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Abstract 

Background: Virtual reality simulators combined with head mounted displays enable highly 

immersive virtual reality (IVR) for surgical skills training, potentially bridging the gap between the 

simulation environment and real-life operating room conditions. However, the increased complexity 

of the learning situation in IVR could potentially induce high cognitive load (CL) thereby inhibiting 

performance and learning. This study aims to compare CL and performance in IVR and 

conventional virtual reality (CVR) simulation training. 

Methods: A randomized controlled trial of residents (n=31) performing laparoscopic 

salpingectomies with an ectopic pregnancy in either IVR or CVR simulation. CL was estimated by 

secondary-task reaction time at baseline, and during non-stressor and stressor phases of the 

procedure. Simulator metrics were used to evaluate performance. 

Results: CL was increased by 66 % and 58 % during IVR and CVR simulation, respectively 

(p<0.001), compared to baseline. A light stressor induced a further increase in CL by 15.2 % and a 

severe stressor by 43.1 % in the IVR group compared to 23 % (severe stressor) in the CVR group. 

IVR also caused a significantly worse performance on most simulator metrics.  

Conclusion: IVR simulation training induces a higher CL and results in a poorer performance than 

CVR simulation training in laparoscopy. High extraneous load and element interactivity in the IVR 

are suggested as mechanisms explaining this finding. However, IVR offers some potential 

advantages over CVR such as more real-life conditions but we only recommend introducing IVR in 

surgical skills training after initial training in CVR. 

 

 

Keywords: Laparoscopic surgical skills training; Immersive virtual reality; Cognitive load; Head 

mounted device; Simulation  
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Introduction 

The traditional model of surgical training, the apprenticeship model, may be inadequate for 

complex procedures like those performed with laparoscopic surgery[1] and is also associated with 

increased error and risk of complications[2-4]. Simulation-based training, like virtual reality (VR) 

simulator training, enables trainees to learn surgical skills in a risk-free environment and increases 

technical proficiency, improves surgical trainees’ operating performance, and decreases operating 

time in laparoscopic procedures[5-7]. As a result, simulation-based training is increasingly being 

implemented into surgical training programs[8]. 

 

A challenge for VR simulation-based training is the substantial gap between the simulation-

environment and the real-life operating room (OR)[9]. Technology such as head-mounted displays 

(HMDs) in combination with VR laparoscopic simulators can be used to create immersive VR 

(IVR) simulation where the surroundings and environment from a real OR are integrated into the 

VR learning experience[10]. This can potentially bridge the gap between simulation and real-life 

OR experience, creating a more realistic and complete training environment. However, as the 

realism of the simulation increases, the strain on the trainees’ cognitive capacity might increase as 

well, challenging actual learning.  

 

To investigate learning in an IVR environment we used cognitive load (CL) theory as a framework. 

Most literature on CL theory considers three different types of CL[11]: The intrinsic load of the 

learning task (inherent to the complexity of the task), the extraneous load of the learning situation (a 

result of superfluous processes that do not directly contribute to learning), and the germane load of 

the learning process (mental schema formation for the actual learning)[11]. IVR skill training 

inherently has a high level of element interactivity[11], as for example staff and instruments can be 
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(perceived as) possible elements to interact with, contributing to a high intrinsic CL. Furthermore, 

distractions in the immersive environment add extraneous CL. This possible increase in intrinsic 

and extraneous load during training in IVR compared with CVR could result in cognitive overload, 

inhibiting learning, due to there being no cognitive capacities allocated to germane load[11-15]. 

Other studies have investigated CL in less immersive surgical simulation training, but none have 

investigated CL in IVR nor explored the consequences for performance. Moreover, as motion 

sickness has been associated with IVR[16] this was investigated as well. 

 

The applications for IVR training are many and could possibly contribute to surgical training in a 

number of ways. In this study, we wanted to investigate CL and performance in a randomized 

controlled study during IVR and CVR training of laparoscopic salpingectomy for ectopic pregnancy 

to investigate the use of IVR in novice training. 

 

Material and methods 

Study Design 

A single-center randomized trial was designed according to the CONSORT statement (Figure 

1)[17]. 

The trial was exempted for ethical approval by the Regional Biomedical Research Ethics 

Committee (H-17041390) and was registered at clinicaltrials.gov (NCT03721094). 

 

Participants 

Participants were first-year residents without previous laparoscopic experience (Table 1). They 

were recruited by invitations sent to their clinical departments as well as junior doctors’ surgical 
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interest groups. Participation was voluntary and not financially compensated. Participants received 

written and verbal information prior to giving informed consent for study enrollment. 

 

The inclusion criterion was that the participant was a first-year resident. The exclusion criteria 

were: 1) Previous participation in any projects involving laparoscopic training, 2) Prior experience 

with laparoscopic surgery (having performed one or more laparoscopic procedures as primary 

surgeon, including supervised procedures), 3) Not speaking Danish on a conversational level. Upon 

inclusion, all participants were assigned a personal trial identification number before randomization. 

 

The study took place at the Simulation Center at Rigshospitalet, Copenhagen Academy for Medical 

Education and Simulation (CAMES) during February through June 2018[18]. 

 

Interventions 

Participants first completed a demographics questionnaire (Table 1). Secondly, they received hands-

on introduction to the CVR laparoscopic simulator and trained four basic skill modules (touching, 

grasping, cutting, and fine dissection). These tasks were each preceded by a video instruction and 

each task was practiced repeatedly for 12 minutes supervised by the main investigator (JGF), who 

could resolve any technical issues the participants could experience with the simulator. Finally, a 

video instruction on the ectopic salpingectomy procedure was reviewed followed by one supervised 

hands-on procedure in the simulator (conventional VR setup). 

 

Next, participants were randomized to the intervention or the control group and completed three 

attempts of the same procedure (laparoscopic salpingectomy due to an ectopic pregnancy) without 

feedback or guidance. The intervention group performed the procedures while wearing a HMD for 
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the immersive VR environment (IVR group), whereas the control group performed the procedures 

with conventional VR (CVR group) (Figure 2A, Figure 2B). We chose the laparoscopic 

salpingectomy procedure because it could be standardized and has a bleeding complication that 

could be controlled and triggered in relation to the scenarios. Finally, the procedure was relevant 

and sufficiently challenging for the study population. 

 

In the IVR environment, four different 360-degrees videos were in sequence played as backdrop 

during the procedure. The videos reflected real life situations in the operating room with two videos 

representing calm periods, one video representing a light stressor and one video representing a 

severe stressor with a bleeding (2 ml/s) being triggered in the simulation (video descriptions, Table 

2). None of the videos required direct involvement or response by the participant. All videos were 

looped with actors starting and ending in the same positions so they could be played in sequence 

without noticeable shifts (sequence of events, Figure 3).  

 

In the CVR setup, the participant practices in the regular and calm environment of the simulation 

center and at the same time during the procedure, the bleeding (2 ml/s) is triggered as a stressor 

(Figure 3). 

 

Material and equipment 

The conventional VR laparoscopic simulation setup consisted of 2 Simball 4D joysticks (G-coder 

Systems, Gothenburg, Sweden) connected to a 27” monitor with a computer running the LapSim® 

software version 2016. (Surgical Science, Gothenburg, Sweden). The module used was the 

laparoscopic salpingectomy due to an ectopic pregnancy. A second computer running the 
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TeamSim® (Surgical Science, Gothenburg, Sweden) VR software version 2016 allowed for 

bleeding during the procedure to be initiated by the investigator. 

 

The immersive VR laparoscopic simulation setup consisted of the above with an additional 

computer handling the Oculus Rift® (Oculus VR, Irvine, USA) and playback of 360-degrees videos 

of the operating room in Unity 3D (Unity Technologies, San Francisco, USA). In the immersive VR 

environment, the visual output (laparoscopic view) from the simulator was projected as an overlay 

on the tower in the OR.* 

 

The 360-degrees videos were filmed at an operating room at the Dept. of Abdominal Surgery, 

Rigshospitalet, with a 360-degree camera (Thor, Absolute Zero, Copenhagen, Denmark). Five 

different video sequences were recorded at 60 fps in 7680x3840 resolution. 

 

Outcomes 

The primary outcome was CL estimated by secondary task reaction time[19]. We chose to use 

secondary task reaction time as a measurement for CL, as studies have shown this to be a reliable 

method for measuring CL in surgical skills training[20-22], in contrast to subjective methods such 

as questionnaires that has limited use in measuring changes to CL during a procedure because they 

are administered at the end of a procedure[23]. We used an external and commercially available 

reaction timer (American Educational Products LLC, USA) to measure participants response time 

(in hundredth seconds) to an auditory stimulus (a beep). The participants responded to the auditory 

stimulus by pressing a pedal next to the foot pedal used for cauterization. Reaction time was 

measured before and after the simulation to provide an individual baseline, and during the 

 
* Videos as online content: https://youtu.be/-PJKZJz6cc0 (calm phase), https://youtu.be/COtp3x0MWoI (light stressor), 
https://youtu.be/LqNV8euKTxM (severe stressor), https://youtu.be/TEAdtLBbixE (full procedure)  

https://youtu.be/-PJKZJz6cc0
https://youtu.be/COtp3x0MWoI
https://youtu.be/LqNV8euKTxM
https://youtu.be/TEAdtLBbixE
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simulation at t=80 s, t=130 s, t=180 s and t=240 s (representing two calm phases and two phases 

with stressors during the IVR/three calm phases and one stressor phase during the CVR, see Figure 

3). All reaction time measurements were done in series of four repeated measurements. It was also 

noted if the reaction time was measured while the participant was using the foot pedal for 

cauterization in the simulation. 

 

Performance data was collected in the form of simulator metrics. We focused on time to completion 

of procedure, damage to surrounding tissue (diathermy damage and blood loss), and efficiency of 

instrument movements (Table 4). 

 

Finally, all participants completed a motion sickness questionnaire[24] after their final procedure. 

 

Sample size calculation 

There is no generally accepted model for sample size calculations for linear mixed models with 

repeated measurements. We therefore based the sample size on data from previous studies[25, 26], 

estimating that 15 participants would be needed in each group to significantly detect a 2 % change 

in reaction time relative to individual baseline (the primary outcome). 

 

Randomization 

Participants were randomized 1:1 to the intervention (IVR) or control (CVR) group using a web-

based service Sealed Envelopetm (Sealed Envelope™, London, UK). The allocation sequence was 

computer-generated and used variable block sizes of two and four, a sequence that was kept secret 

throughout the trial. Randomization was stratified for sex, as previous studies have demonstrated 

this may impact initial laparoscopic simulator performance[27]. 
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Blinding 

Participants and the principal investigators were blinded to performance metrics by the simulator 

during the supervised procedure and the three test procedures. Participants and the data collector 

could not be blinded to the allocation/intervention. The investigator in charge of the statistical 

analysis (SA) was blinded to participants’ group allocation. 

 

Statistical methods 

The data was analyzed using SPSS® version 23.0 (IBM, Armonk, NY, USA) for Windows/Mac. 

Reaction time measurements during simulation were calculated relative to the individual baseline. 

Linear mixed models (LMM) were used in the analysis of reaction time (CL) and simulator metrics 

due to repeated measurements. Models were iteratively built, investigating different factors and 

interactions. For the CL analysis, the final model included group (intervention/control), procedure 

number (1–3), time of measurement (t=80/130/180/240 s), measurement number (1–4), 

measurement while cauterizing (yes/no), and group * time interaction. For the performance 

analysis, the final model included group, procedure number, and group * procedure number. For the 

motion sickness questionnaire data, independent samples t-test was used. 

Estimated marginal means and p-values of the LMM are reported. For pairwise comparison within 

the individual factors in the LMM models, least significant difference p-values are reported. P-

values <0.05 were considered statistically significant. 

 

Results 

Participant demographics are presented in Table 1. All 31 participants recruited for study completed 

the introduction and the three procedures. 
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Cognitive load 

Overall, we found a significant difference in CL between the IVR and CVR groups, with IVR 

inducing a CL 7.9 % higher than CVR, p<0.001 (Table 3). For both groups, repeated practice 

caused an average of 6.4 % decrease in CL per repetition. CL measured during cauterization was 

6.1 % further increased (Table 3). 

 

In both groups, stressors significantly increased CL (Figure 4): in the IVR group, the light stressor 

(background conversation) further increased CL by 15.2 % and the severe stressor further increased 

CL by 43.1 % thereby almost doubling reaction time compared to non-simulation baseline; in the 

CVR group, the stressor further increased CL by 23.0 %, which was significantly less than the 

increase found in the IVR group, p<0.001. For both groups, there were no statistically significant 

differences in CL during the different non-stressor periods. We chose to use reaction time relative to 

baseline rather than the actual reaction time, as participants’ reaction time varies from day to day 

based on tiredness, mood, and other factors. This is also reflected in the mean and standard 

deviation of the baseline measurements (39.2 sec, SD 5.8) and measurements during the procedure 

(62.9, SD 16.5). 

 

Performance 

For all simulator metrics, the CVR group significantly outperformed the IVR group (Table 4): the 

IVR group spent more time before completion of the procedure, induced more damage to the tissue, 

had a higher blood loss, and were less efficient with their hand movements. In both groups, repeated 

practice increased performance for total time (p<0.001) and blood loss (p<0.001). None of the other 

simulation metrics changed significantly during the three procedures. 
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Motion sickness 

For the combined motion sickness score, there were no significant difference between the two 

groups (conventional VR: 24.1 points; immersive VR 25.7 points. p=0.62). No significant 

differences were found for the four sub-scores (gastrointestinal, central, peripheral and sopite-

related).   

 

Discussion  

Cognitive load  

Our study demonstrates that immersive VR induces a significantly higher cognitive load than 

conventional VR in general and especially during stressor phases. This can according to CL theory 

most likely be attributed to a perceived higher possible number of elements to interact with, such as 

staff and instruments (causing intrinsic load), as well as distractions in the immersive environment 

(causing extraneous load). During the severe stressor (triggering of bleeding), there was a 

substantial increase in CL in both IVR and CVR, which can be explained by the similar increase in 

task-complexity (higher intrinsic load). However, the further increase in CL observed in the IVR 

group is likely a result of the distraction by the immersive environment, causing increased 

extraneous load. This corroborates finding from other studies and suggests that highly complex 

learning environments induce a high level of CL[25]. Considering that the typical target group for 

simulation-based surgical skills training are novices and that novices are especially at risk of 

cognitive overload[28], a high level of CL might be undesirable during initial training. Altogether, 

this points towards using conventional VR simulation initially because it induces less CL and 

introducing immersive VR secondly to further bridge the gap between simulation and real-life OR 

experience. Finally, we also found that repeated practice decreased CL, in line with other 

reports[26, 29]. Interestingly, CL decreased at the same rate for both IVR and CVR, which could 

indicate that IVR has the potential to prepare trainees for the complex environment in real-life OR. 
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Performance 

Performance was found to be significantly worse in the IVR group compared with the CVR group, 

indicating that the high CL of the IVR simulation environment has a negative effect on 

performance. On the other hand, it could also be suggested that the novelty of training with HMDs 

and unfamiliarity with the technology could be an explanation. However, if this was the case, we 

would have expected a larger improvement in performance with repeated practice as participants 

familiarized with the new equipment compared with the CVR group, however we found the 

performance of the two groups to improve at the same rate. In both groups, repeated practice 

resulted in a better performance regarding completion time and blood loss. Efficiency of hand 

movements did not improve, which is most likely explained by the participants not having spare 

cognitive capacity to focus on improving instrument handling and mainly focusing on controlling 

the bleeding. 

 

Motion sickness 

We found no significant difference between IVR and CVR in relation to motion sickness. In fact, 

our IVR setup seemed not to induce any motion sickness which may be due to minimal head 

movements compared to IVR video games where motion sickness has been an issue. This 

corroborates the finding from the only other study using same type of setup[10].  

 

Strengths and limitations 

At current, the simulation setup we have used represents the latest high-end, commercially available 

HMD and laparoscopic VR simulator for providing immersive VR. Further, our setup innovatively 

combines the TeamSim software to correspond with playback of 360° video, allowing real-time 
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changes in the simulation conditions to correspond to changes in the simulation environment such 

as instrument failure, stopping/starting bleedings etc. We think this increase immersion and realism, 

better preparing learners for real-life conditions and challenges, as their training resembles a real-

life OR. One of the current limitations of the IVR setup is that it does not simulate (or allow), view 

of the participants’ hands, physical instruments, or foot-pedal (Figure 2A). It did, however, not 

seem to be a practical issue as participants rarely shifted their view from the screen and quickly 

memorized the position of the foot-pedal.  

 

Perspectives 

In the medical education literature, HMDs for VR simulation are still considered novel and the only 

reported use has been for team training scenarios[30, 31]. Even though the use of advanced VR 

HMDs in higher education is predicted to take place in 2018-2019[32] it is already in use in other 

fields such as psychology[33], aviation[34], and military[35] and for reducing stress in preoperative 

patients[36].  In surgical procedural training, we are aware of two other studies on advanced VR 

HMDs: In 2016, Sankaranarayanan et al[31] explored their Gen2-VR© comparing it to conventional 

VR, and found that participants performed poorer in the IVR setup when performing a peg transfer 

task. It is worth noting that this study used a computer-generated virtual environment and 

distractions in the immersive environment consisted of music been played and instruments 

malfunctioning. In 2017, Huber et al[10] in a non-randomized study also reported poorer 

performance by participants in an IVR group compared with conventional VR when performing 

laparoscopic fine dissection and cholecystectomy. They used a background video depicting routine 

processes during a standard laparoscopic procedure but did not use further distractions in the IVR 

nor did the investigate CL as a mechanism for explaining the poorer performance of the IVR group. 
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Immersive VR is a new addition to the current range of simulation-based training options for 

surgical skills training, with the benefit of more realistic conditions because of elements such as OR 

surroundings and team interactions. The increased realism of immersive VR likely causes a higher 

sense of presence, which can potentially make VR training more effective[16]. On the other hand, 

as the complexity of the scenarios in IVR increases, so does the risk of cognitive overload. To 

combat this different instructional design strategies to lower CL could be explored[11, 37] and 

studies investigating CL during IVR in more simulator proficient trainees are needed. Moreover, 

IVR might better prepare surgical novices for the environment in the OR than CVR, but studies are 

required to confirm this.  

 

Future perspectives of IVR could be interactive scenarios with feedback from staff and equipment 

in the simulation. Thus, actions and mistakes on the VR simulator would have consequences in the 

virtual environment, this in turn could lead to an even higher feeling of immersion. 

 

Conclusion 

Immersive VR simulation for laparoscopic surgical training induces a higher cognitive load and 

results in worse performance compared with conventional VR simulation training of laparoscopic 

novices. The immersive environment most likely causes both additional intrinsic and extraneous 

CL, which could be disadvantageous in the initial training of novices and should optimally be 

introduced after basic training with conventional VR simulation. However, immersive VR has the 

potential to prepare surgical trainees for real-life conditions and challenges, and future 

developments of the immersive VR technology will potentially include interactions with staff and 

equipment, further bridging the gap between simulation and real-life. 
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Figure legends 

 

Figure 1: Trial flowchart in accordance with the CONSORT statement. 

  



19 
 

 

Figure 2A: External view of two participants training in an IVR and CVR session. Computers 

handling TeamSim and Oculus Rift is outside the picture. NOTE: no participants trained 

simultaneously. B: Participants personal 360o immersive view of the operating room during the IVR 

sessions. 
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Figure 3: Sequence of videos and cognitive load measurements for the immersive virtual reality 

group (IVR) and conventional virtual reality group (CVR). After the last video 2, the sequence 

alternated between video 2 and 1 until completion of the procedure. For a description of the videos 

see Table 2.  
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Figure 4: Means plot with 95% CI as error bars over reaction time relative to baseline 

measurements. 

  



22 
 

Table 1. Participant baseline characteristics  

 Intervention group 
Immersive VR training, 
n=16 

Control group 
Conventional VR training, 
n=15 

Sex 
     Men 
     Women 

 
4 (25%) 
12 (75%) 

 
4 (27%) 
11 (73%) 

Age in years, mean (range) 28.6 (26-35) 29.6 (27-38) 
Handedness 
    Right 
    Left 
    Ambidextrous 

 
14 (88%) 
1 (6%) 
1 (6%) 

 
15 (100%) 
0 (0%) 
0 (0%) 

 

 

Table 2. Description of the 360░ videos played as backdrop during the procedures in the immersive VR environment 

 Theme Description 

Video 1 (57 s) Calm The staff stays at their positions and organize their area of responsibility in a quiet 
fashion; e.g., the scrub nurse rearranges instruments on the table 

Video 2 (59 s) Calm Same as video 1, except the floor nurse walks behind the OR tower to a closet and back 

Video 3 (48 s) Light stressor The anesthesiologist enters and conducts a conversation with the nurse anesthetist while 
the floor nurse simultaneously answers a ringing phone 

Video 4 (59 s) Severe stressor A bleeding (2 ml/s) in the simulated procedure (different points of bleeding depending 
on procedure number) is triggered at the start of the video (t = 221 s). The surgical nurse 
comments on the patients’ bleeding and tells the floor nurse to call the senior surgeon on 
duty; the surgical assistant orders for equipment for conversion to open surgery to be 
available; the nurse anesthetist orders a transfusion pack to be available; and the nurse 
anesthetist calls the anesthesiologist and relays the situation in the OR 

 

 

 

Table 3. Effects on relative reaction time    
 Estimated marginal 

means   
95% CI p 

Immersive VR 1.66 1.63-1.69 
<0.001 

 
 

<0.001 

 

 
<0.01 

Conventional VR 1.58 1.55-1.61 
   
Repetition 1 1.69 1.65-1.72 
Repetition 2 1.61 1.57-1.65 
Repetition 3 1.56 1.52-1.60 
   
Not cauterizing 1.59 1.56-1.61 
Cauterizing 1.65 1.61-1.69 

Table showing higher CL in the IVR group compared to the CVR group and higher CL while 
cauterizing. Both groups lowered their CL at the same rate during the three procedures. 

 

Table 4. Simulator performance metrics    
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 Immersive VR Conventional VR  
 Estimated marginal 

means (95% CI) 
Estimated marginal 
mean (95% CI) 

p 

Total time (s) 533 (492-575) 409 (368-450) <0.001 

Blood loss (ml) 190 (160-221) 140 (110-169) =0.02 
Diathermy damage 2.3 (1.8-2.8) 1.3 (0.8-1.8) <0.01 
Tube cut: distance from uterus (mm) 4.5 (3.2-5.7) 4.6 (3.4-5.8) ns 
Major vessel cut (#) 0.14 (0.03-0.26) 0.10 (-0.02-0.21) ns 
Path length right instrument (m) 9.7 (8.8-10.6) 6.4 (5.5-7.3) <0.001 
Path length left instrument (m) 5.2 (4.7-5.8) 3.0 (2.4-3.5) <0.001 
Angular path right instrument 1670 (1480-1860) 956 (769-1143) <0.001 
Angular path left instrument 943 (836-1050) 508 (403-613) <0.001 

ns = not significant 

 

 


