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Abstract

Background Laparoscopic surgery has well-established benefits for patients; however, laparoscopic procedures have a long
and difficult learning curve, in large part due to the lack of stereoscopic depth perception. Developments in high-definition
and stereoscopic imaging have attempted to overcome this. Three-dimensional high-definition (3D HD) systems are thought
to improve operating times compared to two-dimensional high-definition systems. However their performance against new,
ultra-high-definition (‘4K’) systems is not known.

Methods Patients undergoing laparoscopic cholecystectomy were randomised to 3D HD or 4K laparoscopy. Operative
videos were recorded, and the time from gallbladder exposure to separation from the liver (minus on table cholangiogram)
was calculated. Blinded video assessment was performed to calculate intraoperative error scores.

Results One hundred and twenty patients were randomised, of which 109 were analysed (3D HD n=54; 4K n=55). No
reduction in operative time was detected with 3D HD compared to 4K laparoscopy (median [IQR]; 23.41 min [17.00-37.98]
vs 20.90 min [17.67-33.03]; p=0.91); nor was there any decrease observed in error scores (60 [56-62] vs 58 [56—60];
p=0.27), complications or reattendance. Stone spillage occurred more frequently with 3D HD, but there were no other dif-
ferences in individual error rates. Gallbladder grade and operating surgeon had significant effects on time to complete the
operation. Gallbladder grade also had a significant effect on the error score.

Conclusions A 3D HD laparoscopic system did not reduce operative time or error scores during laparoscopic cholecystectomy
compared with a new 4K imaging system.
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The benefits of laparoscopic over open surgery include
quicker recovery, and reduced pain, blood loss and wound
infection [1-3]. However, laparoscopic surgery is technically
challenging, due to the reduced tactile sensation and degrees
of freedom of the instruments, the altered ergonomics, lack
of camera stability and loss of binocular depth perception
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[4, 5]. In particular, overcoming the loss of stereoscopic
depth perception is associated with a long learning curve
[6, 7]. Inaccurate object localisation and depth perception
in laparoscopic surgery may be dangerous [8]. Advances in
video technology, namely high-definition two-dimensional
imaging (2D HD) and stereoscopic (three-dimensional)
laparoscopes (3D HD), have been developed in an attempt
to reduce complication rates and to shorten the learning
curve. It has been suggested that the introduction of 2D HD
and 3D systems have improved depth perception [9], by
enhancing monocular and binocular depth-perception cues,
respectively [10]. A systematic review of simulator-based
studies has suggested that surgeons complete tasks more
quickly and with fewer errors when using dual-channel,
passive polarising stereoscopic systems, compared to that
when using 2D HD systems [11]. Recently, the European
Association for Endoscopic Surgery (EAES) has published
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recommendations that 3D systems should be utilised in the
clinical setting to decrease operating times [12]. However,
these systems are expensive, and around ten percent of sur-
geons cannot perceive stereoscopic depth [13, 14]. Further-
more, no clinical trials have investigated whether 3D systems
have performance benefits over ultra-high-definition (‘4K”)
laparoscopic imaging—a new two-dimensional technology
with four times the number of pixels of HD, which poten-
tially provides stronger monocular depth-perception cues.

We hypothesised that the use of a 3D HD laparoscopic
system would decrease the duration of surgery and the error
score during laparoscopic cholecystectomy, when compared
to a 4K system.

Materials and methods

A randomised-controlled trial was conducted, with the pri-
mary outcome being time to complete laparoscopic chol-
ecystectomy. A power calculation was based on a median
operating time for laparoscopic cholecystectomy of 47 min
(range 36—64 min) [15, 16]. Based on this operating time,
a maximum of five laparoscopic cholecystectomies can
be scheduled into a full-day operating list. A reduction in
operating time of 12 min in each of five operations would
allow an extra hour of operating, and the addition of a fur-
ther operation to the list. A 12-min difference was there-
fore deemed clinically significant. With 46 patients in each
treatment arm, the study had 80% power to detect a 12-min

Fig.1 Consort diagram
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(25%) difference in operative time, with statistical signifi-
cance declared if p < 0.05. Target recruitment was set to 60
patients in each arm, to allow for exclusions and equipment
failure. The secondary outcomes were the Technical Skills
Checklist error score [17], and 30-day complication and reat-
tendance rates. Inclusion criteria were: patients aged 18 to
85 undergoing laparoscopic cholecystectomy with or with-
out on table cholangiogram. Exclusion criteria were: con-
version to open surgery or previous major upper abdominal
surgery. All patients gave informed, written consent. The
three operating consultant surgeons had previous experience
of 3D laparoscopic cholecystectomy, and had been screened
for stereoacuity, visual acuity and colour vision. A standard
ergonomic arrangement was used. Four-port laparoscopic
cholecystectomy was performed using either a 3D HD or a
4K laparoscopic system. The 3D stack was the dual-channel
passive polarising Imagel S 3D high-definition system (Karl
Storz, Tuttlingen, Germany) with a 45.9 inch JVC passive
polarising LCD screen (JVC, Yokohama, Japan; although
for the first four 3D cases the standard 31 inch stack display
was used, which was felt unlikely to introduce significant
bias). The 4K system was the VISERA 4K UHD system
(Olympus Europa, Hamburg, Germany) with a 55 inch Sony
LCD screen (Sony, Tokyo, Japan).

Randomisation was performed with variable block sizes,
and the allocation process was double-blinded using a sealed
envelope method. Participants were recruited between Sep-
tember 2016 and September 2017. The principal investigator
recruited and allocated participants, and was then unblinded.

Assessed for eligibility (n = 122)

Excluded (n=2)
»| ¢ Declined to participate (n = 2)

Randomised (n = 120)

l

4

Allocation v
L J

Allocated to 3D (n = 60)

¢ Received allocated intervention (n = 60)

Allocated to 4K (n = 60)

¢ Received allocated intervention (n = 58)

4 Did not receive allocated intervention
Cancelled for medical reasons (n = 1)
Incorrect randomisation envelope (n = 1)

Analysis Y

Analysed (n = 54)

¢ Excluded from analysis
Incomplete recording (n = 3)
Equipment failure (n=1)

Subtotal cholecystectomy (n = 1)
Converted to open operation (n=1)

|8 J

Analysed (n = 55)

¢ Excluded from analysis
Non-standard technique: 5th port
required (n = 1), perforated gallbladder
sutured closed (n=1)
Non-4K laparoscope used (n = 1)

@ Springer




Surgical Endoscopy (2020) 34:1729-1735

1731

Operative videos were anonymised, converted to 2D
HD, and edited to remove overlays/watermarks by the
Principal Investigator using Final Cut Pro X (Apple Inc.,
Cupertino, California, USA), in order to blind assessors
to the system used. The videos were edited to begin at the
first attempt to expose the gallbladder (including adhesi-
olysis) to complete separation from the liver. If on table
cholangiogram was performed, this was cut from the edit.
The time to complete cholecystectomy was then derived
from the length of the video. Operations were graded for
difficulty [18] as: Grade 1 (no adhesions or fat over Calot’s
triangle, and normal anatomy), Grade 2 (loose adhesions,
obstructed view of cystic anatomy e.g. by fat, or BMI > 30)
or Grade 3 (dense adhesions, duodenum or bile duct
adherent to gallbladder, active inflammation, contracted
gallbladder, empyema, dense adherence to liver, difficult
abnormal or unclear anatomy, or gallstone in Hartmann’s
pouch or gallbladder neck). Videos were graded by the
Principal Investigator in consensus with a blinded surgeon
who had not been involved in the trial. This surgeon also
conducted the error assessment using the Technical Skills
Checklist error score [17]. This involved calculating a
weighted score for minor (bile spillage, diathermy burn to
liver, incomplete clipping, fallen clip, delay in identifying
Calot’s triangle anatomy), major (stone spillage, injury
causing liver bleeding, injury to cystic artery or duct, loss
of pneumoperitoneum), and significant major (major ves-
sel or major duct injury, other visceral injury) errors. Pro-
gressively higher scores were given depending on whether
each error was not committed, committed and corrected,
or committed and not corrected. In addition, the more seri-
ous the error, the greater the weighting (see Supplement
1). A total error score was calculated from the sum score
for each error type. For validation, one of the operating
surgeons also conducted this assessment blinded. Statisti-
cal analysis was conducted using SPSS Statistics Version
22 (IBM, Armonk, New York), with a p value of <0.05
considered to be significant.

Data are presented as: median [interquartile range],
unless stated. Times are presented in decimal. For (non-par-
ametric) time and error scores, data were log,, transformed,
and the one-way ANCOVA was used, including gallbladder
grade and consultant as covariates. The independent ¢ test or
Mann—Whitney U test was used to compare continuous para-
metric or non-parametric data respectively. The Chi square
test of two proportions or the Chi square test of homogene-
ity (X 2) were used to compare data with two categories or
more respectively. The Fisher’s exact (2 x2) or (rx2) tests
were used in place of these when minimum sample sizes
were not reached.

This trial was registered (NCT02858986) and approved
by the Health Research Authority and Oxford B Research
Ethics Committee (16/SC/0414).

Results

One hundred and twenty individuals were randomised and
n=109 were included for analysis (Fig. 1). There were
no differences in preoperative patient characteristics, indi-
cations for surgery or gallbladder grade between groups
(Table 1). One cholecystectomy was performed during the
index admission; this was a grade 3 gallbladder (in the
4K arm). The three consultants performed similar pro-
portions of 3D and 4K cases (Table 2), and suffered no
significant side effects during the trial. Twenty on table
cholangiograms were performed in each group, plus one
(failed) attempt in the 3D group. The operative time was
no different between 3D and 4K (23.41 min [17.00-37.98]
vs 20.90 min [17.67-33.03]; p=0.91; Fig. 2). The grade
of gallbladder strongly affected the time to complete
laparoscopic cholecystectomy (p <0.001, partial eta
squared =0.39). This effect was less strong for the operat-
ing surgeon (p < 0.001, partial eta squared =0.12; Fig. 3).

The error scores were no different between 3D and 4K
(60 [56-62] vs 58 [56-60]; p=0.27; Fig. 4), nor between
operating surgeons (p =0.24). Only the grade of gallblad-
der had an effect on the error score (p <0.001, partial eta
squared =0.17). The breakdown of the weighted error
scores is available in Supplement 2. There was no dif-
ference in the rate of each minor or major error between
3D and 4K, except for gallbladder perforation with stone
spillage, which was more common with 3D versus 4K
(Tables 3, 4). No significant major errors occurred. The
occurrence of any major error, any minor error, or either of
a major/minor error was not significantly different between
the groups. A Cohen’s kappa coefficient (k) was > 0.50 for
each error, demonstrating a moderate (or better) level of
agreement between the two assessors regarding whether an
error had occurred or not (dichotomous judgment).

No major complications occurred, and there were no
differences in reattendance and complication rates between
3D and 4K (Table 5).

Analysis of grade 3 gallbladder operations (the most dif-
ficult procedures), showed no difference between 3D and 4K
for time to complete the procedure (48.00 min [34.97-68.60]
vs 38.69 min [28.51-47.87]; p=0.15) or error score (64
[62-64] vs 60 [56-65]; p=0.33). Neither was there a differ-
ence between surgeons for these outcomes.

Discussion
This is the first randomised-controlled trial in a clini-

cal setting to determine the utility of 3D high-definition
imaging against a 4K system. We found that the binocular
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Table 1 Patient characteristics

3D 4K P value
Gender
Male 14 11 0.46
Female 40 44
Age [mean (SD)] 56.2 (13.4) 55.0 (14.6) 0.66
Indication
Biliary colic 31 38
Calculous cholecystitis 14 10
Obstructive jaundice (gallstones) 6 5 0.63
Polyp 2 1
Gallstone pancreatitis -
Cholangitis (gallstones) - 1
BMI [median (IQR)] 27.7 (25.6-32.6) 28.7 (23.4-33.7) 0.94
ASA grade
1 16 18
2 33 32 0.96
3 5 5
Gall bladder grade
1 6 5
2 31 38 0.44
3 17 12
Total 54 55

ASA American Society of Anesthesiologists Physical Status Classification System, BMI body mass index,
IQR interquartile range, SD standard deviation

Table 2 Operations by 3D 4K Total
consultant and view
Consultant
A 17 18 35
B 25 21 46
C 12 16 28

Total 54 55 109

vision provided by a 3D HD laparoscopic system does not
reduce operative time, intraoperative error score, 30-day
complication rate or reattendance following laparoscopic
cholecystectomy, when compared to the monocular vision
provided by a 4K system.

Harada et al. compared 3D HD and 4K laparoscopes in a
simulator environment [19], and reported that performance
in knotting and suturing tasks was equivalent for 3D and
4K when performed in confined spaces; however, 3D was
superior to 4K in more open spaces. This difference was
attributed to the shadows in confined spaces, and hence the
enhanced monocular depth cues. The present study is the
first clinical study to compare 3D and 4K technologies. Of
the three previous studies among expert surgeons compar-
ing 3D HD with 2D HD laparoscopic cholecystectomy,
Sahu et al. reported a 14 min (26%) time benefit with 3D
[9], Bilgen et al. reported a 9min (31%) benefit with 3D
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Fig.2 Time to complete laparoscopic cholecystectomy by view. Cir-
cles denote values 1.5-3 times the interquartile range

[20], whilst Tung et al. reported no difference [21]. However,
these were smaller studies with less statistical power. Kop-
patz et al. recently reported the largest 3D HD versus 2D HD
laparoscopic cholecystectomy study to date, with over 100
participants in each arm [22]. They showed no difference
in operative times or complication rates between 3D and
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120 - Table 4 Major errors
I . 3D 4K  Pvalue
100 p=100 ° p<0.001 Gallbladder injury with stones spilled 7 1 0.03
g 80— ] I b I Liv.er injl.lry with t?leeding o 8 5 0.36
£ ° Unintentional cystic duct division 0 0 N/A
% 60— . Cystic artery injury 6 6 0.97
E Other major vascular injury 0 0 N/A
5 40 8 Duct injury—CBD/right hepatic/Accessory 0 0 N/A
i Injury to other abdominal viscus 0 0 N/A
20
0— Table 5 30-day complications and reattendances
A B ¢ 3D 4K Pvalue
Consultant Postoperative pain (reattendance) 3 2 0.68
Intraoperative dysrhythmia 1 1 1.00
Fig.3 Time to complete laparoscopic cholecystectomy by consultant. Infected umbilical wound 1 0 0.50
Circles denote values 1.5-3 times the interquartile range. Asterisks Concern about wound ooze (reattendance) 0 1 1.00
denote values more than 3 times outside the interquartile range Urinary retention 1 1 1.00
Upper gastrointestinal bleed on dalteparin 1 0 0.50
Constipation (reattendance) 1 0 0.50
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Fig.4 Error score during laparoscopic cholecystectomy by view. Cir-
cles denote values 1.5-3 times the interquartile range (note: overlap-
ping outliers—four in total for 4K view)

Table 3 Minor errors

3D 4K P value
Injury to gallbladder with bile spilled 19 16 0.50
Liver injury, by diathermy 8§ 11 048
Clip incompletely on cystic artery 7 4 032
Clip incompletely on cystic duct 8 4 021
Misplaced clip fallen into abdomen 3 2 0.68
Cystic artery or branches not identified initially 3 2 0.68

2D, including on subgroup analysis for surgical experience.
As in the current study, these trials demonstrated no major
complications with either the 3D or 2D technologies. We
found the only difference in errors between 3D and 4K was
more frequent gallbladder perforation with stone spillage in
the 3D group. It has been suggested that 4K imaging may
provide greater anatomical discrimination than HD [23].
This might improve dissection, and explain the lower rate
of stone spillage in the 4K group. However, if this were the
case, it would also be expected that bile spillage rates would
also be less. Nonetheless, this supports the recent suggestion
that specimen quality may be a useful outcome measure in
future 3D versus 2D laparoscopic trials [24].

Data from our institution have suggested that 3D HD has
a time advantage over 2D HD in higher-grade gallbladder
operations, and may reduce the number of errors [25]. In the
current study, no difference was found between 3D HD and
4K in grade 3 gallbladder operations.

The limitations to this study were that the primary outcome
was measured unblinded, and it was not possible to power for
subgroup analysis. However, in view of the objective nature
of time measurement, this was accepted. Measuring surgical
performance is difficult, and time and error outcomes may be
difficult to power, and may not relate to clinical outcomes. The
operative times proved to be shorter than anticipated, which
affects the power of the study and increases the risk of type
II error. This was due to the fact that only the laparoscopic
portion of the operation was analysed. However, we feel that
these operative times were not exceptional. Another recent
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study in our centre, using similar methods to the current trial,
and with similar operative times, showed no difference in the
time to complete 3D HD and 2D HD laparoscopic cholecys-
tectomy [25]. We controlled for grade of surgeon by limiting
participation to Consultant surgeons only. Randomisation by
Consultant surgeon was not performed a priori as we had not
anticipated a significant time difference between Consultant
surgeons. Finally, this study was of 3D HD and 4K technolo-
gies only. A clinical comparison between 2D HD and 4K tech-
nologies would be beneficial in future studies.

Laparoscopic cholecystectomy, as a relatively simple pro-
cedure, may not reveal a difference between 3D and 4K tech-
nologies. Pooled data from trials including more complicated
general surgical procedures have shown that operative time
could be reduced with 3D systems when compared to 2D HD
systems. However, only a 4% decrease in operative time was
demonstrated [12]. Delphi processes and pilot studies are
required to develop new tools for assessing 3D, 2D and 4K
technologies. Performance assessment in laparoscopic surgery
has been highlighted as a research priority by EAES [26]. Fur-
thermore, this trial included Consultant Surgeons only. Future
studies should investigate trainees’ performance with 3D and
4K systems.

This study suggests that a 3D HD system does not reduce
operative time or error scores during laparoscopic cholecys-
tectomy when compared to a 4K system. Variability between
surgeons has a demonstrable effect on operative performance,
as does gallbladder grade, and these should be considered
when planning similar clinical trials.

Provisional results from this study have been presented at
the International Congress of the EAES [27, 28].
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