cross-validated
Regression Model

Regression Model R2 (Mean § SD [%])

q̂A 41 § 2
q̂s1 18 § 2
q̂s2 0 § 1
q̂a1 27 § 2
q̂a2 32 § 3
q̂P1 5 § 1
q̂P2 4 § 2

SD = standard deviation.

THORACIC � State of the Art
Leave-one-out cross-validation was carried out to estimate
the performance of the prediction model based on the regres-
sion models. The root mean squared deviation and maximum
positive and negative deviations in the pectus area were used
as measures of performance. The overall performance of the
model was reported as mean and standard deviation of the per-
formances achieved in each iteration of the cross-validation.

RESULTS
Thirty consecutive patients underwent surgical correction of

pectus excavatum by the Nuss procedure and received 3D
imaging of their chest during the procedure. The median age
was 15.5 years (interquartile range [IQR]: 14.5�17.4) and
90% were males. Examples of pre- and postoperative images
and predicted aesthetic outcomes are shown in Figure 4.

The performance of the prediction model is indicated by the
root mean squared deviations and the maximum negative and
positive differences between prediction and postoperative out-
come (see Table 2). The average of the root mean squared devi-
ations obtained through data-fitting was 4.4 § 2.1 mm.
Following cross-validation of the actual prediction model, the
average of the root mean squared deviations was 6.3 §
2.0 mm. All deviations after data-fitting and during cross-vali-
dation are provided in Supplementary Material Table 1 and
Supplementary Material Table 2, respectively.

In Table 3, the averages and standard deviations of the R2

values of the regression models are presented. The regression
model to estimate the scale factor for the amplitude achieved
the highest score (41% § 2%), while in 3 out of 7 regression
models the average R2 value was smaller than 5%.

Figure 5 shows the predicted outcome of each validation
sample in the cross-validation, with a colored overlay that cor-
responds to the difference between the predicted and the post-
operative images. Key outcomes are summarized in Figure 6.

DISCUSSION
This study developed and evaluated a noninvasive method

to predict aesthetic outcome after the Nuss procedure based on
3D images of patients with pectus excavatum. Up until now,
no prediction tool exists that can be clinically used to offer
patients with pectus excavatum a visual impression of the
Table 2. Performance Measures After Data-Fitting and After
Regression

Mean § SD
(mm)

Performance of
data-fitted
prediction
model

Root mean squared deviation 4.4 § 2.1
Maximum negative deviation �11.7 § 5.3
Maximum positive deviation 9.2 § 6.1

Performance of
prediction with
regression
model

Root mean squared deviation 6.3 § 2.0
Maximum negative deviation �10.2 § 5.7
Maximum positive deviation 12.7 § 6.1

SD = standard deviation.

Seminars in Thoracic and Cardiovascular Surgery � Volume 00
appearance of their chest after surgery. Simulation of the aes-
thetic results may help patients and surgeons understand how
a procedure changes the physical aspect of a patient, with the
aim to improve expectation management and reduce perioper-
ative stress. Even after surgical repair of pectus excavatum, the
chest may still exhibit anomalies compared to a non-diseased
chest wall. A plain statement that the patient’s chest will resem-
ble a normal chest would therefore not suffice, whereas a pre-
diction tool would demonstrate and visualize more adequate
outcomes.

As an example, the pectus deformity in patient 7 was preop-
eratively asymmetric due to protruding parasternal cartilage on
the right side. The prediction model emphasized this asymme-
try by a slight overcorrection in this area (Figs. 4A and 5;
patient 7.). During visual comparison of the prediction with
the postoperative image by a thoracic surgeon, the outcome
was considered similar since the protrusion remained in the
actual postoperative outcome. In clinical practice, this might
be a case wherein the prediction tool can be used to inform
patients about postoperative persisting irregularities.

The results show that data-fitted reconstructions of the chest
wall have relatively low root mean squared deviations (4.4 §
2.1 mm). However, in one patient (#15) the root mean squared
deviation after data-fitting was noticeably larger (10.8 mm), see
Supplementary Material Table 1. When evaluating morpho-
logic features,14 patient 15 contained a remarkably deep defor-
mity (42 mm) in combination with significant asymmetry
(�16%) compared to other study subjects (median and IQR
pectus depth: 17 (33) mm; median and IQR asymmetry: �1%
(6.5%), N = 29). Considering these results, it might be benefi-
cial to distinguish patients with eccentric pectus excavatum.
Models specifically developed for such subgroups could
increase overall prediction performances. Patients can be classi-
fied based on the degree of 3-dimensional surface features,
such as the pectus depth or degree of asymmetry, or combina-
tions of features. However, to determine whether classification
is feasible and developing type-specific prediction models
increases performance, study population size should be
increased. A rule of thumb to estimate the required sample size
is to use the ratio of events per variable, where a ratio of 10:1 is
considered the minimum for a model to make valid predic-
tions.22 Thus, for a model with seven variables, at least 70
, Number 00 7



Figure 5. Predicted aesthetic outcomes in patients with pectus excavatum. Predictions are overlayed with a color-coded map cor-
responding to the difference with the postoperative images. Scales are in millimeters.

THORACIC � State of the Art
patients are required per type-specific subgroup. Especially for
less frequent types this may be difficult to achieve.

Limitations
The prediction of aesthetic outcome and calculation of per-

formance measures were restricted to the pectus area. How-
ever, the bar may press the supporting ribs inward, thereby
altering the bilateral chest wall. A prediction including the
bilateral chest wall may provide a more comprehensive repre-
sentation of the expected outcome. To accommodate this, the
model may be extended with negative Gaussians or similar
functions that simulate the depression of the ribs.

Developing a valid prediction tool relies on proper align-
ment and registration of pre- and postoperative images. Regis-
tration and alignment processes were not quantitatively
evaluated, potentially introducing deviations and bias. For
instance, registration was based on the assumption that the
sides of the chest are less affected than the center area after
repair. However, aesthetic changes outside the pectus area may
still occur, such as a depression of the ribs that support the
pectus bar. Additionally, one should consider that the
8 Seminars in Th
reproducibility of 0.48 mm23 of the imaging device may cause
inevitable, yet slight deviations. Further research should
include an evaluation on registration accuracy and clarify to
what extent registration deviations and the reproducibility of
the imaging device affect prediction.

The prediction performance of the model is also limited by
the capability of the regression methods used to estimate the
scale factors. As presented in Table 2, prediction deviations
increased after regression compared to the outcomes after data-
fitting. Particularly in patient 29, the root mean squared devia-
tion of the prediction was 9.5 mm (see Supplementary Material
Table 2), whereas in the data-fitted reconstruction this devia-
tion was only 3.8 mm (see Supplementary Material Table 1).
This suggests that presence of noise in the data results in inade-
quate regressions, limiting the prediction capacity of the
model.

Noise may be a consequence of several events. For instance,
the minimization problem stated in Equation 5 may have mul-
tiple satisfactory solutions with varying combinations of scale
factors. Although 1 combination may result in a minimized
deviation on individual basis, another combination might be
oracic and Cardiovascular Surgery � Volume 00, Number 00



Figure 6. An automatic prediction tool was developed to visualize aesthetic outcome of pectus excavatum based on 3-dimensional
images. Clinical implications include noninvasive and objective visualization of aesthetic outcome, that may indicate postsurgical
under- or overcorrection. (Pre-op = preoperative, Post-op = postoperative.)
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more beneficial in a global perspective to increase predictabil-
ity. Related to this, the minimization function might terminate
in a local minimum, unable to find other minima that are more
appropriate. The selected starting values are therefore crucial
in the search for a minimum. Here, starting points were chosen
such that the distribution is mesokurtic, but slightly skewed
and that its height, and transversal and longitudinal standard
deviations equals the pectus depth, width and length, respec-
tively. Any other combination of starting points may result in
different outcomes.

Another cause of noise in the data is the dependency of
selected scale factors on postsurgical outcomes. The Nuss pro-
cedure involves the implementation of a personalized bar, of
which the size, shape and position are determined during sur-
gery. Therefore, outcomes rely on the surgeon’s judgement and
skill, possibly introducing variability in the target data. Includ-
ing the bar shape and other surgical parameters in the model
may increase performance, but requires substantial preopera-
tive planning at an early stage in the clinical workup. Further
research should evaluate the potential benefits of including the
bar shape in the prediction model at the cost of a more com-
plex model.
Implications
Three-dimensional imaging has been introduced in the clini-

cal workup of pectus excavatum as a noninvasive alternative to
conventional imaging modalities which require ionizing radia-
tion. Previous studies have shown that optically derived sever-
ity indices (e.g., the equivalent Haller index) may be used as
Seminars in Thoracic and Cardiovascular Surgery � Volume 00
alternative measures to quantify severity of pectus excavatum24

and that morphologic features of the deformity can be derived
automatically from 3D images.14 New technologies being intro-
duced in healthcare should improve patient care while reduc-
ing costs. Multifunctional technology based on automatic
processes can increase its value and avoid costly and labor-
intensive procedures. In addition to patient-safety, diagnostics
and documentation, 3D optical imaging may improve patient
care of pectus excavatum through enhanced communication
and consensus, surgical decision-making and patient follow-
up.
Future Perspectives
This study presents a method for predicting aesthetic out-

come in patients with pectus excavatum, but additional steps
should be undertaken to make this a functional tool. Since this
tool is intended as a consultation aid in the clinical setting, pre-
dictions should be obtained in the preoperative phase. Thus,
the next step is to develop a model using full circumferential
3D images of the patient’s torso in upright position that are
obtained in the diagnostic process and according to our previ-
ously developed imaging protocol.25 In this way, images are
more representative to the patient’s natural pose while ensuring
homogeneity between images regarding the respiration cycle.
In addition, these images yield more valuable information,
such as the cross-sectional diameters required for automatic
axis alignment and can facilitate development of a prediction
model that includes the bilateral chest wall. Re-evaluation of
, Number 00 9
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prediction accuracy should be performed for subsequent mod-
els that are designed to use in clinical practice.

At this stage, the predictions are a representation of the chest
directly after surgery, but do not consider aesthetic variances
over time. For instance, a costal cartilage ring may be
highlighted directly after surgery, but may gradually diminish
due to remodeling of the ribs and cartilage. Other long-term
variances may be caused by for instance thoracic muscle
growth and body mass index. In addition, relapse of overcor-
rected regions or a recurrence of pectus excavatum with vary-
ing degrees of chest wall depression may occur after bar
removal.26,27 Thus, this study describes a method to predict
post-operative chest aesthetics, but with further developments
the model may be extended to generate long-term predictions.
Nonetheless, chest wall appearance directly after surgery
reflects what the patient may expect after waking up from anes-
thesia. Ultimately, predictions that visualize the chest at differ-
ent stages, thereby showing anatomical changes over time, may
enhance comprehension and manage expectations of patients
during consultation.

Finally, to implement a technology in clinical practice, both
validation and justification should be investigated. Currently
neither a quantitative nor a qualitative gold-standard to which
a prediction model should comply for clinical feasibility has
been established. A clinically acceptable error rate may be
determined based on judgment and satisfaction of patients and
surgeons, which should be a subject of future research. Con-
current to this, the clinical value of both short- and long-term
predictions should be investigated by evaluation of patient sat-
isfaction and reduction in perioperative stress. Furthermore,
applicability of the prediction model to slight differences in
standardized techniques of the Nuss procedure should be eval-
uated. A subsequent cost analysis should be performed to jus-
tify the implementation of 3D imaging technology in patient
care of pectus excavatum.
CONCLUSION
A two-dimensional Gaussian model based on 3D optical sur-

face images is a clinically promising tool to predict post-opera-
tive aesthetic outcome in patients suffering from pectus
excavatum. Further research should focus on additional steps
to decrease maximum deviations (e.g., by increasing sample
size and assessing subtype-specific models), include long-term
predictions, assess related health benefits and facilitate clinical
implementation of this tool.
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