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Abstract

Background: Vascular localizationiscrucial for perforator flap transfer. Augmented reality offers anovel method to seamlessly
combine real information with virtual objects created by computed tomographic angiography to help the surgeon “ see through”
the skin and precisaly localize the perforator. The head-mounted display augmented reality system HoloL ens (Microsoft) could
facilitate augmented reality—based perforator localization for a more convenient and safe procedure.

Objective: Theam of this study was to evaluate the precision of the HoloL ens-based vascular localization system, as the most
important performance indicator of a new localization system.

Methods: The precision of the HoloL ens-based vascular localization system was tested in a simulated operating room under
different conditions with a three-dimensional (3D) printed model. The coordinates of five pairs of points on the vascular map
that could be easily identified on the 3D printed model and virtual model were detected by a probe, and the distance between the
corresponding points was calculated as the navigation error.

Results: The mean errorswere determined under different conditions, with aminimum error of 1.35 mm (SD 0.43) and maximum
error of 3.18 mm (SD 1.32), which were within the clinically acceptable range. There were no significant differencesin theerrors
obtained under different visual angles, different light intensities, or different states (static or motion). However, the error was
larger when tested with light compared with that tested without light.

Conclusions:  This precision evaluation demonstrated that the HoloLens system can precisely localize the perforator and
potentially help the surgeon accomplish the operation. The authors recommend using Hol oL ens-based surgical navigation without
light.

(J Med I nternet Res 2020;22(4):16852) doi: 10.2196/16852
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: in a vascular flap transfer procedure. Precisely locating the
Introduction perforator can be difficult for new microsurgeons even without
High variability in perforator size and course, along with (hese key challenges. Computed tomographic angiography
distorted anatomical landmarks after injury are the two key (CTA) has been used as a noninvasive and effective tool for
challengesin precisely predicting the location of the perforator  Vascular mapping to plan the positioning of perforator flaps
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[1,2] by revealing the characteristics of perforators, such asthe
caliber, length, and course [3]. Using the three-dimensional
(3D) objects reconstructed by CTA data, the relation between
the perforator and the underlying skeleton and nearby muscle
and skin can beimmediately identified. This enablesthe surgeon
to identify the specific perforator anatomy of the patient.
Accordingly, CTA is increasingly applied as a standard
preoperative procedure in planning flap design, and its
superiority over Doppler ultrasound has been well-established
[4].

However, the information and 3D objects supplied by CTA are
typically evaluated on a two-dimensional screen, which limits
the ability to encompass the true depth and the possibilities for
transferring detail ed information onto the patient’s body during
the operation. Augmented reality (AR) has emerged as a novel
method to overcome these barriers. In AR, virtual objects are
seamlessly combined with real information to generate a
“see-through” image. In particular, AR alows for 3D objects,
including the vascul ature, bone, muscle, and skin, to be overlaid
onto the patient’s body during the operation, serving asaguide
to precisely and rapidly localize the perforator.

Without a head-mounted display (HMD), AR images can only
be displayed on a monitor, which requires the surgeon to
repeatedly switch his’her view between the monitor and
operating field. This action can reduce the surgical precision
for some delicate operations such as perforator localization.
HoloL ens, developed by Microsoft Corporation, is considered
avery suitable AR HMD for surgical practice[5]. When wearing
HoloL ens, surgeons are able to see the AR imagesin asingle
view. Another key advantage of HoloLens is that it is not only
adisplay system but isal so aself-contained computer equipped
with a camera and sensors, thereby avoiding the need to install
any other hardwareto realize the AR effect, which could further
help to reduce the risk of contamination in the operating room.

HoloL ens has been tentatively used in several surgical fieldsto
date, including heart surgery [6], visceral surgery [7], and
orthopedic surgery [8]. Most of these studies focused on the
feasibility and performance of HoloL ens; however, few studies
have examined the precision of HoloLens in surgical practice.
We previoudly verified the feasibility of AR-based perforator
localization [9]. To improve the accuracy of this localization,
HoloL ens was applied to reduce the error caused by switching
the view. In this study, the precision of this HoloL ens-based
perforator localization system was evaluated in a simulated
operating room using a 3D printed model under different
conditions, including with or without light, different intensities
of light, and different visual angles.

http://www.jmir.org/2020/4/e16852/
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Methods

Model Design

This study was conducted using a 3D printed model of a
volunteer’s deep femoral artery and its branches. The volunteer
underwent athin-cut (0.1 mm) CTA scan (Siemens, Germany)
with administration of a nonionic contrast agent (Omnipaque,
China) and the DICOM files were imported into Mimics 19.0
software (Materialise, Belgium) to create a virtual model,
including avascular map and surrounding soft tissues. A holder
was designed by CAD software 3D Max (Autodesk, Mill Valey,
CA, USA) to fix the model so that it could be placed stably on
the operating table. The holder could also be used to place a
marker, which is very important during registration. The 3D
virtual model with the vascular map, surrounding soft tissues,
marker, and holder wasthen printed for usein precision analysis.
Data of the virtual model of the vascular map and marker were
then input into HoloL ens.

Augmented Reality Effect Wor kflow

The localization app was written within the Unity framework
(Unity Technologies, San Francisco, CA, USA), which is a
custom-developed HoloLens C# Universal Windows Platform
app. Theinitia registration of the virtual model for real-world
application was realized using a marker. Once launched, the
app started the HoloL ens built-in camerato acquire the view of
the operative field. When the app finds the marker in the view,
it registersthe real marker with the virtual marker. The relative
position between the virtual marker and the virtual model was
the same as that between the real marker and the 3D printed
model; consequently, the 3D printed model was registered with
the virtual model at the time of registration of the real marker
and virtual marker. After registration, the app generated AR
images that were projected into the optical see-through lens
incorporated in HoloLens. By tracking the position of the real
marker though the camera, the position and angle of the virtual
model automatically change according to the wearer's
perspective to obtain registered AR images in rea time. The
complete workflow was as follows. First, the surgeon wore the
HoloL ens and launched the app. Second, the app registered the
virtual model and thereal world, and generated the appropriate
AR images. Finally, the wearer localized the vascul ature under
guidance of the AR images.

L ocalization Precision Analysis

Five pairs of points on the vascular map that could be easily
identified on the 3D printed model and virtua model were
selected for precision analysis (Figure 1). The coordinates of
these pairs of pointswererecorded by aMicron Tracker tracking
device (Claron Technology, Toronto, ON, Canada), which can
be used to detect and calculate the space location through a
probe (distance error<0.2 mm). To eliminate the error caused
by hand tremor, a mechanical arm was used to hold the probe
(Figure 2).
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Figurel. Three-dimensional printed model of the vascular map (A) and the augmented reality image with the virtual model of the vascul ature overlapped
onto the printed model (B). P1-P5, 5 points on the three-dimensional printed vascular map selected for precision analysis; P1'-P5', 5 corresponding
points on the virtual model.

Figure 2. The simulated operating room used for the test. The probe was held by a mechanical arm.

The tests were carried out by 7 operators in a simulated virtual model. Then, the AR image was generated, and the
operating room under different conditions, including with or  coordinates of tested pointsin the virtual model were recorded.
without light, different intensities of light, and different visual The distance between the corresponding points was then
angles (Figure 3). First, the coordinates of tested pointsin the calculated with the following formula, and the distances were
3D printed model were recorded without superimposing the averaged to determine the overall error:
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Figure 3. The coordinates of points were recorded by atracking device (Micron Tracker) under different conditions. (A) The coordinates of pointson
the three-dimensional (3D) printed model were detected under the horizontal visual angle without light. (B) The coordinates of points on the 3D printed
model were detected under the oblique visual angle without light. (C) The coordinates of pointson the 3D printed model were detected under the vertical
visua angle without light. (D) The coordinates of points on the virtual model were detected under the oblique visua angle without light. (E) The
coordinates of points on the 3D printed model were detected under the oblique visual angle with light. (F) The coordinates of pointson the virtual model
were detected under the oblique visual angle with light.

Distance = squareroot ((X1—X2]>+[Y1-Y2]? +[Z21-2Z2]%) rotation (ie, error caused by rotating the head to look around
) o and then returning the head to the initial state without body

Wherg X1, Y1, and Z1 are the coordinates of the p0|.nt in the motion) and error caused by walking (ie, walking around the

3D printed model, and X2, Y2, and Z2 are the coordinates of  gperation room and then returning to the nitial position). Figure

the corresponding point in the virtual model. 4 shows the workflow of the test. The detailed content of the

Two types of errors were considered in this study: static error ~ testisshownin Table 1.

and motion error. The latter included the error caused by head

http://www.jmir.org/2020/4/€16852/ JMed Internet Res 2020 | vol. 22 | iss. 4 | €16852 | p. 4

(page number not for citation purposes)
XSL-FO

RenderX


http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH

Jang et d

Figure 4. Workflow of the test. AR: augmented reality; 3D: three-dimensional.
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Table 1. Detailed content of the performance test.
Error value Concrete content
SE-V Average static error of 5 test points without light under vertical observation
SE-O Average stetic error of 5 test points without light under oblique observation (45°)
SE-H Average static error of 5 test points without light under horizontal observation
SE-(V/O/H)-L Average stetic error of 5 test points under low light intensity and the best observation angle
SE-(V/O/H)-M Average static error of 5 test points under medium light intensity and the best observation angle
SE-(V/O/H)-H Average static error of 5 test points under high light intensity and the best observation angle
SE-(V/O/H)-SH Average static error of 5 test points under superhigh light intensity and the best observation angle
HE-(V/O/H) Average head rotation error of 5 test points without light under the best observation angle
WE-(V/O/H) Average walking error of 5 test points without light under the best observation angle

Statistical Analysis

Continuous variables are presented as the mean and SD and
were analyzed by paired Student t tests. A P valuelessthan .05
was considered to represent astatistically significant difference.

Results

The results are summarized in Tables 2-5. The static error was
first recorded under different visual angles without light,
demonstrating no significant differences (horizontal vsoblique
P=.25; horizontal vs vertical P=.25; oblique vs vertical P=.10;
Table 2).
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Since the oblique visua angle was similar to the surgeon’s
visual angle, further tests were performed under the oblique
visual angle, and the static errors were recorded with different
light intensities. There was no significant difference among the
errorstested under theselight intensities (low vs medium P=.25;
low vs high P=.32; low vs superhigh P=.08; medium vs high
P=.32; medium vs superhigh P=.43; high vs superhigh P=.09;
Table 3).

However, the difference between the errors tested with and
without light was statistically significant (P=.02; Table 4).

Finally, the motion errors under an oblique angle without light
were recorded. Compared with the static error, there was no
significant difference in either the head rotation (P=.25) or
walking (P=.30) motion errors (Table 5).
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Table 2. Static error tested without light under different visual angles (mm).

Operator Visua angle, degrees
0 (Horizontal) 45 (Oblique) 90 (Vertical)

1 1.28 0.63 1.63

2 1.80 147 1.28

3 0.74 1.01 1.36

4 1.83 13 173

5 194 1.63 143

6 1.26 1.45 231

7 1.44 1.96 1.67

Mean (SD) 1.47 (0.42) 1.35(0.43) 1.63(0.34)

Table 3. Static error under different light intensities (mm).

Operator Light Intensity
Low Medium High Superhigh
1 2.70 1.33 191 1.93
2 2.82 4.00 255 3.25
3 3.93 4.23 5.03 4.60
4 174 1.99 174 227
5 297 2.26 3.05 2.99
6 4.69 6.39 4.89 531
7 111 1.77 154 1.94
Mean (SD) 2.85(1.21) 3.14 (1.81) 2.96 (1.46) 3.18(1.32)

Table4. Static error with or without light (mm).

Operator With light (low intensity) Without light
1 2.70 0.63
2 2.82 147
3 3.93 1.01
4 1.74 13
5 297 1.63
6 4.69 1.45
7 111 1.96
Mean (SD) 2.85(1.21) 1.35(0.43)
hittp://www.jmir.org/2020/4/e16852/ JMed Internet Res 2020 | vol. 22 | iss. 4 | 16852 | p. 6
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Operator Walking Head rotation Static
1 1.06 134 0.63
2 2.28 0.84 1.47
3 1.59 3.35 1.01
4 1.02 1.50 13
5 1.35 1.44 1.63
6 1.38 1.28 1.45
7 15 1.74 1.96
Mean (SD) 1.45 (0.42) 1.50 (0.80) 1.35(0.43)
Discussion light intensitieswerefound, whereasthe differencein the errors

Principal Findings

We previoudly verified the feasibility of AR-based perforator
localization. Under the guidance of localization, a surgeon
successfully dissected abeagle' sthoracodorsal artery perforator
without any prior anatomical knowledge of the dog [9]. The
mean error of the localization system was 3.5 mm. However,
the HMD (nVisor ST60, NVIS Company, USA) used in this
previous system was merely an AR display without any other
function, and thus this system had to be equipped with a
computer workstation and a 3D camera, which increases the
complexity of the system as well as the risk of contamination
in the operating room. In addition, the nVisor ST60 HMD is
very heavy (1.3 kg), which can be uncomfortable for a surgeon
if required to wear the device for a long time. Therefore, we
subsequently used HoloL ensasthe HMD. HoloL ensisnot only
an HMD but isalso aself-contained computer that hasabuilt-in
camera and sensors, and weighs only 579 g. In addition,
HoloL ens can be operated with simple hand gestures and voice
commands instead of touch [10]. Therefore, the virtual model
could be operated (including transparency adjustment and access
to anatomical information) in real timewhile remaining sterile.
However, it remained to be determined whether HoloL ens-based
vascular localization meets clinical requirements (error of
localization less than 5 mm). The present study demonstrates
that the HoloLens-based vascular localization system could
precisely localize vessels with a minimum mean error of 1.35
mm (SD 0.43) and maximum mean error of 3.18 (SD 1.32),
which werewithin the clinically acceptable range of 5mm[11].

To maximally simulate the state of operation, the static errors
were tested under different operating conditions, including
different visual anglesand different light intensities, and motion
errors were also tested to simulate the typical movements of
surgeons. None of the differences in the errors tested under
different visual angles was statistically significant, and there
was also no difference between the static error and motion error.
Thus, the system has good robustness, and can remain stable
and precise in different states. Since an opaque virtual model
could block out real information, the virtual model should be
displayed in a semitransparent state. Since light used in the
operation could affect observation of the semitransparent virtual
model, we aso tested the static errors under different light
intensities. No differences in the errors tested under different

http://www.jmir.org/2020/4/e16852/

tested with or without light was significant. Based on this
finding, we recommend using HoloLens-based surgical
navigation without light (ie, turn off the light when localizing
the vasculature).

Prospects

Modern medicine is developing toward personalized and
precision treatment. |mage-assi sted surgical navigation systems
could enable individual surgical planning and precise surgical
procedures, which largely involve the use of virtual and
augmented/mixed reality techniques. In virtual reality, the user
is completely separated from the real world and is highly
immersed in a virtual world, whereas in augmented/mixed
reality, the virtual elements are overlaid onto the user’s reality
and thus appear to be part of the real world. With a virtual
reality—based surgica navigation system, the surgical
instruments must be registered for projection into the virtual
world, and the surgeon must switch the view from the virtual
world to the real world to perform surgery. By contrast, with
an AR-based surgical navigation system, the surgeon can see
thevirtual anatomical model and the real world simultaneously,
so that the surgery can be performed directly without switching
theview and surgical instrument registration. In recent decades,
image-assisted surgical havigation systems have largely
depended on virtua reality, but have gradually transferred to
AR, which we believe will become the mainstream. Microsoft
HoloL ens could simplify and popularize the use of AR-based
image-assisted surgical navigation systems, with potential
benefits of low weight, less hardware, and gesture control.

Perforator flaps have been widely used in reconstructive surgery
owing to their multiple advantages such aslow morbidity at the
donor site, good reconstruction and appearance of the recipient
site, flexible design, and short postoperative recovery time[12].
Perforator dissection is astandard and important procedure for
perforator flap transplantation, and also the most difficult
process due to the uncertainty in predicting the anatomical
location of the perforator and high variability in perforator size
and course [13]. In this context, HoloLens-based perforator
localization could play apivotal role by offering individual 3D
perforator information during the operation that is projected
directly onto the patient with precise registration.

JMed Internet Res 2020 | vol. 22 | iss. 4 | €16852 | p. 7
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH

Conclusion

Theresults of this study demonstrated that the HoloL ens-based
vascular localization system could precisely locaize the
perforator and might help a surgeon accomplish the operation.
Although the precision of this system reached the clinical
requirement, reduction of the error is till an important issue
that deserversfurther study. The potential sources of error could
be produced from the very beginning of the process from
computed tomography/magnetic resonance imaging data
acquisition through to the end of the surgical procedure,
including imaging error, registration error, tracking error, and

Jang et d

human error. Limitations of the hardware could also be asource
of error, such asthe perceptual limit of HMD [14]. Further study
is ongoing and upcoming to confirm and seek solutions to
eliminate or diminish these error sources. Clinical research will
also be carried out to verify the feasibility of the system.
Additionally, clinical application may encounter some problems
such as the anatomical deformation between the CTA scan and
operation, and the muscle rel axation caused by anesthesia. Thus,
further research on precisionisstill needed, and abody fixation
device may need to be integrated in the system to reduce the
influence of anatomical deformation.

Acknowledgments
Thiswork was supported by Shanghai Municipal Commission of Health and Family Planning Program to TJ (No. 20194Y 0033).

Conflicts of Interest
None declared.

References

1.

10.

11.

12.

13.

14.

http://www.jmir.org/2020/4/e16852/

Rozen WM, Paddle AM, Chubb D, Wilson J, Grinsell D, Ashton MW. Guiding local perforator flaps with preoperative
imaging: revealing perforator anatomy to improve flap design. Plast Reconstr Surg 2012 Jul;130(1):130-134. [doi:
10.1097/PRS.0b013e31824ecaff] [Medline: 22743880]

Ngaage LM, Hamed R, Oni G, Di Pace B, Ghorra DT, Koo BMedSci BC, et a. The Role of CT Angiography in Assessing
Deep Inferior Epigastric Perforator Flap Patency in Patients With Pre-existing Abdominal Scars. J Surg Res 2019
Mar;235:58-65. [doi: 10.1016/j.jss.2018.09.059] [Medline: 30691846]

DavisCR, JonesL, Tillett RL, Richards H, Wilson SM. Predicting venous congestion before DIEP breast reconstruction
by identifying atypical venous connections on preoperative CTA imaging. Microsurgery 2019 Jan;39(1):24-31 [FREE Full
text] [doi: 10.1002/micr.30367] [Medline: 30182489]

Rozen WM, Phillips TJ, Ashton MW, Stella DL, Gibson RN, Taylor Gl. Preoperative imaging for DIEA perforator flaps:
a comparative study of computed tomographic angiography and Doppler ultrasound. Plast Reconstr Surg 2008
Jan;121(1):9-16. [doi: 10.1097/01.prs.0000293874.71269.c9] [Medline: 18176200]

Moosburner S, Remde C, Tang P, Queisner M, Haep N, Pratschke J, et a. Real world usability analysis of two augmented
reality headsetsin visceral surgery. Artif Organs 2019 Jul;43(7):694-698. [doi: 10.1111/a0r.13396] [Medline: 30485464]
Brun H, Bugge R, Suther L, Birkeland S, Kumar R, Pelanis E. Mixed reality holograms for heart surgery planning: first
user experiencein congenital heart disease. Eur Heart J Cardiovasc Imaging 2019 Aug 01;20(8):883-888 [FREE Full text]
[doi: 10.1093/ehjci/jey184] [Medline: 30534951]

Shi L, Luo T, Zhang L, Kang Z, Chen J, Wu F, et a. [Preliminary use of HoloL ens glasses in surgery of liver cancer].
Zhong Nan Da Xue Xue Bao Yi Xue Ban 2018 May 28;43(5):500-504 [ FREE Full text] [doi:
10.11817/j.issn.1672-7347.2018.05.007] [Medline: 29886465]

Condino S, Turini G, Parchi PD, Viglialoro RM, Piolanti N, Gesi M, et al. How to Build a Patient-Specific Hybrid Simulator
for Orthopaedic Open Surgery: Benefits and Limits of Mixed-Reality Using the Microsoft HoloLens. J Healthc Eng 2018
Nov 1;2018:5435097. [doi: 10.1155/2018/5435097] [Medline: 30515284]

Jang T, ZhuM, Zan T, GuB, Li Q. A Novel Augmented Reality-Based Navigation System in Perforator Flap Transplantation
- A Feasihility Study. Ann Plast Surg 2017 Aug;79(2):192-196. [doi: 10.1097/SA P.0000000000001078] [Medline: 28509695]
Hong K, Sakamoto Y, Irani P. The Use of Head-Worn Augmented Reality Displaysin Health Communications. Stud Health
Technol Inform 2019;257:163-169. [Medline: 30741190]

Pratt P, IlvesM, Lawton G, Simmons J, Radev N, Spyropoulou L, et a. Through the HoloLens™ looking glass. augmented
reality for extremity reconstruction surgery using 3D vascular models with perforating vessels. Eur Radiol Exp 2018
Jan;2(1):2 [FREE Full text] [doi: 10.1186/s41747-017-0033-2] [Medline: 29708204]

Koshimal, Soeda S. Inferior epigastric artery skin flaps without rectus abdominis muscle. Br J Plast Surg 1989
Nov;42(6):645-648 [FREE Full text] [doi: 10.1016/0007-1226(89)90075-1] [Medline: 2605399]

Rozen WM, Ashton MW, Pan W, Kiil BJ, McClure VK, Grinsell D, et al. Anatomical variationsin the harvest of anterolateral
thigh flap perforators. acadaveric and clinical study. Microsurgery 2009;29(1):16-23. [doi: 10.1002/micr.20550] [Medline:
18942652]

Condino S, Carbone M, Piazza R, Ferrari M, Ferrari V. Perceptual Limits of Optical See-Through Visors for Augmented
Readlity Guidance of Manual Tasks. |EEE Trans Biomed Eng 2020 Feb;67(2):411-419. [doi: 10.1109/TBME.2019.2914517]
[Medline: 31059421]

JMed Internet Res 2020 | vol. 22 | iss. 4 | €16852 | p. 8
(page number not for citation purposes)


http://dx.doi.org/10.1097/PRS.0b013e31824ecaff
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22743880&dopt=Abstract
http://dx.doi.org/10.1016/j.jss.2018.09.059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30691846&dopt=Abstract
https://onlinelibrary.wiley.com/resolve/doi?DOI=10.1002/micr.30367
https://onlinelibrary.wiley.com/resolve/doi?DOI=10.1002/micr.30367
http://dx.doi.org/10.1002/micr.30367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30182489&dopt=Abstract
http://dx.doi.org/10.1097/01.prs.0000293874.71269.c9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18176200&dopt=Abstract
http://dx.doi.org/10.1111/aor.13396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30485464&dopt=Abstract
https://academic.oup.com/ehjcimaging/article/20/8/883/5232602
http://dx.doi.org/10.1093/ehjci/jey184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30534951&dopt=Abstract
http://xbyxb.csu.edu.cn/xbwk/fileup/PDF/201805500.pdf
http://dx.doi.org/10.11817/j.issn.1672-7347.2018.05.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29886465&dopt=Abstract
http://dx.doi.org/10.1155/2018/5435097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30515284&dopt=Abstract
http://dx.doi.org/10.1097/SAP.0000000000001078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28509695&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30741190&dopt=Abstract
http://europepmc.org/abstract/MED/29708204
http://dx.doi.org/10.1186/s41747-017-0033-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29708204&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/0007-1226(89)90075-1
http://dx.doi.org/10.1016/0007-1226(89)90075-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2605399&dopt=Abstract
http://dx.doi.org/10.1002/micr.20550
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18942652&dopt=Abstract
http://dx.doi.org/10.1109/TBME.2019.2914517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31059421&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Jiang et a

Abbreviations

3D: three-dimensional

AR: augmented reality

CTA: computed tomographic angiography
HMD: head-mounted display
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