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Abstract

Background Thoracoscopic resection of congenital pulmonary malformations remains technically demanding because of
limited working space, variable broncho-vascular anatomy and the need to preserve healthy lung parenchyma. An integrated
workflow combining patient-specific three-dimensional (3D) segmentation with immersive virtual reality (VR) navigation
may enhance preoperative planning, but clinical data remain limited.

Methods We performed a retrospective historical cohort study of children undergoing thoracoscopic resection between 2013
and 2024. Patients were grouped according to planning strategy: standard imaging (SI) alone or an additional integrated
workflow combining patient-specific 3D segmentation with immersive VR navigation (VR). Perioperative outcomes were
compared, with focused analyses of lesion and procedure heterogeneity and chronological effects.

Results Fifty infants were analyzed (39 SI, 11 VR). Median operative time was 183 versus 248 min (p =0.42). Conversion
occurred in 10/39 SI cases and no VR cases (p =0.045); intraoperative complications occurred in 5/39 and 0/11 (p =0.20),
and postoperative complications in 6/39 and 0/11 (p =0.16). Median NICU/PICU stay was 2 versus 1 day (p =0.045), and
hospital stay 8 versus 5 days (p <0.001). Three SI patients required redo surgery and no VR patients did. Findings showed
substantial case-mix heterogeneity, but their favorable direction was maintained in focused analyses. VR cases occurred
later in the institutional experience.

Conclusions The integrated VR-guided workflow was feasible and associated with favorable perioperative signals. Although
the historical design precludes causal attribution, the consistency of these preliminary findings supports prospective evalu-
ation of VR as a patient-specific planning adjunct.
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Abbreviations
3D Three-dimensional
CNS Central nervous system

CPAM  Congenital pulmonary airway malformation
CPMs Congenital pulmonary malformations
CT Computed tomography

CVS Cardiovascular system

DICOM Digital imaging and communications in
medicine

ESP Erector spinae plane (block)

GI Gastrointestinal

HMD Head-mounted display

IQR Interquartile range

LOS Length of stay

MRI Magnetic resonance imaging

NICU Neonatal intensive care unit

PICU Pediatric intensive care unit

SD Standard deviation

SI Standard imaging

VR Virtual reality

Congenital pulmonary malformations (CPM), including
congenital pulmonary airway malformations (CPAM),
intralobar and extralobar sequestration, bronchogenic cysts,
congenital lobar overinflation, and bronchial atresia are
increasingly identified through routine prenatal imaging
and are now often managed electively during infancy [1-3].
Although thoracoscopic resection has become the preferred
approach in many centers, it remains technically challenging
in small infants because of limited intrathoracic operative
space, complex segmental anatomy, and the need to preserve
healthy lung tissue [4, 5]. Even in experienced hands, these
challenges can influence operative time, conversion rates,
and postoperative recovery [6, 7]. In recent years, virtual
reality (VR) has emerged as a powerful tool for preopera-
tive planning, enabling an accurate patient-specific three-
dimensional (3D) representation of complex anatomy. In our
workflow, segmentation and immersive VR navigation are
not separate interventions: the source CT or MRI dataset
is segmented to generate the patient-specific model that is
subsequently explored within a head-mounted immersive
environment. VR allows surgeons to visualize and inter-
act with malformations, vessels, and bronchi in a life-like
spatial context. Moreover, virtual preoperative navigation
of the malformation and hilar structures allows the surgi-
cal team to rehearse the stages of the operation by evaluat-
ing risks, possible complications and ways to avoid them.
Although the anatomical information derives from the same
source imaging, immersive VR adds stereoscopic depth,
interactive navigation, adjustable transparency, operative-
perspective orientation and shared multidisciplinary review.
Our group previously introduced a VR workflow based on
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head-mounted display (HMD) for pediatric surgical plan-
ning, demonstrating its feasibility and value in visualizing
complex CPM [8]. In that pilot experience, immersive 3D
visualization improved preoperative orientation, aided in the
identification of anomalous vascular connections, and sup-
ported port mapping tailored to the thoracoscopic position.
Subsequently, in a larger multicenter pediatric series, VR
planning influenced surgical strategy in a significant pro-
portion of cases, improving spatial understanding and con-
fidence across several subspecialties, with CPM represent-
ing one of the most frequent indications [9]. Despite these
encouraging observations, quantitative evidence on clinical
outcomes in infants undergoing thoracoscopic resection of
CPM remains limited. To address this gap, we evaluated this
integrated VR-based preoperative planning workflow, com-
paring perioperative outcomes with standard imaging while
explicitly exploring lesion heterogeneity, resection type and
potential learning curve or era effects.

Materials and methods

This retrospective historical cohort study was conducted
at the Department of Pediatric Surgery, “Vittore Buzzi”
Children’s Hospital, University of Milano, Italy, which
serves as a tertiary referral center for pediatric mini-
mally invasive thoracic surgery. The study is reported in
accordance with the STROBE recommendations for obser-
vational studies. The study period extended from Janu-
ary 2013 to December 2024. All infants who underwent
thoracoscopic surgery for CPM during the study period
were eligible for inclusion. Demographic, clinical, and
perinatal data were retrospectively collected from insti-
tutional medical records together with preoperative imag-
ing, intraoperative findings, and postoperative outcomes.
Each patient had undergone comprehensive preoperative
imaging, including chest X-ray and computed tomogra-
phy (CT) and/or magnetic resonance imaging (MRI), to
define the extent and morphology of the lesion. Accord-
ing to the preoperative planning approach, patients were
categorized into two groups. The first group underwent
conventional planning based solely on standard radiologic
imaging (SI), which consisted of axial, coronal, sagittal
and multiplanar CT or MRI reconstructions reviewed
on a workstation; these patients did not have access to a
patient-specific segmented 3D model. The second group
underwent the integrated VR workflow: source imaging
was segmented to generate a patient-specific 3D model,
which was subsequently explored within a head-mounted
immersive environment. Three-dimensional segmentation
and immersive navigation were therefore consecutive and
inseparable components of a single planning workflow.
VR planning was introduced during the later phase of
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the institutional experience; therefore, the groups were
non-concurrent, allocation was not randomized and was
influenced by workflow availability, imaging suitability
for segmentation and perceived anatomical complexity.

Three-dimensional (3D) reconstruction

CT datasets were acquired with 0.6-mm-thick slices during
arterial and venous phases to optimize the visualization
of pulmonary and systemic vascular structures. DICOM
files were imported into 3D Slicer v.4.11 (https://www.
slicer.org) [10], an open-source platform for medical
image segmentation and 3D rendering. A mixed segmen-
tation workflow was applied, combining deep learning-
based automatic models [11] with threshold-based and
region-growing semi-automatic algorithms, along with
manual corrections, to precisely delineate the contours
of lung parenchyma, the malformation, and the tracheo-
bronchial and vascular structures. The resulting segmen-
tations were optimized for subsequent post-processing
and converted into 3D surface models that could be freely
rotated, zoomed and displayed with adjustable transpar-
ency, allowing detailed assessment of internal vasculari-
zation and spatial relationships. Each segmentation was
independently reviewed and validated by a pediatric radi-
ologist to ensure consistency with the original imaging
data. This segmentation constituted the technical basis of
the immersive VR environment and was not evaluated as a
separate desktop-planning intervention. Figure 1 illustrates
the workflow used for patient-specific reconstruction, from
raw CT imaging to semi-automatic segmentation and final
3D rendering integrated into the immersive VR environ-
ment for surgical planning.

Virtual reality (VR) workflow

Validated 3D models were transferred to a HMD using an in-
house plugin developed for 3D Slicer. The system employed
the Meta Quest 3 (Meta Platforms, Inc., Menlo Park, CA,
USA), an all-in-one HMD. A tailored application allowed
the surgical team to explore the reconstruction interactively
in an immersive virtual reality environment, providing a
comprehensive view of the anatomical structures of interest
[12]. During preoperative planning sessions, surgeons could
navigate around and within the model and manipulate it by
rotating, zooming or adjusting transparency to analyze the
anatomical relationships between the malformation, bronchi,
vessels and parenchyma and to anticipate resection planes.
The active immersive view was simultaneously mirrored on
an external monitor, enabling surgeons, radiologists, anes-
thesiologists and trainees to participate in real-time discus-
sion and planning; desktop visualization was not evaluated
as a separate intervention. All reconstructions were oriented
according to the patient’s intraoperative lateral decubitus
position to replicate the thoracoscopic view and facilitate
preoperative port mapping [8, 9].

Preoperative evaluation and intraoperative
correlation

The patient-specific models were reviewed in conjunction
with the source CT or MRI images to evaluate their fidel-
ity and clinical usefulness. During surgery, intraoperative
findings were systematically compared with the preopera-
tive 3D models to verify correspondence between the virtual
model and actual anatomy, particularly regarding vascular
and bronchial branching patterns [8, 9].

Fig. 1 Example of the virtual reality (VR) workflow for patient-spe-
cific three-dimensional (3D) reconstruction of a congenital pulmo-
nary malformation. a Coronal contrast-enhanced CT reconstruction
demonstrating a left lower-lobe congenital pulmonary malformation
with anomalous systemic arterial supply. b Axial contrast-enhanced
CT image highlighting the lesion and its relationship with surround-
ing mediastinal and diaphragmatic structures. ¢ Semi-automatic
segmentation performed in 3D Slicer v.4.11, combining threshold-

ing, region-growing, and manual refinement to delineate lung paren-
chyma, malformation, and vascular structures (outlined in red).
d Final 3D surface rendering illustrating the spatial relationships
between pulmonary arteries (red), pulmonary veins (blue), systemic
vessels, and the lesion, subsequently integrated into the immersive
virtual reality environment for preoperative planning, port mapping,
and multidisciplinary team discussion
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Surgical technique

All operations were performed under general anesthesia
with single-lung ventilation achieved using an Arndt endo-
bronchial blocker (Cook®, USA). Patients were positioned
in lateral decubitus, and a continuous erector spinae plane
(ESP) block was maintained for perioperative analgesia. The
thoracoscopic approach included two camera ports along
the mid-axillary line, allowing flexible alternation between
apical and basal visualization, and two working ports placed
medially and laterally for optimal instrument ergonomics.
Depending on the lesion’s location and extension, either
lobectomy or lung-sparing resection was performed. A
mirrored view of the patient-specific immersive model was
available in the operating room for anatomical reference
during the procedure; this was not a separately evaluated
desktop intervention. Representative correlations between
the immersive VR reconstructions and the thoracoscopic

view for different types of CPM are shown in Fig. 2. All
procedures included in this analysis were performed or
directly supervised by senior pediatric surgeons with estab-
lished experience in minimally invasive thoracic surgery and
thoracoscopic management of CPM.

Statistical analysis

Continuous variables were expressed as mean =+ standard
deviation or median (interquartile range, IQR), according
to data distribution. Categorical variables were expressed as
n/N (%). Between-group comparisons were performed using
the Mann—Whitney U test or Student’s ¢ test for continuous
variables, and Fisher’s exact test for categorical variables, as
appropriate. Because of the exploratory nature of the study,
the small size of the VR cohort and the chronological sepa-
ration between groups, analyses were interpreted primarily
descriptively, avoiding causal inference based on p values

Fig. 2 Intraoperative correlation between thoracoscopic findings and
immersive virtual reality (VR) reconstructions in different types of
congenital pulmonary malformations (CPMs). For each condition,
preoperative VR-based anatomical visualization is shown alongside
the corresponding intraoperative thoracoscopic view, highlighting the
anatomical concordance between virtual planning and surgical find-
ings. a Congenital pulmonary airway malformation (CPAM) of the
right middle lobe. (i) Immersive VR reconstruction illustrating the
malformation and its segmental extension within the lobe, supporting
spatial orientation and surgical planning. (ii) Corresponding thoraco-
scopic view confirming the cystic parenchymal involvement and its
relationship with surrounding lung tissue. b Intralobar pulmonary
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sequestration. (i) Preoperative VR visualization clearly depicting the
anomalous systemic feeding artery arising from the descending aorta
(yellow marker). (ii) Intraoperative thoracoscopic identification and
control of the systemic arterial supply during dissection. ¢ Extralobar
pulmonary sequestration. From left to right: (i) immersive VR over-
view showing the spatial relationship between the sequestrated mass
and the adjacent lung parenchyma. (ii) Thoracoscopic view demon-
strating the well-encapsulated appearance of the lesion. (iii) VR-
based identification of the systemic arterial supply and venous drain-
age (yellow marker), aiding preoperative risk assessment and surgical
strategy. (iv) Intraoperative confirmation and division of the vascular
pedicle during thoracoscopic isolation of the lesion
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alone. No multivariable or propensity-adjusted estimate
was attempted because the limited sample size would have
produced unstable estimates and would not have eliminated
unmeasured era-related confounding. Additional analyses
were performed according to four predefined malforma-
tion groups: CPAM, intralobar sequestration, extralobar
sequestration, and other malformations. Focused sensitiv-
ity analyses evaluated CPAM plus intralobar sequestration
and lobectomy-only cases; complete pathology-stratified
comparisons and the remaining sensitivity analyses are pro-
vided in Supplementary Table S1. A chronological learning
curve analysis was performed using case order and operative
time, with VR introduction marked graphically. Statistical
analyses were performed using Stata 19.0, and a two-sided
p <0.05 was considered statistically significant. No correc-
tion for multiple comparisons was applied.

Ethical approval

The study was performed in accordance with the ethical
standards of the institutional and national research commit-
tees and with the 1964 Helsinki Declaration and its later
amendments. The research protocol was approved by the
Ethics Committee of the “Vittore Buzzi” Children’s Hos-
pital, Milano, Italy and registered in the Experimental
Research Registry (No. 2022/ST/079, “RV and 3D models
for simulation and research in pediatrics”).

Results

Eighty-six consecutive infants underwent surgery for CPM
during the study period. For this analysis, only those who
underwent thoracoscopic resection were included, while
patients treated by open surgery were excluded to avoid
approach-related confounding. The final cohort comprised
50 thoracoscopic cases, divided according to the preopera-
tive planning strategy: 39 (78%) planned with SI and 11
(22%) with the integrated patient-specific 3D segmentation
and immersive VR navigation workflow (VR).

Population characteristics

Baseline demographic and perinatal characteristics were
largely comparable between the two groups. The median
gestational age at birth was 39.0 weeks (IQR: 38.0-40.0),
and the mean birth weight was 3.1 + 0.5 kg, with a mean
length of 49.3 + 2.7 cm and head circumference of 33.6 +
1.6 cm. Most infants were male (29/50, 58%) and delivered
vaginally (38/50, 76%), while cesarean delivery occurred
in 10/50 (20%); these proportions were similar across both
groups. Prenatal suspicion of CPM was documented in 45/50
(92%) cases, and prenatal symptoms were reported in 5/50

(10%), with no relevant intergroup differences. Histopatho-
logical diagnoses included CPAM in 18/50 (36%), extralobar
pulmonary sequestration in 14/50 (28%), intralobar pulmo-
nary sequestration in 11/50 (22%), bronchial atresia in 4/50
(8%), bronchogenic cyst in 2/50 (4%), and lobar overinfla-
tion in 1/50 (2%). Bronchogenic cysts were found only in
the VR group (2/11, 18%), while extralobar sequestrations
predominated among patients planned with standard imag-
ing (13/39, 33%). Associated maternal gestational condi-
tions were recorded in 10/50 (30%) of the overall population.
Congenital cardiac or vascular anomalies were detected in
12/50 (24%), more frequently among VR-planned patients
(5/11, 45%) than in those with standard planning (7/39,
18%). Other associated anomalies were less common,
including urinary tract defects in 6/50 (12%), central nerv-
ous system (CNS) anomalies in 3/50 (6%), and gastrointes-
tinal (GI) anomalies in 4/50 (8%), with similar distribution
between groups. The malformation involved the left side in
31/50 (62%) and the right side in 19/50 (38%). Respiratory
symptoms before surgery were reported in 9/37 (24%) SI
patients and 2/11 (18%) VR patients (p =1.000). Recurrent
airway infection before surgery was reported in 7/37 (19%)
SI patients and 2/11 (18%) VR patients (p = 1.000); data
were unavailable for two SI patients. At the time of surgery,
half of the patients were classified as ASA II (25/50, 50%),
and 20/50 (40%) as ASA III. The median age at surgery was
8.5 months (IQR: 6.0-16.0), comparable between groups
(Table 1).

Surgical characteristics

All procedures were performed thoracoscopically. Overall,
23/50 (46%) underwent lobectomy and 27/50 (54%) a lung-
sparing resection. Lobectomy was more frequent among
VR-planned cases (7/11, 64%) compared with those planned
with standard imaging (16/39, 41%, p value=0.18). The
median anesthesia time for the entire cohort was 372.5 min
(IQR 294.0-479.0), numerically shorter in the VR group
(334.5 min [262.0-450.0]) than in the SI group (376.5 min
[296.0-496.5], p value =0.35). Similarly, the median opera-
tive time was 235.0 min (IQR 149.0-315.0) overall, lower
in the VR group (183.0 min [127.0-302.0]) compared with
standard imaging (248.0 min [150.0-315.0], p value=0.42).
Although these differences were not statistically significant,
the numerical direction remained clinically noteworthy,
particularly because lobectomy was more frequent in the
VR group. Conversion to open surgery occurred in 10/50
(20%), all within the SI group (10/39, 26%) and none among
VR-planned procedures (0/11, 0%). This difference reached
statistical significance (p value =0.045). Intraoperative
complications were recorded in 5/50 (10%), all in the SI
group (5/39, 13%) and none in the VR group (0/11, 0%, p
value =0.20) (Table 2). These findings represent unadjusted
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Table 1 Baseline demographic and perinatal characteristics of the study population

Variable Virtual reality Standard imaging Overall p value
(n=11) (n=39) (n=50)

Gestational age (weeks), median (IQR) 39.0 (38.0-40.0) 39.0 (38.0-40.0) 39.0 (38.0-40.0) 0.85

Birth weight (kilograms), mean + SD 3.1+0.5 3.1+05 3.1+0.5 0.94

Length (centimeters), mean + SD 498 + 1.7 492 +29 493 +£2.7 0.66

Head circumference (centimeters), mean + SD 33.1+£23 33.7+1.3 33.6+1.6 0.41

Male gender, n (%) 6 (55) 23 (59) 29 (58) 0.79

Vaginal delivery, n (%) 10 (91) 28 (72) 38 (76) 0.40

Cesarean section, n (%) 109 9 (23) 10 (20) -

Prenatal diagnosis, n (%) 9 (90) 36 (92) 45 (92) 0.81

Maternal gestational disorder, n (%) 0(0) 10 (40) 10 (30) 0.032

Lesion side, n (%)

Left 5 (45) 26 (67) 31(62) 0.20
Right 6 (55) 13 (33) 19 (38)

Associated anomalies, 1 (%) 4 (36) 18 (47) 22 (45) 0.52
CVS defect 5 (45) 7(18) 12 (24) 0.066
Urinary tract anomalies 0 (0) 6 (16) 6(12) 0.16
CNS anomalies 109 2(5) 3(6) 0.64
GI anomalies 0(0) 4(11) 4(8) 0.26

Respiratory symptoms before surgery, n/N (%) 2/11 (18) 9/37 (24) 11/48 (23) 1.000

Recurrent airway infection before surgery, n/N (%) 2/11 (18) 7/37 (19) 9/48 (19) 1.000

Denominators vary where clinical data were unavailable

IQR interquartile range, SD standard deviation, CVS cardiovascular, CNS central nervous system, G/ gastrointestinal

Table 2 Operative characteristics of infants undergoing thoracoscopic surgery for congenital pulmonary malformations

Variable Virtual reality (n=11) Standard imaging Overall p value

(n=39) (n=50)

Age at surgery (months), median (IQR) 8.0 (6.0-46.0) 9.0 (6.0-16.0) 8.5 (6.0-16.0) 0.92

ASA, n (%):
1T 6 (55) 19 (49) 25 (50) 0.94
I 4(36) 16 (41) 20 (40)

Type of surgery, n (%):

Lobectomy 7 (64) 16 (41) 23 (46) 0.18
Lung-sparing resection 4 (36) 23 (59) 27 (54)

Anesthesia time (minutes), median (IQR) 334.5 (262.0-450.0) 376.5 (296.0-496.5) 372.5 (294.0-479.0) 0.35

Operative time (minutes), median (IQR) 183.0 (127.0-302.0) 248.0 (150.0-315.0) 235.0 (149.0-315.0) 0.42

Conversion, n (%) 0(0) 10 (26) 10 (20) 0.045

Intraoperative complications, n (%) 0(0) 5(13) 5(10) 0.20

Blood transfusion, n (%) 5 (56) 23 (72) 28 (68) 0.35

IQR interquartile range

historical comparisons and should be interpreted together
with the study limitations.

Postoperative outcomes and follow-up

Postoperative recovery showed favorable differences for
patients whose procedures were planned with VR. The
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median time to extubation was 1.0 day (IQR: 0.0-1.0) in
the SI group and 0.0 days (IQR: 0.0-0.0) in the VR group
(p-value=0.11). Nearly, all patients required postoperative
intensive or intermediate care (46/50, 98%), with 36/39
(97%) in the SI group and 10/10 (100%) in the VR group (p
value =0.60). The median NICU/PICU length of stay was
2.0 days (IQR: 1.0-3.0) overall, reduced from 2.0 days (IQR:
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1.0-3.0) in the SI group to 1.0 day (IQR: 1.0-2.0) in the VR
group (p value=0.045). The total length of hospital stay was
7.0 days (IQR: 5.0-9.0) for the whole cohort, significantly
shorter in the VR group (5.0 days [4.0—6.0]) than in the SI
group (8.0 days [6.0-10.0], p value <0.001). Postoperative
complications occurred in 6/50 (12%), all in the standard
imaging group (6/39, 15%) and none in the VR group (0/11,
0%, p value=0.16). According to the Clavien—Dindo clas-
sification, complications were grade II in 1/50 (2%), grade
IIIb in 4/50 (8%), and grade IV in 1/50 (2%); no complica-
tions were reported in the VR group (p-value =0.59). Blood
transfusion was required in 28/50 (68%), with a lower inci-
dence in the VR group (5/11, 56%) compared with the SI
group (23/39, 72%, p value =0.35). Redo surgery was neces-
sary in 3/50 (6%), all following standard imaging planning
(3/39, 8% SIvs 0/11, 0% VR; p-value=0.34) (Table 3). The
median duration of postoperative follow-up was 63.0 months
(IQR: 31.0-109.5) for the overall cohort, significantly longer
in the SI group (74.0 months [54.0-126.0]) compared with
the VR group (24.5 months [9.0-32.0], p value < 0.001),
reflecting the more recent introduction of VR planning.
A graphical representation of the main perioperative and
postoperative outcomes comparing the SI and VR groups
is shown in Fig. 3.

Malformation-specific and chronological analyses

To address potential case-mix heterogeneity, patients were
further stratified into four predefined malformation groups:
CPAM, intralobar sequestration, extralobar sequestration,
and other malformations. The overall clinical and surgical
profile of these groups, pathology-stratified comparisons
between SI and VR planning, and sensitivity analyses are
summarized in Supplementary Table S1. Relevant heteroge-
neity was observed across malformation groups in operative

time, hospital length of stay, lobectomy rate, conversion rate,
and composite adverse outcome.

In pathology-stratified comparisons, the clearest favorable
signal was observed among patients with CPAM, whereas
findings in intralobar sequestration, extralobar sequestra-
tion, and other malformations were more limited and should
be interpreted cautiously because of sparse data. Focused
sensitivity analyses restricted to CPAM plus intralobar
sequestration and to lobectomy-only cases showed that the
favorable direction of hospital stay and composite adverse
outcomes was maintained. Among patients with CPAM or
intralobar sequestration, median hospital stay was 10.0 days
(IQR 8.0-13.0) in the SI group and 5.0 days (4.8-6.0) in
the VR group (p <0.001), while the composite adverse
outcome occurred in 13/19 SI patients and 0/8 VR patients
(p=0.002). In lobectomy-only cases, median hospital
stay was 9.0 days (7.0-12.5) in the SI group and 5.0 days
(5.0-6.0) in the VR group (p <0.001), while the composite
adverse outcome occurred in 8/15 SI patients and 0/7 VR
patients (p =0.022). These subgroup findings are prelimi-
nary because of the small, non-concurrent samples, but their
consistent direction supports further targeted evaluation.

The chronological learning curve analysis is shown in
Fig. 4. VR planning was introduced in the later phase of the
study period, and VR-planned cases were therefore tempo-
rally clustered after the initial standard imaging experience.
Operative times were widely dispersed in both groups and no
consistent downward trend was observed after VR introduc-
tion; several later VR cases had longer operative times. Nev-
ertheless, no intraoperative or postoperative complications
were observed among VR-planned cases. The chronological
distribution confirms the potential influence of institutional
learning curve and era effects, which cannot be separated
from a possible contribution of the VR workflow in this
dataset.

Table 3 Postoperative outcomes and follow-up after thoracoscopic surgery for congenital pulmonary malformations

Variable Virtual reality Standard imaging Overall p value
(n=11) (n=39) (n=50)

Postoperative extubation (days), median (IQR) 0.0 (0.0-0.0) 1.0 (0.0-1.0) 1.0 (0.0-1.0) 0.11
Postoperative NICU/PICU admission, n (%) 10 (100) 36 (97) 46 (98) 0.60
NICU/PICU stay (days), median (IQR) 1.0 (1.0-2.0) 2.0 (1.0-3.0) 2.0 (1.0-3.0) 0.045
Hospital stay (days), median (IQR) 5.0 (4.0-6.0) 8.0 (6.0-10.0) 7.0 (5.0-9.0) < 0.001
Postoperative complications, n (%) 00 6 (15) 6 (12) 0.16
Clavien—Dindo grade, n (%)

1T 0(0) 1(3) 1(2) 0.59

I 0(0) 4 (10) 4(8)

v 0(0) 1(3) 1(2)
Redo surgery, n (%) 0(0) 3(8) 3(6) 0.34
Follow-up (months), median (IQR) 24.5 (9.0-32.0) 74.0 (54.0-126.0) 63.0 (31.0-109.5) < 0.001

IQR interquartile range, NICU neonatal intensive care unit, PICU pediatric intensive care unit
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Each point represents one thoracoscopic case ordered by surgery date.
Blue circles indicate standard imaging and orange triangles VR plan-
ning. Green crosses indicate conversion to open surgery, while red
outlined circles indicate intraoperative and/or postoperative compli-
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cations. The blue-gray line shows the LOWESS-smoothed operative
time trend, and the dashed vertical line marks the first VR-planned
case. The trend is descriptive and should not be interpreted as evi-
dence of a consistent reduction in operative time after VR introduc-
tion
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Discussion

Thoracoscopic surgery has progressively become a pre-
ferred approach for the management of congenital pulmo-
nary malformations, offering the advantages of minimally
invasive surgery while preserving the need for precise ana-
tomical dissection in a small operative field [6]. Neverthe-
less, this approach remains technically demanding because
of limited intrathoracic working space, variable broncho-
vascular anatomy, and the need to preserve healthy lung
parenchyma [8]. In this context, the integration of 3D
segmentation and immersive VR navigation represents
a promising advancement in preoperative planning and
team preparation [8, 9]. In the present preliminary single-
center historical cohort, VR-guided planning was feasible
and was associated with favorable perioperative signals,
including shorter hospital stay and no observed conver-
sions or complications among VR-planned cases. The
historical comparison does not establish causality; how-
ever, the concordant direction of several clinically relevant
outcomes provides meaningful preliminary evidence and
supports further evaluation of this novel planning strategy.

The demographic and perinatal profile of our 50-patient
cohort was consistent with most current series. The
male-to-female ratio (1.4:1), median gestational age of
39 weeks, and mean birth weight of 3.1 kg were compa-
rable to the data reported by Zhao et al. [13] in a multi-
center analysis of 173 patients. Similarly, more than 90%
of our patients were diagnosed prenatally, consistent with
the increasing detection rates seen in European and Asian
registries [5, 13]. All patients underwent thoracoscopic
resection, with a median age at surgery of 8.5 months.
This timing is consistent with current recommendations
that elective resection during infancy, typically between
6 and 12 months, optimizes postoperative recovery and
compensatory lung growth while minimizing adhesion-
related difficulties [13, 14]. In this regard, Pio et al. [15]
demonstrated that lobectomy before 5 months of age pre-
serves pulmonary function without increasing complica-
tions, while Zhao et al. [13] found that earlier surgery
significantly reduced adhesions and conversion risk. Our
results are therefore broadly consistent with contemporary
thoracoscopic series.

The median operative time in our overall cohort was
similar to previously published averages for thoraco-
scopic lobectomy in infants [13, 16—19]. The shorter
duration observed in the VR group (183 min) compared
with the SI group (248 min) did not reach statistical sig-
nificance and should not be interpreted as proof that VR
reduces operative time. However, this numerical differ-
ence occurred despite a higher proportion of lobectomies
in the VR cohort, which preserves clinical interest in the

observed signal. Lopez-Diaz et al. [19] reported a median
of 170 min, with a significant association between opera-
tive duration and increased complication rate (p =0.002).
In our data, the absence of complications in the VR group
paralleled numerically shorter anesthesia and operative
times, although the chronological analysis showed sub-
stantial variability and no consistent downward trend. Con-
version to thoracotomy remains one of the main quality
indicators in minimally invasive thoracic surgery.

Conversion rates in the literature vary from 2 to 30%,
depending on patient age, surgeon experience, lesion type
and previous infection [7, 14, 15, 18, 19]. In our study, no
conversions occurred in the VR group (0%) compared with
26% in the SI group, a difference that reached statistical sig-
nificance (p value =0.045). The non-concurrent design pre-
vents attribution of this difference specifically to VR; nev-
ertheless, the absence of conversion in the 11 VR-planned
cases remains a clinically relevant preliminary signal, par-
ticularly because the VR cohort included a higher propor-
tion of lobectomies and more frequent cardiac or vascular
anomalies. Patient-specific navigation may plausibly support
anticipation of anomalous vessels and bronchial anatomy, a
hypothesis that warrants prospective testing.

The overall complication rate in our cohort (12%) was
entirely attributable to events in the SI group, and it falls
within the broad range reported in large thoracoscopic
series, where postoperative morbidity after thoracoscopic
lobectomy for CPM generally varies between 10 and 30% [7,
13, 14, 16, 20]. By contrast, no intra- or postoperative com-
plications were observed among VR-planned procedures.
Although the differences did not reach statistical signifi-
cance because of the small number of events, this compli-
cation-free experience is consistent with the proposed role
of immersive planning in supporting safer dissection and
controlled vascular management. It should be considered a
favorable safety signal rather than proof of superiority.

Postoperative recovery indicators favored VR-guided
planning. The median NICU/PICU stay was reduced from
two to one day (p=0.045), and total hospital stay decreased
from eight to five days (p value <0.001). In comparison,
Mattioli et al. [21] found a median hospital stay of 4 days
after thoracoscopy versus nine days after thoracotomy (p
value =0.0009); Lopez-Diaz et al. [19] reported 5 days after
the learning curve plateau; and Zhao et al. [13] documented
seven days across all ages. Thus, the shorter hospital stay
observed in the VR group represents a clinically relevant
preliminary signal. Changes in postoperative management
and discharge practice over time may have contributed to
this difference, but the magnitude and consistency of the
observation justify prospective assessment rather than dis-
missal of a possible workflow-related benefit.

Early extubation was achieved in all VR cases (median
0 days vs 1 day, p value=0.11), consistent with reports of
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rapid postoperative recovery after elective thoracoscopy in
asymptomatic infants [14]. If confirmed in contemporane-
ous cohorts, these differences could translate into meaning-
ful benefits for patients and healthcare systems, including
reduced intensive-care use and hospital stay.

Only 3 patients (8%) in the SI group required redo sur-
gery, a rate consistent with those reported in other pediatric
thoracoscopic series (range 5-10%) [16, 18, 19]. However,
in contrast with most literature reports, where redo pro-
cedures are typically related to postoperative air leaks or
bronchopleural fistulae, the secondary interventions in our
cohort were performed for residual disease and persistent
localized infection, rather than for technical complications
of the primary procedure. No reoperations were necessary
in the VR group. This observation supports the hypothesis
that detailed patient-specific planning may assist assess-
ment of lesion boundaries, although the shorter follow-up
of the VR cohort precludes conclusions regarding long-term
recurrence.

The improvement seen between our earlier standard imag-
ing (SI) and later virtual reality (VR)-assisted cases par-
allels the learning curve effects described by Lopez-Diaz
et al. [19] and Seong et al. [16], who found that conversion
and complication rates decreased with increasing experi-
ence. This temporal relationship is an important confounder,
but it does not exclude a complementary contribution from
immersive planning.

Our VR series achieved favorable outcomes during
a mature phase of the institutional program. By virtually
navigating the hilar structures and defining trocar trajecto-
ries in advance, the workflow may have supported operative
preparation, team coordination, and reduction of cognitive
load. The present study cannot quantify the independent
contribution of these mechanisms, but the observations are
compatible with the intended function of the technology.

Importantly, the potential learning curve effect in this
study should not be interpreted as a simple transition from
inexperienced to experienced surgeons, as all procedures
were performed or directly supervised by pediatric surgeons
with established expertise in thoracoscopic surgery. Rather,
it likely reflects maturation of an institutional pathway over
time, including greater team familiarity, refinement of thora-
coscopic technique, improved perioperative management
and increasing experience with patient-specific 3D/VR plan-
ning. Accordingly, the observed outcomes probably reflect
the combined influence of institutional maturation and the
new planning workflow; the relative contribution of each
cannot be separated in this retrospective dataset.

VR planning adds an interactive dimension to preopera-
tive assessment. The conventional cross-sectional imaging
contains the same underlying anatomical information and
that experienced surgeons and radiologists can mentally
reconstruct three-dimensional relationships. However,
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mental reconstruction is not equivalent to direct stereo-
scopic navigation of a shared patient-specific model. Immer-
sive VR allows the surgeon to enter and interact with the
patient’s anatomy, explore the broncho-vascular tree from
multiple perspectives, adjust transparency, reproduce the
thoracoscopic orientation and share the same view with the
multidisciplinary team. This concept was previously evalu-
ated by Pelizzo et al. [8, 9] using head-mounted displays in
congenital and oncologic cases, where VR planning altered
surgical strategy and improved trainees’ spatial orienta-
tion and operative confidence. The novelty of our approach
therefore lies not in generating new anatomical information,
but in transforming that information into an interactive and
navigable planning environment. The present study evalu-
ates the integrated workflow as a whole and cannot isolate
the contribution of segmentation, rendering or the headset.

In our workflow, the VR session became an integral
component of the multidisciplinary preoperative planning
process. The patient-specific 3D model, oriented to repli-
cate the intraoperative lateral decubitus position, facilitated
trocar mapping and discussion of the sequence of vessel
division. Moreover, surgeons, radiologists, anesthesiolo-
gists and trainees could visualize the same immersive scene,
enabling shared mental modeling of potential challenges, a
feature previously associated with improved team commu-
nication [22]. These cognitive and team benefits may have
contributed to the favorable perioperative signals observed,
although they were not directly measured.

Beyond clinical planning, immersive VR also offers
an educational environment in which trainees and young
surgeons can repeatedly review broncho-vascular relation-
ships, uncommon anatomical variations and the anticipated
sequence of dissection before surgery. Surgeon confidence,
anatomical understanding, cognitive workload, and educa-
tional performance were not formally assessed in the present
study and should be evaluated using validated instruments
in future prospective work.

The additional malformation-specific analyses directly
address the concern that different congenital pulmonary mal-
formations entail different operative complexity. CPAM and
intralobar sequestration represented the subgroups in which
the potential value of VR planning appeared most clinically
relevant, likely because these lesions often require careful
interpretation of lobar anatomy, vascular supply, and resec-
tion planes. By contrast, extralobar sequestration generally
had shorter operative time and hospital stay, and its resec-
tion is not directly comparable with lobectomy. The favora-
ble direction of the findings was maintained in the focused
CPAM-plus-intralobar sequestration and lobectomy-only
analyses. Although these small subgroups remain hypoth-
esis generating, their consistency strengthens the rationale
for evaluating VR prospectively in anatomically complex
lesions rather than assuming a uniform effect across all
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malformations. Similarly, Destro et al. demonstrated that
VR combined with echo-endoscopy offers a whole perspec-
tive of hepatobiliary anatomy, facilitating safer minimally
invasive interventions [23].

Limitations

This study should be interpreted in light of its retrospective
single-center design and the small size of the VR cohort,
which limit statistical power and causal inference. Because
VR planning was introduced later in the institutional expe-
rience, the observed outcome differences may partly reflect
era effects, maturation of the thoracoscopic program, refine-
ments in surgical technique, team coordination, anesthesia,
analgesia, postoperative pathways and discharge practices.
Although chronological and focused pathology- and pro-
cedure-based analyses were performed, they cannot fully
separate the contribution of VR from broader institutional
experience, and subgroup analyses remain limited by small
numbers. Residual differences in previous respiratory infec-
tion, inflammatory adhesions, anatomical complexity and
case selection may also have influenced the outcomes. The
intervention comprised an integrated workflow combin-
ing patient-specific segmentation, 3D reconstruction and
immersive navigation; consequently, the contribution of
each individual component cannot be isolated. The work-
flow requires high-quality imaging, segmentation expertise,
dedicated software and multidisciplinary review, which may
affect generalizability to lower-volume centers. Finally, the
absence of conversion or complications in 11 VR-planned
patients and the shorter postoperative recovery should be
interpreted as preliminary signals rather than proof of supe-
riority. These limitations temper, but do not negate, the clini-
cal relevance of the consistent associations observed and the
need for prospective validation.

Future perspectives

Prospective, multicenter studies with contemporaneous com-
parison groups and clinically homogeneous procedures are
needed to determine whether the favorable signals observed
here persist after accounting for lesion type, previous infec-
tion, surgeon and institutional experience, and standardized
perioperative pathways. Studies comparing conventional
cross-sectional imaging, desktop patient-specific 3D visu-
alization and immersive navigation could help distinguish
the contribution of individual workflow components. The
integration of automated segmentation, augmented reality
overlays, and intraoperative fluorescence imaging could
link preoperative VR models directly to the surgical field
[24, 25]. Standardized training curricula incorporating VR
simulation may shorten the learning curve for pediatric sur-
geons, similar to its established role in adult laparoscopic

and robotic education [26-28]. Future studies should also
assess anatomical understanding, operative preparedness,
surgeon confidence, cognitive workload, and knowledge
retention using validated measures. Beyond planning, VR
could serve as a communication tool for families, enhanc-
ing informed consent through intuitive visualization of the
malformation and surgical plan.

Conclusion

In this preliminary single-center historical cohort, the inte-
grated patient-specific 3D segmentation and immersive VR
navigation workflow was feasible and was associated with
favorable perioperative signals after thoracoscopic resection
of congenital pulmonary malformations, including shorter
hospital stay and lower observed rates of conversion and
complications. The favorable direction was maintained in
focused analyses of more comparable lesions and proce-
dures, supporting VR as a promising adjunct to patient-
specific preoperative preparation. Because of the small VR
cohort, chronological separation between groups and lesion
and procedure heterogeneity, these results do not prove supe-
riority or an independent causal effect. Nevertheless, they
provide clinically relevant preliminary evidence and justify
prospective multicenter studies designed to determine which
patients and procedures may benefit most from immersive
planning.
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