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Background: With the popularity of high-resolution computed tomography (HRCT), more and more 
pulmonary nodules are being discovered. Video-assisted thoracoscopic surgery (VATS) has become the first 
choice for surgical treatment of pulmonary nodules. The use of accurate preoperative localization is crucial 
for successful resection in VATS. At present, there are many kinds of preoperative localization methods, but 
there are certain disadvantages. This study aimed to evaluate the feasibility and safety of mixed reality (MR)-
guided pulmonary nodules localization, which is a new method that can benefit patients to a greater extent. 
Methods: By constructing an animal model of pulmonary nodules localization, 28 cases of pulmonary 
nodules were located by MR-guided localization. We recorded the localization accuracy, localization time, 
insertion attempts, and incidence of complications related to localization under MR-guidance. 
Results: All 28 nodules were successfully located: the deviation of MR-guided localization was 5.71±2.59 mm,  
localization time was 8.07±1.44 min, and insertion attempts was 1. A pneumothorax and localizer 
dislodgement occurred in 1 case, respectively. 
Conclusions: Since preoperative localization is critical for VATS resection of pulmonary nodules, we 
investigated a new localization method. As indicated by our study, MR-guided localization of pulmonary 
nodules is feasible and safe, which is worthy of further research and promotion. We have also registered 
corresponding clinical trials to further investigate and help to improve our understanding of this technique.
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Introduction

With the popularity of high-resolution computed 
tomography (HRCT), an increasing number pulmonary 
nodules are being found (1-3). As lung cancer has the 
highest incidence rate in the world, the high detection rate 
of pulmonary nodules increases the psychological burden of 
those affected. For high-risk pulmonary nodules, surgical 
resection is still the preferred diagnostic and treatment 
method recommended by the current guidelines of National 
Comprehensive Cancer Network (NCCN), European 
Society for Medical Oncology (ESMO) and Chinese 
Society of Clinical Oncology (CSCO). Video-assisted 
thoracoscopic surgery (VATS) has become the first choice 
for surgical treatment of pulmonary nodules. With the 
appearance of more and more ground glass nodules (GGN), 
the traditional localization methods such as surgeon’s 
palpation or observation of pleural changes cannot meet the 
clinical demands. Suzuki et al. reported that 54% of patients 
needed to switch from VATS to thoracotomy for successful 
resection due to the surgeon’s failure to see or palpate 
nodules (4). Therefore, the use of accurate preoperative 
localization is crucial for successful resection in VATS (5-7). 
Thus, many pulmonary nodule localization methods have 
emerged (3,8-11), such as hook-wire (12), micro-coil (7), 
spital coil, methylene blue (3), indocyanine green, lipiodol, 
barium, and so on. The earliest and most widely used 
method is computed tomography (CT)-guided hook-wire 
localization (10,13-17). However, this method has some 
disadvantages, such as over reliance on CT, excessive use 
of CT scans, large radiation dose, and so on. In addition, 

during and after hook-wire localization, patients may 
experience discomfort and anxiety in the procedure.

In recent years, with the development of information 
technology, the application of mixed reality (MR) in 
medicine has emerged (18,19). MR is a successor to virtual 
reality (VR) and augmented reality (AR) which is a new 
digital hologram technology. VR is a virtual environment 
that provides immersion experience to the user who feels 
completely simulated three-dimensional space, but cut off 
the real and realistic connection. AR is the projection of 
a virtual environment onto a real environment, but can’t 
provide the user immersion interactive experience. MR has 
the following main characteristics: (I) deep integration of 
realistic and virtual worlds; (II) accurate matching of three-
dimension model and real world; (III) real-time interaction 
between the environment and users (19,20). Combined 
with MR, we have developed a new pulmonary nodule 
localization method. In order to further verify the feasibility 
and safety of this method, we conducted the following 
animal pilot study. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
22-884/rc). 

Methods

Ethics

Experiments were performed under a project license (No. 
2021SL036) granted by the Ethics Committee of Shanghai 
Changzheng Hospital, in compliance with institutional 
guidelines for the care and use of animals. A protocol was 
prepared before the study without registration.

Experimental animals

A total of 30 male beagles, whose body type are more 
suitable for this study, aged 12 months and weighing 19.52–
20.48 kg, were provided by the animal experiment center of 
the Naval Military Medical University, Shanghai, China.

Experimental reagent

Medical  glue (0.3 mL; Beij ing Compont Medical 
Instrument Co., Ltd., Beijing, China), sodium pentobarbital 
injection (100 mg; Shanghai Shangyao Xinya, Shanghai, 
China), and iohexol injection (50 mL; 15 g, Zhejiang 
Tianrui, Zhejiang, China).

Highlight box

Key findings
•	 MR-guided localization of pulmonary nodules is feasible and safe, 

which is worthy of further research and promotion.

What is known and what is new? 
•	 The accuracy of MR-guided pulmonary nodule localization can 

meet clinical requirements.
•	 We invented a new method of localization of pulmonary nodules 

with MR-guided which is feasible and safe.

What is the implication, and what should change now? 
•	 We used MR to locate pulmonary nodules successfully, which 

provided a new method for preoperative localization. and a new 
direction for the development of MR in clinical work. A future 
RCT will be needed to further validate its advantages.
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Instruments and equipment

Multi row spiral CT scanner (Siemens, Erlangen, Germany, 
used for CT scan), hook-wire (Zhejiang Curaway Medical 
Technology Co., Ltd., Zhejiang, China; Figure 1A, used for 
localization), guider (Zhejiang Curaway Medical Technology 
Co., Ltd., China; Figure 1B, used to guide the puncture path), 
locator (the surface was covered with a reflective layer, which 
could be recognized by OptiTrack, Figure 1C, used for virtual 
and real world positioning), OptiTrack (motion capture 
device; Shenzhen Luster Technology Co., Ltd., Shenzhen, 
China; Figure 1D, used to capture the location information of 
the locators in the environment), computer (motive installed, 
Beijing virtual point Technology Co., Ltd., China, used to 
process data), HoloLens (Microsoft Corp., Redmond, WA, 

USA; Figure 1E, used for the presentation of MR effects).

Establishment of pulmonary nodule animal model

A 1:1 mixed solution of medical glue and iohexol injection 
was used to simulate pulmonary nodules requiring 
preoperative localization. The experimental animals 
were anesthetized by intraperitoneal injection of 3% 
pentobarbital at the rate of 1 mL/kg. After the anesthesia 
was stable, endotracheal intubation was performed, and 
the skin was prepared on the chest and abdomen of the 
experimental animals. Then, 0.1 mL of mixed solution 
was injected into the left or right lung of the experimental 
animal through any random intercostal by a researcher 
(RQ Wei), with a puncture depth of 3 cm (the thickness 
of chest wall was about 2 cm measured by CT scanning 
of the experimental animal in advance). A CT scan was 
performed on the experimental animal after being injected 
with the mixed solution. Then, 2 researchers (KN Huang, 
XY Wu) evaluated whether the modelling of the animals 
was appropriate (the nodules were located in the lung 
parenchyma, which better simulated the pulmonary nodules 
requiring preoperative localization) and the animals with 
whom the researchers were not satisfied were excluded from 
the trial. Finally, a total of 28 beagle models of pulmonary 
nodules were established after 1 was excluded due to the 
mixed solution having not been injected into the lung 
parenchyma, and another was excluded due to the mixed 
solution having remained in the muscle layer of the chest 
wall. Then, we continued to feed the animals for 30 days in 
sunny, flat cages sized 80 cm × 80 cm × 100 cm. The beagles 
were fed twice a day with special feed (Figure 2).

Localization progress

Anesthesia and skin preparation were carried out according 
to the above methods. On the basis of the nodule position 
of the experimental animal, it was positioned properly and 
fixed on the CT scan bed. OptiTrack was installed and the 
computer was used to bridge the HoloLens, Motive, and 
OptiTrack.

Researcher N Xin pasted 3 MR locators on the body 
surface of the experimental animal (the 3 locators needed 
to be completely exposed to OptiTrack’s field of vision, 
and they could be in the same straight line). Then, the 
CT scan was performed to obtain the DICOM data of 
imaging. Researcher N Xin performed 3-dimensional (3D) 
reconstruction of the chest wall, pulmonary nodules, and 

A
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Figure 1 Instruments and equipment. (A) Hook-wire; (B) 
Disposable guider; (C) Locator; (D) OptiTrack; (E) HoloLens.

Figure 2 Trial design and grouping. MR, mixed reality; LUL, left 
upper lung; LLL, left lower lung; RUL, right upper lung; RLL, 
right lower lung.

LUL (n=7) LLL (n=7) RUL (n=7) RLL (n=7)

Trial Design and Grouping

Male beagles
(n=30)

Male beagles with nodules 
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MR-guided
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•	1 not injected into the lung 
parenchyma

•	1 remained in the chest wall
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3 locators of the model animals. Meanwhile, the puncture 
path was designed, and the puncture depth was measured by 
Mimics 20.0 (Materialise, Plymouth, MI, USA) (Figure 3A). 
Finally, data were imported into HoloLens.

The CT scan bed was taken as the localization bed. 
Researcher N Xin wore HoloLens to confirm that the MR 
image matched the experimental animal. After routine 
disinfection and sheet laying, the animal was subjected 
to local anesthesia with 2% lidocaine. The path of the 
disposable guider was set to coincide with the MR image 
path. Then, a hook-wire was used to puncture along 
the path of the disposable guider to the depth measured 
previously, the hook-wire was released and properly fixed. 
Afterwards, CT scan was performed to obtain DICOM data 
for verification (Figure 3B). Next, the model animal was 
killed and dissected for further verification (Figure 3C). A 
total of 28 beagles were localized accordingly.

Outcome indicators

Primary outcome indicators
Localization deviation, which refers to the deviation 
distance between the actual location point and the edge of 
the nearest pulmonary nodule measured by imaging. 

Secondary outcome indicators
Procedural duration (the time from the placement of 
experimental animals to the end of localization), insertion 
attempts (number of times the experimental animals were 
punctured by hook-wire), complications (pneumothorax, 
hemorrhage, localizer dislodgement, and other related 
complications caused by localization).

Statistical analysis

The software SPSS 20.0 (IBM Corp., Armonk, NY, USA) 

was used for data analysis. The measurement data were 
analyzed according to the mean ± standard deviation (x±s) 
description and counting data were described by frequency. 
T-test and χ2-test were used to analyze and compare 
groups of data. The difference was considered statistically 
significant when P<0.05. 

Results

Outcome indicators of localization under MR-guidance

The results of this trial showed that deviation of MR-
guided localization was 5.71±2.59 mm, localization time was 
8.07±1.44 min, and insertion attempts was 1. Pneumothorax 
and localizer dislodgement occurred in 1 case, respectively. 

Accuracy of localization in subgroup under MR-guidance

In our study, the accuracy of upper lung localization was 
significantly better than that of the lower lung (4.21±1.90 
vs. 7.21±1.21 mm, P=0.0007, t=3.855). However, there was 
no statistical difference between the left and right lung 
(5.29±2.96 vs. 6.14±1.96 mm, P=0.37, t=0.9031) (Figure 4).

Discussion

With the popularity of HRCT, an increasing number 
of pulmonary nodules are being found. In order to 
perform the operation more accurately, the localization of 
pulmonary nodules has always been the focus of thoracic 
surgeons. Accurate preoperative localization can not only 
guide surgeons, but also help pathologists to find lesions 
in resection specimens (21,22). With the increasing 
demand for localization, thoracic surgeons have employed 
various methods for preoperative and intraoperative 
localization of pulmonary nodules. With the development 
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Figure 3 Results of MR-guided localization of pulmonary nodules. (A) 3D reconstruction of chest wall, pulmonary nodule and three 
locators; (B) verification of localization accuracy with CT image; (C) verification of localization accuracy with specimen. MR, mixed reality; 
3D, three-dimensional; CT, computed tomography.
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of the information age, the application field of artificial 
intelligence is becoming increasingly vast. MR, as a kind 
of artificial intelligence technology, has just begun to be 
developed in the medical field (23,24). Peng et al. (22)  
tried to use MR to locate pulmonary nodules before 
operation, but their study was just a case report. Meanwhile, 
the localization accuracy and process need to be improved. 
Thus, combined with MR, we developed a new pulmonary 
nodule localization method. In order to further verify the 
feasibility and safety of this method, we conducted this 
animal trial.

We used a 1:1 mixed solution of medical glue and iohexol 
injection to simulate pulmonary nodules. On the one 
hand, iohexol can be well imaged under CT. On the other 
hand, medical glue can quickly coagulate and form round-
like nodules after being injected into lung parenchyma. 
Care should be taken that the solution should be used 
immediately after mixing as it is prone to condense rapidly 
because of the medical glue. The injection should be fast, 
or the needle will also be blocked by the condensation of 
medical glue. In addition, the thickness of the chest wall 
should be measured in advance to determine the puncture 
depth, so as to prevent too shallow an injection to enter the 
lung parenchyma or excessively deep injection into the heart 
or blood vessels. We conducted the localization 30 days  
after the establishment of the animal model. On the one 
hand, we considered that the bleeding at the puncture point 
on the skin surface of the animal may affect the judgment 
of the MR-guided localization. On the other hand, we 
also confirmed the short-term stability of the simulated 
pulmonary nodule. Otherwise, due to the serious CT 
artifacts caused by the large respiratory movement of the 
beagles, we often administered excessive anesthetic drugs to 

inhibit animal’s respiration, so as to obtain better imaging 
data and more stable localization.

Our results of this animal trial showed that the deviation 
of MR-guided localization was 5.71±2.59 mm, which 
can meet the needs of pulmonary nodule localization in 
clinical work (22,24). The mean localization time was 
8.07±1.44 min, which adhered to the needs in real clinical 
work. Meanwhile, only one puncture was used for each 
pulmonary nodule localization. With the minimization of 
insertion attempts, the pain and complications associated 
with the puncture will also reduce. Just as we showed in 
our study, the complication rate was 7.14% (2/28), which 
was lower than previously reported (22,25).

With the motion capture system to establish a virtual 
coordinate system in the real environment, and the locator 
pasted on the body surface as the marker, we realized the 
automatic matching between the real environment and 
virtual image to improve the accuracy of localization to a 
great extent, which are different from the previous research 
(26,27). Since the relative position of the locators and the 
experimental animals remained unchanged, and the relative 
position of the virtual puncture path and the locators 
remained the same, the absolute coincidence between the 
experimental animals and the virtual puncture path was 
ensured, which eliminated the possible errors caused by 
manual matching. In addition, we found it is inevitable 
that the direction of the hook-wire will be offset due to 
human factors during the operation, even if the localization 
is conducted by experienced operators who have suitably 
designed the puncture path before localization, which will 
reduce the accuracy in the usual process. Therefore, we 
tried to use a disposable guider to lead the puncture. We 
first matched the tip of the guider and the virtual puncture 
point on the skin. Then, the tail of the guider and the tail 
of the virtual puncture path were matched. We can well 
coincide the virtual puncture path with the path of the 
guider according to the principle that 2 points determine a 
straight line. Then, the hook-wire can follow the designed 
path to puncture completely, which further improves the 
accuracy. 

As it is not necessary to perform a CT scan to determine 
the localization accuracy repeatedly with the MR-
guidance, the time required for the localization process 
is significantly reduced (22,24). In addition, MR-guided 
localization generally requires only 1 insertion attempt, 
which also shortens the localization time to a certain extent. 
Meanwhile, due to the reduction of insertion attempts, the 
incidence of complications caused by localization decreased 

Figure 4 Accuracy of localization in subgroup of MR-guided. *, 
P<0.05; **, P>0.05. MR, mixed reality. 
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significantly. As MR-guided localization does not rely on 
CT assistance, patients will receive less CT scans than CT-
guided localization, thus reducing radiation exposure. Chao 
et al. pointed out that preoperative localization outside the 
operating room significantly increases the risk time and the 
incidence of complications (25,28). Fortunately, with the 
gradual maturation of the technology, we will be able to 
adapt the MR-related equipment in the operating room to 
locate pulmonary nodules, which will circumvent the need 
for patients to go back and forth between the CT room 
and the operating room with the CT-guided localization. 
Better yet, MR-guided localization can be carried out after 
a stable anesthesia in the operating room, which avoids the 
stress and pain caused by the localization when the patient 
is awake. In addition, patients often need to wait for some 
time before surgery after the CT-guided localization, and 
pneumothorax or hemothorax caused by localization may 
be aggravated, or even become life-threatening in the 
waiting time. However, with the MR-guided localization, 
the patient can be directly treated in the operating room by 
thoracotomy, even if there are complications. 

Our study also found that the accuracy of lower 
pulmonary nodule localization was lower than that of 
upper pulmonary nodule localization under MR guidance. 
We consider that it is related to the larger movement 
of the lower lung, whereas the coincidence between the 
experimental animal and the virtual image is significantly 
better than that of the lower lung due to the small 
movement of the upper lung. Similarly, with the continuous 
evolution of this technology, before puncture, we will be 
able to ask the anesthesiologist to monitor the tidal volume 
after anesthesia simulating the deep inspiratory volume of 
patients to offer the same lung volume as that of CT scan 
as best as possible, so as to avoid the localization error 
caused by respiratory movement. However, further study is 
required.

MR-guided localization requires the installation and 
debugging of the environment coordinate system by 
motion capture system and 3D reconstruction by DICOM, 
which needs surgeons to master the relevant knowledge; 
our surgeons have reported that it was easy to learn. In 
addition, it takes about 20 minutes for the motion capture 
system to install and debug the real environment coordinate 
system, about 15 minutes to do 3D reconstruction and 
import data into HoloLens. The automatic matching of real 
environment and virtual image takes about 5 minutes. Thus, 
the preparation time of MR-guided pulmonary nodule 
localization is a little long under the current conditions. 

However, with the establishment of an MR operating room, 
the preparation time will be shortened accordingly, to 
become more in line with the needs of clinical work. 

There were still many limitations to this study. Although 
the simulated pulmonary nodule is hard and can be detected 
by touch, it is difficult to distinguish it from the lung tissue 
only by naked eye which according with the aim of the 
study is to help identify this type of nodule. But, for the 
experimenter, methylene blue and other dyes can be added 
to further increase the identification of nodules. In addition, 
the localization accuracy of deep nodules still needs to be 
further studied, as the simulated pulmonary nodules are 
located within 2 cm below the pleura. In addition, it is of 
vital importance to establish the MR operating room to 
further improve the localization method. In the end, the 
accuracy of the current MR is in the centimeter level, and it 
is hoped that the accuracy will be located in the millimeter 
level through further research.

Conclusions

This pilot animal study shows that the MR-guided 
localization of pulmonary nodules is feasible and safe, but 
further clinical randomized controlled trials are still needed 
to support the rationality of its clinical application (Register 
No. ChiCTR2100048313).
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