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Background: Pulmonary surgery is an innovative discipline with increasing
demands for minimally invasive techniques in complicated anatomical
resections, warranting adequate preoperative imaging of relevant surgical
anatomy to ensure safe and radical resection of target lesions. Over the
recent years, the emergence of imaging techniques enabling three-
dimensional reconstruction has exerted promising influence on pulmonary
surgery, facilitating optimal surgical planning and easier identification of the
spatial relationship between bronchovascular structures in the individual
patient and aiding the safe resection of target pulmonary lesions. The goal of
this mini-review is to provide an overview of three-dimensional computed
tomography imaging within pulmonary surgery.

Methods: The authors performed a targeted qualitative review of the literature
to identify current trends and to provide better understanding of three-
dimensional reconstruction within the boundaries of pulmonary surgery.
Results: Three-dimensional reconstructive techniques can be used for
resectability assessment, identification of surgically relevant interindividual
anatomic variance and may improve perioperative outcomes.

Discussion: Three-dimensional reconstruction using computed tomography
imaging improves surgical planning and there is evidence that it results in
shorter operative times, less intraoperative blood loss and lower rates of
surgical conversion, as it can be applied both pre- and intraoperatively.

KEYWORDS

3D reconstruction, lung surgery, computed tomogaphy, pulmonary surgery, VATS
(video-assisted thoracic surgery), review, segmentectomy, lobectomy

Introduction

Over the last decades, the surge of minimally invasive techniques has impacted
pulmonary surgery, accelerating the development of less invasive approaches for
anatomical resections, primarily for early detected cancerous lesions (1-3). With the
introduction of video-assisted thoracoscopic surgery (VATS) and evidence of its
benefits compared to conventional thoracotomy (4, 5), the era of minimally invasive
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pulmonary surgery took off. Meanwhile, interest in increasingly
smaller resections emerged, progressing from complete
pneumonectomy to lobectomy and subsequent anatomic
sublobar resections, such as segmentectomy. These procedures
are associated with lower complication rates and increased
residual pulmonary function, while maintaining adequate
surgical radicality in early stage lung cancer as indicated by
similar progression-free survival and local recurrence rates (6-
11).

With emerging evidence of the benefits of increasingly smaller
resections through minimally invasive approaches, the added
potential complexity of these procedures poses an important
challenge. They require precise knowledge of the individual patient
anatomy regarding bronchovascular structures, while taking the
effects of pulmonary deflation during surgery into account. This is
especially true for segmental resections because of the individual
variability at segmental levels. Innovations in imaging techniques
might prove valuable in overcoming these challenges, as
technological improvements regarding imaging modalities have
provided surgeons with additional ways to prepare for individual
cases. Mainly computed tomography (CT) based technologies
offer three-dimensional (3D) reconstruction that creates many
options for pre- and intraoperative planning that were previously
unavailable. Compared to conventional 2D-imaging, they offer the
advantage of improved spatial orientation and identification of
surgically relevant structures and their interindividual variance.

In this mini-review, we provide an overview of the clinical
application of these techniques in the context of pulmonary
surgery. We will not focus on the specific techniques for 3D
reconstruction, such as volume rendering and maximum
intensity projection, but describe the added clinical value of
such techniques in general.

Materials and methods

The authors (MV, LH) performed a targeted qualitative
review of the literature within the PubMed database (date:
25th of October 2022) to identify current trends and to
provide better understanding of 3D reconstruction within the
boundaries of pulmonary surgery. Key search words included
terms related to 3D reconstruction and different surgical
surgery, including VATS,
pneumonectomy, lobectomy, segmentectomy, etc. (Appendix

approaches for pulmonary

1). The search string is highlighted in Figure 1.

Results
Resectability assessment

Early-stage lung cancer is an important indication for
pulmonary resection. To achieve adequate resection of a
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cancerous lesion, it is crucial that sufficient resection margins
are respected. Multiple studies demonstrated that both
lobectomy and segmentectomy are able to provide adequate
resection margins, although the chance of local recurrence is
increased in cases of segmentectomy with a margin to tumor
size ratio <1 cm or if tumor size exceeded 2 cm (2, 3, 12, 13). In
preoperative planning, securing an adequate resection margin is
an important consideration when deciding on the operative
approach and surgical planning. In case of segmentectomy, it is
critical to identify the intersegmental veins as the boundary lines
of the pulmonary segments and to identify the target segmental
bronchi as the vertical surgical margin.

To date, many surgeons use traditional 2D CT imaging to
estimate the resectability of a lesion and decide on operative
approach. However, 3D-imaging using CT-based simulation
techniques, sometimes assisted by artificial intelligence (14), can
be used to accurately identify individual segments by tracing
bronchovascular anatomy (15, 16), making it possible to
estimate the probability that a cancerous lesion in a single
segment has safe anatomical margins for segmentectomy, or
needs change of the original surgical plan to another resection
(for instance: bi-segmentectomy, lobectomy) if surgical margins
are deemed insufficient (17-21). Comparative studies support
this by describing a lower percentage of inadequate resection
margins when preoperative assessment was conducted using 3D
reconstruction instead of conventional 2D-imaging (22, 23).
Evidence by Bakhuis et al. (24) supports this. They describe
their experience with 3D reconstructions for preoperative
planning in 50 patients with an indication for pulmonary
segmentectomy and reported an adjustment of the preoperative
plan that ensured radical resection in 52% of patients based on
the acquired 3D reconstructions. They also found that in 14%
of patients the tumor was localized in a different segment than
assessed by conventional 2D-imaging. Nakamoto et al. (25)
demonstrated that it was also possible to identify candidates for
smaller, so-called “superselective” segmentectomy for diagnostic
resection of small nodules located at a depth greater than
20 mm from the pleural surface. Using 3D-reconstruction, they
were able to adequately identifying surgical planes based on
arterial branching patterns up to the fifth-order that still
satisfied the requirements for sufficient surgical margin in
indeterminate small and deep pulmonary nodules, resulting in
low volumes of resected parenchyma and thus preservation of
pulmonary function.

The clinical efficacy and safety of preoperative 3D
reconstruction in assessing resectability prior to anatomical
sublobar resection is demonstrated by a recent study
conducted by Hamada et al. (26) They showed a total 5-year
overall survival, lung cancer-specific overall survival, and
recurrence-free survival rates after VATS sublobar resection
based on preoperative 3D reconstruction for surgical planning
of 92.5%, 100% and 98.2% respectively in patients with stage
IA non-small cell lung cancer. These results suggest that
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FIGURE 1
Flowchart of the conducted search. 3D: three-dimensional.
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Records excluded (n = 970):
e Not related to 3D-imaging or
reconstruction
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e Case reports
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branded content

e Letters to the editor or
commentaries
e Study not related to

pulmonary surgery

e Study not related to 3D-
imaging/reconstruction

e Qualitative literature surveys

sublobar resection under 3D-reconstructive guidance achieves

sufficient surgical margin for satisfactory long-term outcome.
Additionally, the

histologic origin of a specific tumor, if available, may also

preoperative  knowledge regarding

influence surgical decision-making. In most instances,
preoperative histological specimens are required to tissue-type
a tumor and decide on the most fitting surgical resection. In
this regard, 3D-reconstructive techniques might also be of
added value. A recent study used 3D reconstruction to
identify hallmarks suggestive of malignancy, such as the
solid lobulation,
convergence, or an air cavity density, as well as nodule size
(27). These highlight the potential benefit of

preoperative 3D reconstruction in estimating the origin of

presence of a component, vascular

results

ground glass nodules, thereby facilitating adequate surgical
planning.
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Identification of anatomical landmarks
and interindividual variance

Pulmonary bronchovascular patterns are diverse and
constitute complex spatial configuration. Surgeons must be
familiar with both the general and patient-specific anatomy
conduct

of pulmonary bronchovascular structures to

anatomical (sublobar) resections safely and adequately.
Multiple studies showed that by using preoperative 3D
reconstruction it was possible to accurately identify up to
98% of surgically relevant and potentially complicating
artery branches, including anomalous

pulmonary or

uncommon variations in vascular branching patterns.
Thereby, 3D reconstruction facilitates surgical resections by
avoiding blind dissection of vessels and increases surgeons

confidence in their knowledge of the spatial relationship
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between the lesion and adjacent anatomical structures in the
individual patient (18, 19, 28-43).

Perioperative outcome

Adequate  resectability = assessment and  enhanced

identification of potentially complicating anatomical variants
3D-
reconstructive techniques are used in the preoperative work-

suggest improved perioperative outcome when
up. Results from multiple, primarily retrospective, comparative
studies in patients operated on for a variety of pulmonary
diseases, confirm this hypothesis, although the quality of
evidence is debatable due to their retrospective nature
(Table 1). In these studies, 3D-imaging is associated with
shorter operating times (22, 36, 37, 44-46), more extensive
mediastinal lymph node dissection (23, 36), a reduction in
stapler reloads (44), reduced air loss on postoperative days 1-
3 (44) and decreased intraoperative blood loss (36). No
significant difference in other surgery-related parameters was
found, such as length of hospital-stay, overall recovery,
incidence of other postoperative complications and residual
pulmonary function (22, 23, 36, 44, 45). Furthermore, there is
evidence from multiple studies that preoperative 3D-imaging
aided in selection of the appropriate surgical entry site
tailored to the individual patient by taking their specific
anatomy into account, resulting in less perioperative switching
in surgical approach and lower conversion rates (36, 47, 48).

When comparing 3D-imaging to more other reconstructive
techniques, such as 3D-printing, there is evidence that the use of
3D-printing has additional benefits regarding reduction of
operative time, perioperative blood loss and conversion rates
when compared to both 3D-imaging and conventional 2D-
imaging, especially in more complex cases (45, 48).

Intraoperative application

Besides its role in preoperative assessment, the use of 3D-
reconstructive techniques during surgery has also been
reported. Examples include the use of a tablet during surgery
to display preoperatively constructed 3D images, with specific
focus on pulmonary bronchovascular anatomy related to the
target lesion. Several authors report that the reconstructions
displayed on the tablet helped to identify important anatomic
structures and their spatial relationship, while being able to
review and manipulate them during surgery. This significantly
benefitted their intraoperative understanding of the relevant
surgical anatomy and enhanced their ability to safely perform
anatomical resections (49, 50).

Another example includes binocular stereo-navigation using
3D polarized glasses which displayed 3D-reconstructed images
during surgery, to be used as an intraoperative navigation tool
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during VATS. This enabled easier and accurate identification

of relevant bronchovascular structures, while achieving
sufficient resection margins (51).

Chen et al. (48) used 3D-printed models to effectively aid
surgeons in intraoperative identification of relevant surgical
landmarks and concluded that 3D-printed pulmonary models
enable easier localization of target lesions, selection of
important anatomical landmarks as reference points and
identification anatomical variations during the procedure from
multiple angles. Qiu et al. (45) found that 3D-printed models
displayed during surgery reduced perioperative blood loss by
preventing vascular trauma in patients undergoing VATS

anatomical partial-lobectomy for stage I lung cancer.

Educational value

The high-quality 3D reconstructions rendered by modern
CT-imaging techniques might also possess educational value
in obtaining informed consent from patients regarding the
surgical procedure they are subjected to. Also, evidence
suggests it might improve surgical residency training (37, 45,
52, 53). The latter was investigated by Zhang et al. (46), who
found evidence of faster learning of complex VATS
procedures in surgical residents that used 3D reconstructions
in their surgical preparation, compared to older surgeons that
did not have these sophisticated techniques at their disposal,
although age might have confounded these results. There was
also a tendency for shorter operating times when preoperative
resection simulation was applied using 3D-reconstructed

anatomical models.

Discussion

Pulmonary surgery is an innovative discipline with
increasing demands for minimally invasive techniques in
complicated anatomical resections. Proper, usually CT-based,
imaging to assess surgical anatomy in the individual patient
during preoperative assessment is an important step in the
surgery.
sophisticated 3D-reconstructive techniques might positively

preoperative ~ work-up  towards Therefore,

influence individual patient outcomes. The accumulating

evidence in favor of wusing 3D reconstruction over
conventional 2D-imaging is expanding, with recent studies
providing evidence of shorter operating time, more extensive
lymph node dissection, reduced perioperative blood loss and
lower conversion rates when wusing advanced 3D-
reconstructive techniques both pre- and intraoperatively.
Furthermore, it has been suggested that these techniques
might also aid in estimating the chance of malignancy by
identifying certain hallmarks of a suspicious nodule by 3D

reconstruction, thereby improving preoperative planning and
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TABLE 1 Summary of the results from comparative studies regarding perioperative outcome. PSM: propensity score-matched; GGO: ground glass
opacity; BMI: body mass index; FEV1: forced expirational volume in 1s; 3D: three-dimensional; CT: computed tomography; POD: postoperative
day; (U)VATS: (uniportal) video-assisted thoracoscopic surgery; MDCT: multidetector CT; RR: risk ratio.

Study design Imaging modality Outcome

Wang (44) 2022 Retrospective analysis of 97 patients Preoperative 3D reconstruction vs. Significantly reduced operative time (111.4 vs.
undergoing complex segmentectomy of the conventional 2D imaging. 127 min; P = 0.007), required stapler reloads
lower lobe. (9.0 vs. 10.4; P=0.009) and air leakage on

postoperative days 1-3 (11.9 vs. 10.4;
P=0.027).

Wu (23) 2021 Retrospective PSM-analysis comparing precise Preoperative 3D-reconstruction and Increased operating time (74 vs. 55 min;
segmentectomy to routine segmentectomy for real-time surgical guidance using P <0.01), increased number of dissected
patients with single or multiple GGO’s as contrast-enhanced CT-imaging (n = 55) lymph nodes (5 vs. 3; P <0.01), increased air
uniportal procedures. vs. serial CT-imaging (n =55). leakage on POD1 (56.4% vs. 16.4%; P = 0.020)

in 3D group.
PSM factors were sex, BMI, surgery type, % Trend towards decreased amount of cases with
FEVI. inadequate resection margins (0 vs. 4; P=0.12)
in 3D group.

Zhu (36) 2021 Retrospective analysis of 198 consecutive cases Preoperative 3D-reconstruction using Shorter operative time (145.7 vs. 164.2 min;
undergoing curative UVATS lobectomy with 64-slice MDCT for pulmonary P=0.014), increased number of dissected
1:1 PSM. PSM factors were age, sex, BMI, arteriography/venography (n =53) vs. lymph nodes (8.19 vs. 5.78; P = 0.024), reduced
maximal lesion size, type of surgical resection, conventional 2D MDCT (n = 53). intraoperative blood loss (60.4 vs. 100.8;
and lymph node dissection. P =0.009) in 3D group.

Qiu (45) 2020 Retrospective analysis of 298 cases that Preoperative 3D-reconstruction using Shorter operative time using 3D-imaging
underwent anatomical partial lobectomy. CT-imaging vs. 3D-printing vs. (116.1 min; P =0.04) and 3D-printing

conventional 2D CT-imaging. (99.6 min; P <0.001) compared to
conventional 2D-CT imaging (125.1 min) for
complex segmentectomy, decreased
perioperative blood loss using 3D-printing
(12.9) compared to 3D-reconstruction
(20.9 ml; P=0.001) and conventional 2D-CT
(18.2; P=0.02).

Xue (22) 2018 Retrospective analysis of 68 cases of GGO Preoperative 3D-reconstruction Shorter operating time (111 min vs. 139 min;
<2 cm, diagnosed as cT1aNOMO lung cancer, simulation of CT images (1 =36) vs. P =0.03) and lower amount of cases with
undergoing VATS segmentectomy. conventional 2D CT images (n = 32). inadequate resection margin (0 vs. 4; P =0.04)

in 3D group. Trend towards decreased
intraoperative bleeding (129.1 vs. 106.4 ml;
P=0.06) in 3D group.
Hagiwara 2014 Retrospective analysis of 179 consecutive cases Preoperative 3D-reconstruction using Increased risk for extended operative times
(37) of VATS anatomical lung resection. 64-channel MDCT imaging (n = 124) (RR 2.3; P=0.021) and higher risk for
vs. conventional 2D MDCT (n = 55). operative complications (RR 2.9; P=0.074) in
the 2D group

potentially reducing intraoperative uncertainty regarding the

specific origin of a nodule, which is now often solved by
either time-consuming frozen section sampling or surgical
resection, which might prove redundant when postoperative
histological analysis shows a benign lesion.

Despite the limited comparative evidence, the perceived
added value of 3D reconstruction is subjectively highlighted by
most authors. In their opinion, 3D reconstruction resulted in a
better preoperative understanding of relevant individual surgical
anatomy and variations, which enabled accurate surgical
planning and improved the ability to identify segmental and
subsegmental borders. Furthermore, it prevented accidental
injury to bronchovascular structures, improved intraoperative
navigation, patient counseling and surgical training, it reduced
the unnecessary exploration of surrounding structures during
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surgery and enabled better prediction of patients at risk of
surgical conversion (22, 23, 36, 45, 48, 54). When Qiu et al.
asked surgeons contributing to their study about the perceived
benefits regarding 3D-imaging compared to conventional 2D-
techniques, 88% of them agreed that 3D models provided a
better understanding of the thoracic segmental anatomy and
that they were useful for improving communication with
patients and colleagues, while 81% of surgeons agreed or
strongly agreed that 3D-modeling might help to diminish
potential surgical complications.

the of 3D
reconstruction in surgical planning is the added time constraints

An often-mentioned limitation to use
regarding processing time for visualizing relevant structures.
However, most studies report that with recent advances in

reconstructive software, the processing times have been reduced

frontiersin.org


https://doi.org/10.3389/fsurg.2022.1079857
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Vervoorn et al.

to minutes, rendering this argument invalid (37, 52, 55-58).
Regarding the use of 3D-printing, costs might be a limiting
factor. However, Smelt et al. (39) reported that the costs of
production of single print reconstructions are similar to the cost
of a single stapler reload often used in thoracic surgery and they
identified the costs of the printer itself as the major financial
burden. In current times, major centers often have access to a
3D-printer, which might diminish associated costs.

An important limitation to this review is related to the
retrospective nature of most comparative studies regarding 3D
reconstruction vs. conventional 2D-imaging, which makes it
difficult to draw definitive conclusions regarding patient
outcome due to the inherently increased risk of bias in these
studies. An encouraging finding is the confirmation of the
beneficial outcomes related to the application of 3D-imaging
and reconstructive techniques, such as 3D-printing in a single
prospective study (48). Nevertheless, one should be cautious
with of these
recommendations should be based on future prospective and

interpretation results and definitive
comparative studies.

Regarding future research, we propose the next step in the
validation of 3D-imaging in pulmonary surgery would be the
conductance of a prospective, randomized-controlled trial for
direct comparison of conventional 2D-imaging vs. 3D-
reconstructive techniques to further elucidate the clinical
potential of 3D reconstruction in preoperative assessment and
investigate its influence on patient outcomes. Another
important finding requiring further investigation concerns the
indication that 3D reconstruction of pulmonary nodules
might be helpful in risk prediction of malignancy (27). This is
supplemented by reports of such reconstructed images of
that
establishing a definitive diagnosis for pulmonary nodules of

pathological specimens after resection, aided in

unclear origin (59, 60). Because the specific oncological origin
of a suspected tumor is of major importance in deciding on
surgical approach and now requires invasive preoperative
procedures for tissue typing, methods of 3D reconstruction
that aid in elucidating the nature of a suspected lesion,

perhaps in combination with emergent artificial-intelligence
based algormight prove of added value.

References

1. Abbas AE. Surgical management of lung cancer: history, evolution, and
modern advances. Curr Oncol Rep. (2018) 20(12):98-105. doi: 10.1007/s11912-
018-0741-7

2. Ijsseldijk MA, Shoni M, Siegert C, Seegers ], Van Engelenburg AKC, Tsai TC,
et al. Oncological outcomes of lobar resection, segmentectomy, and wedge
resection for Tla non-small-cell lung carcinoma: a systematic review and meta-
analysis. Semin Thorac Cardiovasc Surg. Published online (2020) 32(3):582-90.
doi: 10.1053/j.semtcvs.2019.08.004

3. Winckelmans T, Decaluwé H, De Leyn P, Van Raemdonck D.
Segmentectomy or lobectomy for early-stage non-small-cell lung cancer: a
systematic review and meta-analysis. Eur | Cardiothorac Surg. Published online
(2020) 57(6):1051-60. doi: 10.1093/ejcts/ezz339

Frontiers in Surgery

06

10.3389/fsurg.2022.1079857

a benefit of 3D
reconstruction in pulmonary surgery by reducing operating

In conclusion, evidence suggests
times, intraoperative blood loss and lowering the rate of
surgical conversion. It enables adequate surgical planning
surgical, assessment of resection margins in oncological
surgery and might be of added value in both residency
training and patient education. By visualizing the complex
spatial relationship between surgically relevant
bronchovascular structures, it enables surgeons to perform
minimally invasive and complex anatomical resections safely
and adequately. Future research should focus on confirming

these results in prospective clinical trials.

Author contributions

MYV and LH performed the search. MV and MW drafted the
manuscript. FMH, MS, NvdK were consulted for their expertise.
All authors agreed with the final version before submission. All
authors contributed to the article and approved the submitted
version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the editors
and the reviewers. Any product that may be evaluated in this
article, or claim that may be made by its manufacturer, is not
guaranteed or endorsed by the publisher.

4. Higuchi M, Yaginuma H, Yonechi A, Kanno R, Ohishi A, Suzuki H, et al.
Long-term outcomes after video-assisted thoracic surgery (VATS) lobectomy
versus lobectomy via open thoracotomy for clinical stage IA non-small cell lung
cancer. ] Cardiothorac Surg. (2014) 9(1):98-105. doi: 10.1186/1749-8090-9-88

5. Flores RM, Park BJ, Dyoco ], Aronova A, Hirth Y, Rizk NP, et al. Lobectomy
by video-assisted thoracic surgery (VATS) versus thoracotomy for lung cancer.
J Thorac Cardiovasc Surg. (2009) 138(1):11-18. doi: 10.1016/j.jtcvs.2009.03.030

6. Keenan RJ, Landreneau R], Maley Jr RH, Singh D, Macherey R, Bartley S,
et al. Segmental resection spares pulmonary function in patients with stage I
lung cancer. Ann Thorac Surg. Published online (2004) 78(1):228-33. doi: 10.
1016/j.athoracsur.2004.01.024

frontiersin.org


https://doi.org/10.1007/s11912-018-0741-7
https://doi.org/10.1007/s11912-018-0741-7
https://doi.org/10.1053/j.semtcvs.2019.08.004
https://doi.org/10.1093/ejcts/ezz339
https://doi.org/10.1186/1749-8090-9-88
https://doi.org/10.1016/j.jtcvs.2009.03.030
https://doi.org/10.1016/j.athoracsur.2004.01.024
https://doi.org/10.1016/j.athoracsur.2004.01.024
https://doi.org/10.3389/fsurg.2022.1079857
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Vervoorn et al.

7. Nomori H, Shiraishi A, Cong Y, Sugimura H, Mishima S. Differences in
postoperative changes in pulmonary functions following segmentectomy
compared with lobectomy. Eur J Cardio-Thoracic Surg. Published online (2018)
53(3):640-7. doi: 10.1093/ejcts/ezx357

8. Stamatis H, Leschber G, Schwarz B, Brintrup DL, Ose C, Weinreich G, et al.
Perioperative course and quality of life in a prospective randomized multicenter
phase III trial, comparing standard lobectomy versus anatomical
segmentectomy in patients with non-small cell lung cancer up to 2 cm, stage IA
(7th edition of TNM staging sys. Lung Cancer. Published online (2019)
138:19-26. doi: 10.1016/j.lungcan.2019.09.021

9. Suzuki K, Saji H, Aokage K, Watanabe SI, Okada M, Mizusawa J, et al.
Comparison of pulmonary segmentectomy and lobectomy: safety results of a
randomized trial. J Thorac Cardiovasc Surg. Published online (2019) 158
(3):895-907. doi: 10.1016/j.jtcvs.2019.03.090

10. Tosi D, Nosotti M, Bonitta G, Mendogni P, Bertolaccini L, Spaggiari L, et al.
Anatomical segmentectomy versus pulmonary lobectomy for stage I non-small-
cell lung cancer: patients selection and outcomes from the European society of
thoracic surgeons database analysis. Interact Cardiovasc Thorac Surg. Published
online (2020) 32(4):564-51. doi: 10.1093/icvts/ivaa298

11. Shimkin MB, Connelly RR, Marcus SC, Cutler SJ. Pneumonectomy and
lobectomy in bronchogenic carcinoma. A comparison of end results of the
overholt and ochsner clinics. J Thorac Cardiovasc Surg. (1962) 44:503-19.
doi: 10.1016/s0022-5223(19)32943-5

12. Schuchert MJ, Abbas G, Awais O, Pennathur A, Nason KS, Wilson DO, et al.
Anatomic segmentectomy for the solitary pulmonary nodule and early-stage lung
cancer. Ann Thorac Surg. (2012) 93(6):1780-5. doi: 10.1016/j.athoracsur.2011.11.
074

13. Bao F, Ye P, Yang Y, Wang L, Zhang C, Lv X, et al. Segmentectomy or
lobectomy for early stage lung cancer: a meta-analysis. Eur J Cardio-Thoracic
Surg. Published online (2014) 46(1):1-7. doi: 10.1093/ejcts/ezt554

14. Chen X, Wang Z, Qi Q, Zhang K, Sui X, Wang X, et al. A fully automated
noncontrast CT 3-D reconstruction algorithm enabled accurate anatomical
demonstration for lung segmentectomy. Thorac Cancer. (2022) 13(6):795-803.
doi: 10.1111/1759-7714.14322

15. Xu G, Du J, Chen C, Zheng W, Chen H, Xiao ] WW. Intersegmental plane
simulation based on the bronchus-vein-artery triad in pulmonary segmentectomy.
Transl Lung Cancer Res. (2021) 10(11):4702-13. doi: 10.21037/tcr-21-822

16. Liu Y, Qiu B, Zhang S, Liu C, Yan M, Sun L, et al. A simplified model for
determining the cutting plane during thoracoscopic anatomical partial lobectomy
of the right lower lobe. Transl Lung Cancer Res. (2021) 10(7):3202-12. doi: 10.
21037/tler-21-525

17. Ueda K, Tanaka T, Hayashi M, Tanaka N, Li TS, Hamano K. What
proportion of lung cancers can be operated by segmentectomy? A computed-
tomography-based simulation. Eur J Cardio-Thoracic Surg. (2012) 41(2):341-5.
doi: 10.1016/j.ejcts.2011.05.034

18. Chan EG, Landreneau JR, Schuchert MJ, Odell DD, Gu S, Pu J, et al.
Preoperative (3-dimensional) computed tomography lung reconstruction before
anatomic segmentectomy or lobectomy for stage I non-small cell lung cancer.
J Thorac Cardiovasc Surg. (2015) 150(3):523-8. doi: 10.1016/j.jtcvs.2015.06.051

19. Iwano S, Yokoi K, Taniguchi T, Kawaguchi K, Fukui T, Naganawa S.
Planning of segmentectomy using three-dimensional computed tomography
angiography with a virtual safety margin: technique and initial experience. Lung
Cancer. (2013) 81(3):410-5. doi: 10.1016/j.lungcan.2013.06.001

20. Shimizu K, Nakano T, Kamiyoshihara M, Takeyoshi I. Segmentectomy guided
by three-dimensional computed tomography angiography and bronchography.
Interact Cardiovasc Thorac Surg. (2012) 15(2):194-6. doi: 10.1093/icvts/ivs202

21. Wang X, Jiang S, You X, Aramini B, Shabaturov L, Jiang G, et al. Extended
sleeve lobectomy is an alternative for centrally located lung cancer with superior
short- and long-term outcomes. Clin Lung Cancer. Published online (2021) 22(4):
e621-e8. doi: 10.1016/j.cllc.2020.12.002

22. Xue L, Fan H, Shi W, Ge D, Zhang Y, Wang Q, et al. Preoperative 3-
dimensional computed tomography lung simulation before video-assisted
thoracoscopic anatomic segmentectomy for ground glass opacity in lung.
J Thorac Dis. (2018) 10(12):6598-605. doi: 10.21037/jtd.2018.10.126

23. Wu X, Li T, Zhang C, Wu G, Xiong R, Xu M, et al. Comparison of
perioperative outcomes between precise and routine segmentectomy for patients
with early-stage lung cancer presenting as ground-glass opacities: a propensity
score-matched study. Front Oncol. (2021) 11:661821-9. doi: 10.3389/fonc.2021.
661821

24. Bakhuis W, Sadeghi AH, Moes I, Maat APWM, Siregar S, Bogers AJJC, et al.
Essential surgical plan modifications after virtual reality planning in 50
consecutive segmentectomies. Ann Thorac Surg. Published online (2022).
$0003-4975(22):01190-0. doi: 10.1016/j.athoracsur.2022.08.037

Frontiers in Surgery

07

10.3389/fsurg.2022.1079857

25. Nakamoto K, Omori K, Nezu K. Superselective segmentectomy for deep and
small pulmonary nodules under the guidance of three-dimensional reconstructed
computed tomographic angiography. Ann Thorac Surg. (2010) 89(3):877-83.
doi: 10.1016/j.athoracsur.2009.11.037

26. Hamada A, Oizumi H, Kato H, Suzuki ], Nakahashi K, Takamori S, et al.
Outcome of thoracoscopic anatomical sublobar resection under 3-dimensional
computed tomography simulation. Surg Endosc. Published online (2021) 36
(4):2312-20. doi: 10.1007/s00464-021-08506-x

27. Hu H, Wang Q, Tang H, Xiong L, Lin Q. Multi-slice computed tomography
characteristics of solitary pulmonary ground-glass nodules: differences between
malignant and benign. Thorac Cancer. (2016) 7(1):80-7. doi: 10.1111/1759-
7714.12280

28. Akiba T, Marushima H, Harada J, Kobayashi S, Morikawa T. Importance of
preoperative imaging with 64-row three-dimensional multidetector computed
tomography for safer video-assisted thoracic surgery in lung cancer. Surg Today.
(2009) 39(10):844-7. doi: 10.1007/500595-009-3965-1

29. Akiba T, Marushima H, Odaka M, Harada J, Kobayashi S, Morikawa T.
Pulmonary vein analysis using three-dimensional computed tomography
angiography for thoracic surgery. Gen Thorac Cardiovasc Surg. (2010) 58
(7):331-5. doi: 10.1007/s11748-010-0592-0

30. Fourdrain A, De Dominicis F, Blanchard C, Iquille J, Lafitte S, Beuvry PL,
et al. Three-dimensional CT angiography of anatomic variations in the
pulmonary arterial tree. Surg Radiol Anat. (2018) 40(1):45-53. doi: 10.1007/
s00276-017-1914-z

31. Galluzzo A, Fatica F, Caternicchia F, Geraci G, Mancuso G, Raffaele F, et al.
3D CT scan for perioperative identification of anatomical variations of lungs.
Futur Oncol. (2016) 12(23s):27-30. doi: 10.2217/fon-2016-0344

32. Nagashima T, Shimizu K, Ohtaki Y, Obayashi K, Nakazama S, mogi A, et al.
Analysis of variation in bronchovascular pattern of the right middle and
lower lobes of the lung using three-dimensional CT angiography and
bronchography. Gen Thorac Cardiovasc Surg. (2017) 65(6):343-9. doi: 10.1007/
s11748-017-0754-4

33. Nagashima T, Shimizu K, Ohtaki Y, Obayashi K, Nakazama S, mogi A,
Kuwano H. An analysis of variations in the bronchovascular pattern of the
right upper lobe using three-dimensional CT angiography and bronchography.
Gen Thorac Cardiovasc Surg. (2015) 63(6):5035-41. doi: 10.1007/s11748-015-
0531-1

34. He H, Cheng P, Chen X, Wang PY, Liu SY, Wang F. Analysis of anatomical
variations of the lingular artery of the left upper lobe using 3D computed
tomography angiography and bronchography. J Thorac Dis. (2021) 13
(8):5035-41. doi: 10.21037/jtd-21-1141

35. Wang J, Lin H, Bian C, Chen Z, Huang J, Xia Y, et al. A modified system for
classifying the bilateral superior pulmonary veins using three-dimensional
computed tomography bronchography and angiography images. J Thorac Dis.
(2021) 13(10):5933-41. doi: 10.21037/jtd-21-985

36. Zhu XY, Yao FR, Xu C, Ding C, Chen ], Wang WY, et al. Utility of
preoperative three-dimensional CT bronchography and angiography in
uniportal video-assisted thoracoscopic anatomical lobectomy: a retrospective
propensity score-matched analysis. Ann Transl Med. (2021) 9(6):480-94.
doi: 10.21037/atm-21-474

37. Hagiwara M, Shimada Y, Kato Y, Nawa K, Makino Y, Furumoto H, et al.
High-quality 3-dimensional image simulation for pulmonary lobectomy and
segmentectomy: results of preoperative assessment of pulmonary vessels and
short-term surgical outcomes in consecutive patients undergoing video-assisted
thoracic surgery. Eur ] Cardio-Thoracic Surg. (2014) 46(6):e120-e6. doi: 10.
1093/ejcts/ezu375

38. Fukuhara K, Akashi A, Nakane S, Tomita E. Preoperative assessment of the
pulmonary artery by three-dimensional computed tomography before video-
assisted thoracic surgery lobectomy. Eur ] Cardio-Thoracic Surg. (2008) 34
(4):875-7. doi: 10.1016/j.ejcts.2008.07.014

39. Smelt JLC, Suri T, Valencia O, Jahangiri M, Rhode K, Nair A, et al.
Operative planning in thoracic surgery: a pilot study comparing imaging
techniques and three-dimensional printing. Ann Thorac Surg. (2019) 107
(2):401-6. doi: 10.1016/j.athoracsur.2018.08.052

40. Murota M, Yamamoto Y, Satoh K, Ishimura M, Yokota N, Norikane T, et al.
An analysis of anatomical variations of the left pulmonary artery of the interlobar
portion for lung resection by three-dimensional CT pulmonary angiography and
thin-section images. Jpn J Radiol. (2020) 38(12):1158-68. doi: 10.1007/s11604-
020-01024-1

41. Watanabe SI, Arai K, Watanabe T, Koda W, Urayama H. Use of three-
dimensional computed tomographic angiography of pulmonary vessels for lung
resections. Ann Thorac Surg. (2003) 75(2):388-92. doi: 10.1016/S0003-4975(02)
04375-8

frontiersin.org


https://doi.org/10.1093/ejcts/ezx357
https://doi.org/10.1016/j.lungcan.2019.09.021
https://doi.org/10.1016/j.jtcvs.2019.03.090
https://doi.org/10.1093/icvts/ivaa298
https://doi.org/10.1016/s0022-5223(19)32943-5
https://doi.org/10.1016/j.athoracsur.2011.11.074
https://doi.org/10.1016/j.athoracsur.2011.11.074
https://doi.org/10.1093/ejcts/ezt554
https://doi.org/10.1111/1759-7714.14322
https://doi.org/10.21037/tcr-21-822
https://doi.org/10.21037/tlcr-21-525
https://doi.org/10.21037/tlcr-21-525
https://doi.org/10.1016/j.ejcts.2011.05.034
https://doi.org/10.1016/j.jtcvs.2015.06.051
https://doi.org/10.1016/j.lungcan.2013.06.001
https://doi.org/10.1093/icvts/ivs202
https://doi.org/10.1016/j.cllc.2020.12.002
https://doi.org/10.21037/jtd.2018.10.126
https://doi.org/10.3389/fonc.2021.661821
https://doi.org/10.3389/fonc.2021.661821
https://doi.org/10.1016/j.athoracsur.2022.08.037
https://doi.org/10.1016/j.athoracsur.2009.11.037
https://doi.org/10.1007/s00464-021-08506-x
https://doi.org/10.1111/1759-7714.12280
https://doi.org/10.1111/1759-7714.12280
https://doi.org/10.1007/s00595-009-3965-1
https://doi.org/10.1007/s11748-010-0592-0
https://doi.org/10.1007/s00276-017-1914-z
https://doi.org/10.1007/s00276-017-1914-z
https://doi.org/10.2217/fon-2016-0344
https://doi.org/10.1007/s11748-017-0754-4
https://doi.org/10.1007/s11748-017-0754-4
https://doi.org/10.1007/s11748-015-0531-1
https://doi.org/10.1007/s11748-015-0531-1
https://doi.org/10.21037/jtd-21-1141
https://doi.org/10.21037/jtd-21-985
https://doi.org/10.21037/atm-21-474
https://doi.org/10.1093/ejcts/ezu375
https://doi.org/10.1093/ejcts/ezu375
https://doi.org/10.1016/j.ejcts.2008.07.014
https://doi.org/10.1016/j.athoracsur.2018.08.052
https://doi.org/10.1007/s11604-020-01024-1
https://doi.org/10.1007/s11604-020-01024-1
https://doi.org/10.1016/S0003-4975(02)04375-8
https://doi.org/10.1016/S0003-4975(02)04375-8
https://doi.org/10.3389/fsurg.2022.1079857
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Vervoorn et al.

42. Shiina N, Kaga K, Hida Y, Sasaki T, Hirano S, Matsui Y. Variations of
pulmonary vein drainage critical for lung resection assessed by three-
dimensional computed tomography angiography. Thorac Cancer. (2018) 9
(5):584-8. doi: 10.1111/1759-7714.12621

43. Xu Y, Gan F, Xia C, Wang Z, Zhao K, Li G, et al. Discovery of lung surface
intersegmental  landmarks by  three-dimensional  reconstruction and
morphological measurement. Transl Lung Cancer Res. (2019) 8(6):1061-72.
doi: 10.21037/tlcr.2019.12.21

44. Wang X, Wang Q, Zhang X, Yin H, Fu Y, Cao M ZX. Application of three-
dimensional (3D) reconstruction in the treatment of video-assisted thoracoscopic
complex segmentectomy of the lower lung lobe: a retrospective study. Front Surg.
(2022) 9:968199. doi: 10.3389/fsurg.2022.968199

45. Qiu B, Ji Y, He H, Zhao J, Xue Q, Gao S. Three-dimensional reconstruction/
personalized three-dimensional printed model for thoracoscopic anatomical
partial-lobectomy in stage i lung cancer: a retrospective study. Transl Lung
Cancer Res. (2020) 9(4):1235-46. doi: 10.21037/tlcr-20-571

46. Zhang M, Liu D, Wu W, Zhang H, Mao N. Preoperative 3D-CT bronchography
and angiography facilitates single-direction uniportal thoracoscopic anatomic
lobectomy. Ann Transl Med. (2019) 7(20):526-37. doi: 10.21037/atm.2019.09.135

47. Wen ], Hou X, Chu X, Xue X, Xue Z. Application of three dimensional
reconstruction technique in selection of incision of thoracic surgical operation
with robot. Int ] Clin Exp Med. (2015) 8(10):17818-23.

48. Chen Y, Zhang J, Chen Q, Li T, Chen K, Yu Q, et al. Three-dimensional
printing technology for localised thoracoscopic segmental resection for lung
cancer: a quasi-randomised clinical trial. World J Surg Oncol. (2020) 18
(1):223-32. doi: 10.1186/s12957-020-01998-2

49. Eguchi T, Takasuna K, Kitazawa A, Fukuzawa Y, Sakaue Y, Yoshida K, et al.
Three-dimensional imaging navigation during a lung segmentectomy using an
iPad. Eur ] Cardio-Thoracic Surg. (2012) 41(4):893-7. doi: 10.1093/ejcts/ezr127

50. Volonté F, Robert JH, Ratib O, Triponeza F. A lung segmentectomy performed
with 3D reconstruction images available on the operating table with an ipad. Interact
Cardiovasc Thorac Surg. (2011) 12(6):1066-8. doi: 10.1510/icvts.2010.261073

51. Kanzaki M, Isaka T, Kikkawa T, Sakamoto K, Yoshiya T, Mitsuboshi S, et al.
Binocular stereo-navigation for three-dimensional thoracoscopic lung resection
vascular and thoracic surgery. BMC Surg. (2015) 15(1):56-61. doi: 10.1186/
$12893-015-0044-y

Frontiers in Surgery

08

10.3389/fsurg.2022.1079857

52. Tkeda N, Yoshimura A, Hagiwara M, Akata S, Saji H. Three dimensional
computed tomography lung modeling is useful in simulation and navigation of
lung cancer surgery. Ann Thorac Cardiovasc Surg. (2013) 19(1):1-5. doi: 10.
5761/atcs.ra.12.02174

53. Liu Y, Zhang S, Liu C, Sun L YM. Three-dimensional reconstruction
facilitates thoracoscopic anatomical partial lobectomy by an inexperienced
surgeon: a single-institution retrospective review. J Thorac Dis. (2021) 13
(10):5986-95. doi: 10.21037/jtd-21-1578

54. Xu G, Chen C, Zheng W, Zhu Y, Chen H, Cai B. Application of the IQQA-
3D imaging interpretation and analysis system in uniportal video-assisted
thoracoscopic anatomical segmentectomy: a series study. J Thorac Dis. (2019)
11(5):2058-2066. doi: 10.21037/jtd.2019.04.83

55. Chen-Yoshikawa TF, Date H. Update on three-dimensional image
reconstruction for preoperative simulation in thoracic surgery. J Thorac Dis.
(2016) 8:5295-301. doi: 10.3978/j.issn.2072-1439.2016.02.39

56. Kudo Y, lkeda N. Benefits of lung modeling by high-quality three-
dimensional computed tomography for thoracoscopic surgery. Video-Assisted
Thorac Surg. (2019) 4:4-13. doi: 10.21037/vats.2019.01.02

57. Nia PS, Olsthoorn JR, Heuts S, Maessen JG. Interactive 3D reconstruction of
pulmonary anatomy for preoperative planning, virtual simulation, and
intraoperative guiding in video-assisted thoracoscopic lung surgery. Innov
Technol Tech Cardiothorac Vasc Surg. (2019) 14(1):17-26. doi: 10.1177/
1556984519826321

58. Oizumi H, Kanauchi N, Kato H, Endoh M, Suzuki ], Fukaya K, et al.
Anatomic thoracoscopic pulmonary segmentectomy under 3-dimensional
multidetector computed tomography simulation: a report of 52 consecutive
cases. | Thorac Cardiovasc Surg. (2011) 141(3):678-82. doi: 10.1016/j.jtcvs.2010.
08.027

59. Yi E, Han SM, Chang JE, Kim HT, Kim JK, Seo §J, et al. Synchrotron
tomographic images from human lung adenocarcinoma: three-dimensional
reconstruction and histologic correlations. Microsc Res Tech. (2017) 80
(10):1141-8. doi: 10.1002/jemt.22910

60.JiY, Zhang T, Yang L, Wang X, Qi L, Tan F, et al. The effectiveness of three-
dimensional reconstruction in the localization of multiple nodules in lung
specimens: a prospective cohort study. Transl Lung Cancer Res. (2021) 10
(3):1474-83. doi: 10.21037/tlcr-21-202

frontiersin.org


https://doi.org/10.1111/1759-7714.12621
https://doi.org/10.21037/tlcr.2019.12.21
https://doi.org/10.3389/fsurg.2022.968199
https://doi.org/10.21037/tlcr-20-571
https://doi.org/10.21037/atm.2019.09.135
https://doi.org/10.1186/s12957-020-01998-2
https://doi.org/10.1093/ejcts/ezr127
https://doi.org/10.1510/icvts.2010.261073
https://doi.org/10.1186/s12893-015-0044-y
https://doi.org/10.1186/s12893-015-0044-y
https://doi.org/10.5761/atcs.ra.12.02174
https://doi.org/10.5761/atcs.ra.12.02174
https://doi.org/10.21037/jtd-21-1578
https://doi.org/10.21037/jtd.2019.04.83
https://doi.org/10.3978/j.issn.2072-1439.2016.02.39
https://doi.org/10.21037/vats.2019.01.02
https://doi.org/10.1177/1556984519826321
https://doi.org/10.1177/1556984519826321
https://doi.org/10.1016/j.jtcvs.2010.08.027
https://doi.org/10.1016/j.jtcvs.2010.08.027
https://doi.org/10.1002/jemt.22910
https://doi.org/10.21037/tlcr-21-202
https://doi.org/10.3389/fsurg.2022.1079857
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Vervoorn et al.

APPENDIX 1. Search string

(three-dimensional OR three
dimensional imaging[Title/Abstract] OR 3D imaging|[Title/
Abstract] OR 3-D imaging[Title/Abstract] OR 3-dimensional
imaging|Title/ Abstract]
Abstract] OR 3D

imaging|Title/ Abstract]

OR 3 dimensional imaging[Title/

reconstruction[Title/Abstract] OR 3

Frontiers in Surgery

09

10.3389/fsurg.2022.1079857

OR three
dimensional reconstruction[Title/Abstract]) AND (Pulmonary

dimensional reconstruction|[Title/ Abstract]
surgery OR lung surgery OR thoracic surgery OR video
assisted thoracic surgery OR VATS OR lobectomy OR
segmentectomy OR pneumonectomy OR pneumectomy OR
bullectomy OR Thoracoscopic surgery OR wedge resection
OR sleeve resection).

frontiersin.org


https://doi.org/10.3389/fsurg.2022.1079857
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

	Application of three-dimensional computed tomography imaging and reconstructive techniques in lung surgery: A mini-review
	Introduction
	Materials and methods
	Results
	Resectability assessment
	Identification of anatomical landmarks and interindividual variance
	Perioperative outcome
	Intraoperative application
	Educational value

	Discussion
	Author contributions
	Conflict of interest
	Publisher's note
	References
	APPENDIX 1. Search string


