https://doi.org/10.1590/1806-9282.20250315

REVIEW ARTICLE

Augmented and mixed reality in liver surgery: a comprehensive
narrative review of novel clinical implications on cohort studies
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INTRODUCTION

Augmented reality (AR), per se, is a promising technology
that facilitates surgical work in routine clinical practice.
It superimposes computer-processed data (commonly a
three-dimensional [3D] model based on preoperative imag-
ing) onto authentic imagery using a computer device, usu-
ally an optical headset or a computer tablet. This adds new
strata of perception without obstructing the view of the
operative field. However, by definition, AR does not allow
users to manipulate the displayed data. This is only possible
in mixed reality (MR), enabling interactions between virtual
and real elements in the field of view. This allows the opera-
tor to manipulate the presented computer-generated models,
which can be further modified in real time synchronously
with changes in the real scene'?.

Due to high flexibility and broad possibilities, many sur-
gical specialties have adopted these technologies quickly (i.e.,
neurosurgery and orthopedics). However, abdominal surgery,
especially liver surgery, poses a significant challenge, as abdom-
inal organs are generally variable in morphology and size and
are subject to various intraoperative deformations, leading to
difficulties accurately overlaying the virtual image onto real
scenery. The lack of reliable anatomical landmarks on the liver
surface and complicated intraparenchymal anatomy led to the
development of various navigational systems. However, none
(except for intraoperative ultrasonography) were widely accepted.
Currently, advancements in mixed or AR are often seen as the
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most promising way to improve liver surgery’s safety, duration,

and comfort in everyday practice'?.

METHODS

A narrative review of available literature was performed using the
search terms “augmented reality,” “mixed reality,” and “liver” in
the PubMed/MEDLINE database. The initial search was con-
ducted during April 2024 and yielded 173 published records.
Further, 11 references were gathered using cross-referencing.
Duplicates, reviews, conference abstracts, commentaries, video
reports, and papers describing only virtual reality or interven-
tional procedures were excluded, as well as technological papers
without clinical relevance. Only the English-language literature
was included (except for two Chinese consensus publications).
After manually examining the remaining records and abstracts,

63 relevant studies were included in the review.

RESULTS

It has been apparent that AR technology in liver surgery is
undergoing rapid development. The total number of publi-
cations found by the initial search gradually rises yearly, as
shown in Figure 1, from initial rare reports in 2005 to tens of
papers published in 2023. The AR/MR applications are being
increasingly accepted as a newly emerging and inseparable part
of clinical hepatic surgery, especially in Asian countries with a
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Figure 1. Number of publications in individual years detected by the initial search.

high incidence of hepatic cancer. This has resulted in the first

expert consensus for future research and clinical applications'.

Augmented reality/mixed

reality implementation

While AR can be utilized in both open and laparoscopic/robotic
surgeries, the implementation of AR into laparoscopic liver resec-
tion (LLR) is considered more advantageous than open liver
resection (OLR) implementation. Currently, the high field of
view and the high resolution of laparoscopic cameras provide
an excellent actual image for virtual overlays. Furthermore, the
view is less obstructed by surrounding tissues and the abdom-
inal wall. Another benefit is the absence of an external screen
to display the overlay, as it can be projected directly onto the
laparoscopic monitor. On the other hand, features of MR
cannot be easily implemented as 3D manipulation with the
virtual scene is more complicated. It is important to note that
AR/MR can also be helpful during open surgery, as reported
by many authors, even during complex procedures, where AR
was successfully used during an ALPPS procedure in a patient
with numerous liver metastases.”’

Even though most AR surgery research focuses on perioper-
ative navigation, Saito et al.? reported that most surgeons value
AR during surgery for last-minute exploration of the 3D model
instead of proper navigation during surgery. It was also reported
that AR can decrease the time necessary for determining the
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location of the lesion inside the respective segment four or the
position of trocars when paired with projection to the patient’s
body surface or with a conventional AR display. By display-
ing a sonographic image onto a laparoscopic view with proper
alignment, AR can be used to guide the needle during periop-
erative ablation®. Ntourakis et al.” presented a small case series
where AR was used to localize sites of missing liver metastases

after complete pathologic remission.

Technological notes
During the initialization of AR/MR systems, calibration and/or
registration are required to align virtual and real images precisely,
including the calibration of the laparoscopic camera. On the
whole, tissue deformation is the most challenging aspect of
proper image visualization and alignment. Using physical models
to compensate for deformation is complicated as many forces
are acting on the liver, such as direct manipulation, pneumo-
peritoneum pressure, and movement of the diaphragm, heart,
and bowels. Currently, most authors use repeated periopera-
tive registration of images to compensate for these limitations.
For registration purposes, many approaches can be found
in the literature. As the liver surface is primarily homogeneous,
specific landmarks are usually used, and the edges of the liver
are employed most frequently. Pelanis et al.® proposed using
fiducials injected into the liver parenchyma with fluoroscopic
registration updates. Falkenberg et al.” used radiopaque fiducials
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implanted under sonographic guidance for the same purpose.
Golse et al.!® devised a non-rigid registration system using a
physics-based elastic model to account for organ deformation
in real time. While this system achieved sufficient internal pre-
cision of<1 cm, the authors describe subpar performance with
current hardware (57 frames per second). The biomechanical
properties of heterogeneous liver tissues were also used in the
work by Haouchine et al."' with satisfactory results. A com-
bination of manual rigid registration and an automatic bio-
mechanical model was proposed by Espinel et al.? in a novel
hybrid registration system.

In order to experimentally evaluate the achieved precision
of the registration and visualization, many methods were devel-
oped: the re-projection error (RPE)*?, various types of registra-

tion errors (REs)'+!7

, visualization errors (VEs)"¥, and a pointing
error (PE)". Commonly, the definition of these methods is not
uniform, and therefore, direct comparisons between individual
papers are not possible. Furthermore, more advanced methods
for image alignment using deep learning methods have been
introduced in recent years, with improved precision. The best
achievable precision is made possible using ex-vivo phantoms
and can reach submillimeter values®.

Using AR and MR can cause unwanted side effects in spe-
cific individuals. These include headache, nausea, dizziness, and
eye fatigue. These are commonly attributed to the “fluency”
of the system, mainly referring to achieved frames per second
and visualization delay. AR and MR visualizations often require
powerful hardware to achieve sufficient performance. A lack
of proper depth perception further complicates the matter.
Even though headsets can provide operators with 3D images,
the combination of a real scene with translucent AR image
results cannot show the depth properly. Methods to deal with
this problem are being developed, but no single method alone
could provide a good depth of perception. AR image puts a
significant cognitive load on the surgeon as more information
must be processed?*%. A negative effect called “inattentional
blindness” was examined by Dixon et al., describing more dif-
ficulties in identifying significant unexpected findings clearly
during AR-assisted surgery®. To address the possibility of mental
overload, context-aware AR systems were developed?. The cog-
nitive hurdles are present, especially when using AR headsets
instead of a conventional screen, and according to Condino
etal.?, it is imperative to focus on improving the AR technol-
ogy to alleviate these problems.

While displaying an AR/MR image onto an actual image,
there is a complete overlay of the 3D image. An opaque 3D

1.2,

model was used by Conrad et al.?; however, this opacity

proved not ideal for instrument targeting. In most studies,
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semitransparent models have been used to solve this issue.
Furthermore, surgeons prefer to see the instruments as clearly
as possible, which is not possible using a regular 3D model
placement. To address this problem, Hofman et al.” used
artificial intelligence (AI) to remove the overlaying parts of
the 3D image. The Al system was trained on manually anno-
tated data, also demonstrated during liver surgery. Al was also

1.28, where it was used to outline liver

implemented by Kasai eta
contour in the recorded image and therefore improve overall

accuracy with lower RE (14.5 vs. 31.2 mm).

Clinical outcomes

Currently, AR systems are available that allow for routine AR
implementation during surgery. As a result, more authors report
the results of AR-assisted surgical procedures. However, most
of these systems are proprietary, developed, and utilized by the
same team and institution. Of note is that an increased num-
ber of authors present case reports of using AR during OLR
or LLR. All authors agree that this technology allows for more
precise and safe surgery, particularly when combined with indo-
cyanine green (ICG) administration.

The results of single-cohort studies utilizing AR assis-
tance during procedures are presented in Table 1. It is evi-
dent from the given data that the short-term outcomes of
AR-assisted liver resections are on par or better compared
to AR-unassisted procedures. Furthermore, AR assistance
may provide surgeons with greater accuracy, as Tao et al.?
demonstrated. This study had a higher agreement between
predicted and actual liver resection volume (absolute error:
26.6vs. 51.8 mL, p<0.0001). This attenuation of the amount
of liver parenchyma removed can benefit patients. AR over-
lay can be helpful during segment identification when ICG
administration does not correctly reveal segment boundaries,
as presented by Deng et al.

Several authors have verified that AR improves perioperative
outcomes compared to surgery without AR assistance, especially
when combined with other navigational methods. The results
of such studies are shown in Table 2. Most authors reported a
statistically significant reduction in blood loss and transfusion
administration. Wang et al.” showed a lower rate of remnant
liver ischemia (13.3 vs. 30.2%) and disease-free survival rate
(70.01 vs. 52.46% at 3 years of follow-up) after laparoscopic
segmentectomy for hepatocellular carcinoma. There was no sig-
nificant difference in recurrence rate between AR-assisted and
non-AR-assisted resection after 16 months of follow-up after
primary liver cancer, as reported by Zhang et al.*®. In addition,
Zhu et al.¥ emphasized that employment of MR in liver resec-
tion significantly lowers the time of portal vein obstruction due
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Table 1. Clinical outcomes of single-cohort studies.

Authors Procedure ICG Blood loss Duration of Duration of hospital | Complication
(year) median [mL] surgery [min] stay [days] rate [%]

Laparoscopic co

Etear;i 16 Left hemihepatectomy Yes | 116.3+64.5 380.3£92.2 8.242.7 313
Wang 11 | Rightheminepatectomy+caudate |\ | 90914561 | 454.5£250 105+1.2 455
etal. lobectomy

Naito . . 178.5 433 12

ot 1.3 6 Minor resections No (100-1.000) (337-597) (8-20) 33.3
Zhu . . 300 8

ot 2135 5 Narrow right hemihepatectomy No - (270-360) (7-9) -
Prevost 9 Non-anatomical resections+right No 325 128 ~ ~
etal.* hemihepatectomy (20-1,200)

Bertrand 17 Various No 260 260 6 10
et al.3¢ (1200-500) (210-360) (5-8) (only severe)

ICG: indocyanine green.

Table 2. Clinical outcomes of comparative studies (values reported as non-augmented reality-group/augmented reality-group).

Complication
rate [%]

Authors Procedure ICG Blood loss Duration of surgery | Transfusion | Duration of hospital
(year) median [mL] [min, rounded] rate [%] stay [days, rounded] A3

Laparoscopic cohorts

Wang 45/53 Anatomical Yes 100/200 290/240 6.7/13.2 7/7 31.1/49.1
et al.?’ segmentectomy (p=0.005) (p=0.086) (p=0.335) (p=0.788) (p=0.072)
Toman 42/36 Central Ves 275/300 313/323 14.3/64.7 8/9 35.7/61.8
etal. 4 hepatectomy (p=0.013) (p=0.660) (p=0.010) (p=0.005) (p=0.024)
Tao 16/15 S8 (sub) Vs 125/300 383/359 18.8/33.3 9/9 12.5/26.7
et al.®® segmentectomy (p=0.003) (p=0.640) (p=0.433) (p=0.258) (p=0.394)
Wu 31/46 Various Yes 113/207 367/272 12.9/17.4 9/8 25.8/32.6
et al#0 (p<0.001) (p<0.001) (p=0.753) (p=0.143) (p=0.522)
Zhang ) 200/300 300/300 10/42 8/10 41/46
etale | 4441 Vallows No | (5=0.002) (p=0.061) (p<0.001) (p=0.003) (p=0.614)
Huber . . 190/185 9/7 12.5/8.3
ot 521 8/12 Minor resections No - (p=0.970) - (p=0.368) (p=0.696)
Zhu . 329/398 203/230 12/14 18.9/39.7
etal» | 3778 VI Both | (1-0.010) (p-0.003) - (p=0.049) (p=0034)

ICG: indocyanine green.

to the Pringle maneuver (17.71+4.16 min in MR-assisted resec- CONCLUSION

tion vs. 21.58%5.24 min without MR, p=0.019). Finally, Wu
et al.®* successfully used AR during hepatectomy for hepato-
lichiasis, resulting in significantly lower concentrations of ala-
nine transaminase and aminotransferase postoperatively, as well
as a decrease in the rate of residual stones (19.4 vs. 41.3%).
Last but not the least, hepatocellular health is significantly cru-

cial for human beings*"%2,

4

The current state of AR and MR shows their potential to enhance
everyday surgery for healthcare providers. Current clinical data
from cohort studies suggest that with AR and MR surgery could
be safer, faster, and more comfortable. However, before AR and
MR can be implemented into everyday surgical practice, several
technological challenges must be addressed to improve ergonom-
ics, image perception, and the mental load it places on surgeons.
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