
Supplemental table B.  Included studies. 
Author and 

year Location(s) Study 
methodology Participantsa Activity, Simulation 

or Workplace Data sources CL measurement 
technique(s)b CLT-related study aim(s)b Major finding(s) related to CLTb 

Andersen 
20151 Denmark Quantitative, 

experimental 
40 “novice” medical 

students 
Mastoidectomy 

surgery, Simulation 
Objective 

observations or tests 
Visual secondary 

task 

To compare CL during virtual reality 
simulated mastoidectomy training 

using distributed versus massed 
practice 

Reaction time was lower among those 
learning mastoidectomy using a 

distributed versus massed practice 
approach 

Andersen 
20162 Denmark Quantitative, 

experimental 

40 
otorhinolaryngology 

residents 

Mastoidectomy 
surgery, Simulation 

Objective 
observations or tests 

Visual secondary 
task 

To compare CL during mastoidectomy 
training using in traditional dissection 

versus virtual reality simulation 

Reaction time higher in cadaveric 
than in simulated mastoidectomy 

Andersen 
20163 Denmark Quantitative, 

experimental 36 medical students Mastoidectomy 
surgery, Simulation 

Objective 
observations or tests 

Visual secondary 
task 

To compare retention of 
mastoidectomy skills after virtual 
reality mastoidectomy training in 

distributed versus massed practice 
groups and to investigate CL during 

retention procedures 

No difference in reaction time when 
performing mastoidectomy at 

transfer after learning from massed 
versus distributed practice  

Andrade 20124 United States 
Quantitative, 

non-
experimental 

10 “senior” medical 
students, 10 internal 
medicine residents, 
10 geriatric fellows 

Geriatric home safety 
assessment, 
Simulation 

Quantitative surveys, 
Interviews NASA-TLX 

To determine whether CL was 
associated with performance when 
learning from a 3D geriatric home 

safety simulation 

CL not associated with performance 
when measured concurrently 

Arico 20165 France, Italy Quantitative, 
experimental 

12 air traffic control 
students 

Air traffic 
management, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX, EEG 

To determine whether adjusting task 
complexity via adaptive automation 

would impact CL or performance 
during simulated air traffic 

management 

Adaptive automation was associated 
with shorter reaction time and better 

performance, but subjective CL did 
not differ 

Attrill 20166 Australia Qualitative 
20 speech language 

pathology clinical 
supervisors 

Speech pathology, 
Workplace Focus groups CL not measured 

To qualitatively evaluate the 
experience of supervisors in teaching 

international students 

Teachers felt that international 
students had overall higher CL than 

non-international students, 
particularly related to language issues 

Avansino 20127 United States Quantitative, 
experimental 

3 surgical residents, 3 
surgical fellows, 1 
surgical attending 

Computerized 
provider order entry, 

Simulation 

Quantitative surveys, 
Documents/ artifacts NASA-TLX 

To compare CL associated with using 
a systematically designed order set 

compared with existing ad hoc order 
set for simulated entering of post-

operative patient orders 

Systematically designed order set was 
easier to use, was associated with 
lower CL and better performance 

Bertram 19908 United States 
Quantitative, 

non-
experimental 

39 internal medicine 
residents, 9 internal 
medicine attendings 

Ambulatory patient 
care, Workplace Quantitative surveys 

Investigator-
developed multi-
item instrument 

To develop an instrument to measure 
CL of physicians working in an internal 
medicine ambulatory setting, and to 

identify factors associated with CL 

CL positively associated with number 
of patients seen and fatigue; CL 

negatively associated with self-rated 
quality of care and satisfaction with 

care provided 

Bertram 19929 United States 
Quantitative, 

non-
experimental 

22 internal medicine 
residents 

Ambulatory patient 
care, Workplace Quantitative surveys 

Investigator-
developed multi-
item instrument 

To assess reliability and validity of 
adapted version of previously 

developed instrument (Bertram 1990) 
to measure CL in ambulatory internal 

CL positively associated with fatigue; 
CL negatively associated with level of 
experience, self-rated quality of care 



Supplemental table B.  Included studies. 
medicine setting, and to identify 

factors associated with CL 
provided, and faculty-rated quality of 

care provided 

Bharathan 
201310 

United 
Kingdom 

Quantitative, 
non-

experimental 

25 gynecology 
residents, 9 
gynecology 
attendings 

Laparoscopic 
gynecologic surgery, 

Simulation 

Objective 
observations or tests 

NASA-TLX, 
Subjective Mental 

Effort 
Questionnaire 

To evaluate construct validity for a 
laparoscopic surgical simulator, to 
evaluate effectiveness as a training 

tool, and to examine factors associate 
with CL 

CL was higher for more 
complex/difficult procedures; 

Experience positively associated with 
performance 

Blissett 201711 Canada Quantitative, 
experimental 

86 internal medicine 
residents 

Cardiac auscultation, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale 

To compare how terminally versus 
branching diagnostic schemas 

impacted performance and CL during 
simulated cardiac auscultation 

Terminally branching diagnostic 
schemas (which should require less 
CL) were associated with lower CL, 

fewer errors, and greater diagnostic 
accuracy than hybrid diagnostic 

schemas 

Boet 201712 Canada Quantitative, 
experimental 20 surgical residents 

Post-operative crisis 
management, 

Simulation 

Objective 
observations or tests 

Vibrotactile 
secondary task 

To examine whether debriefing after 
an initial post-operative crisis 
simulation impacts CL during 

subsequent simulated post-operative 
crisis situations 

Debriefing after an initial crisis 
scenario was associated with lower 
reaction time in a second scenario, 

compared with a control setting 
without debriefing 

Britt 201513 United States Quantitative, 
experimental 

14 surgical assistant 
students 

Laparoscopic 
intracorporeal 

suturing, Simulation 

Quantitative surveys, 
Objective 

observations or tests 

NASA-TLX, Visual 
secondary task 

To determine whether a new spatial 
secondary task (“ball-and-tunnel” 

signal detection task) would identify 
differences in CL when performing 

cadaveric versus simulated suturing 

Secondary task performance lower 
and CL higher during cadaveric versus 

simulated laparoscopic suturing 

Broyles 201114 United States Mixed methods, 
experimental 

27 career and 
technical education 
pre-service teachers 

Teaching, Workplace 
Objective 

observations or 
tests, Focus groups 

CL not measured 
To determine whether degree of CL 

impacted pre-service teachers’ ability 
to engage in reflection 

Higher CL state interfered with ability 
to engage in reflection 

Byrne 199815 United 
Kingdom 

Quantitative, 
non-

experimental 

10 anesthesiology 
residents 

Critical anesthesia 
incident management, 

Simulation 

Objective 
observations or tests CL not measured 

To examine whether critical incidents 
during simulated anesthesia 

negatively impacted accuracy of 
charting 

Accuracy of anesthesia charting was 
lower during periods of higher CL 

(simulated patient becomes critically 
ill), but inaccuracies varied depending 

on nature of critical incident (e.g., 
during pulmonary crisis, carbon 

dioxide level charted more accurately 
than heart rate) 

Byrne 201316 United 
Kingdom 

Quantitative, 
non-

experimental 

20 anesthesiology 
residents and 

attendings 

Administering 
anesthesia, 
Workplace 

Objective 
observations or tests 

Vibrotactile 
secondary task 

To characterize inter- and intra-
person variation in CL during actual 

administration of anesthesia 

Greater variation in reaction time 
within subjects than between 

subjects 

Cao 200717 United States Quantitative, 
experimental 

24 surgical residents, 
6 surgical fellows 

Surgical ball transfer 
task, Simulation 

Objective 
observations or tests CL not measured 

To determine whether adding haptic 
feedback during simulated surgical 

tasks mitigated performance decline 
associated with cognitively loading 

subjects 

Cognitive loading reduced speed, but 
not accuracy, on surgical ball transfer 

task; Adding haptic feedback 
improved speed and accuracy when 

cognitively loaded; More experienced 
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surgeons were faster and more 

accurate 

Chen 201518 Canada Quantitative, 
experimental 

60 “senior-level” 
nursing students 

Cardiac and 
pulmonary 

auscultation, 
Simulation 

Objective 
observations or tests CL not measured 

To compare impact of low- versus 
high-fidelity instructional techniques 

on performance during simulated 
cardiac and pulmonary auscultation 

Lower fidelity simulation associated 
with better performance and recall 
than high-fidelity simulation; Both 
simulations associated with better 
performance than control group 

Chen 201519 Canada Quantitative, 
experimental 

77 “senior-level” 
nursing students 

Cardiac and 
pulmonary 

auscultation, 
Simulation 

Objective 
observations or tests CL not measured 

To determine whether adjustments 
intended to impact intrinsic, 

extraneous, and germane cognitive 
load had any impact during simulated 
cardiac and pulmonary auscultation 

Less complex task (lower intrinsic 
load) associated with better 

performance; Mixed (versus blocked) 
teaching associated with better 
performance (implying greater 

germane load); Authors also 
concluded that multiple versus single 
representations of heart sounds did 

not impact extraneous load 

Chowriappa 
201520 

United 
Kingdom, 

United States 

Quantitative, 
experimental 

22 surgical residents, 
30 surgical fellows 

Robotic surgery tasks, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether an augmented-
reality-based training (“Hands-on 
Surgical Training”) for simulated 

robotic assisted surgery impacted CL 
and performance compared with 

control condition 
 

Intervention group performed better 
and had lower CL compared with 

control group 

Chui 201421 United States Qualitative 8 practicing 
pharmacists 

Pharmacy handoffs, 
Simulation Interviews CL not measured 

To describe and characterize 
“information hazards” present during 

pharmacy handovers, including 
whether these hazards were related 

to types of CL 

“Information hazards” present during 
pharmacy handovers included those 
related to CL: information overload 
(i.e., intrinsic load) and information 

scatter (i.e., extraneous load) 

Crosby 197922 United States Quantitative, 
experimental 

Experiment 1: 12 
student pilots, 12 
pilot instructors 

Experiment 2: 11 
student pilots 

Flight, Simulation Objective 
observations or tests 

Visual secondary 
task 

To determine whether differences in 
CL in single- versus dual-task 

conditions were impacted by student 
versus instructor status during 

simulated flight 

Differences in response time in single- 
versus dual-task condition were 

greater for students than for 
instructors; Instructors performed 
better than students; Later-phase 

students performed similar to 
instructors 

Cummings 
200923 United States Quantitative, 

experimental 

31 student, 
recreational, and 

professional pilots 
Flight, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether a heads-up 
informational display impacted 

performance and CL during simulated 
flight 

No difference in CL or performance 
when using heads-up informational 

display during simulated flight 

Dahlstrom 
200924 Sweden Quantitative, 

experimental 
11 student pilots, 8 

pilot instructors 
Flight, Simulation and 

Workplace 
Objective 

observations or tests 

Single item 
subjective rating 
of CL, Heart rate 

To determine whether CL differed in 
simulated versus actual flight, and in 

particular flight segments 

Neither subjective CL nor overall 
heart rate variability differed in in 
simulated compared with actual 



Supplemental table B.  Included studies. 
variability, Eye 

movement 
flight; Heart rate variability lower for 

some flight segments, suggesting 
different degree of CL was required 

Dankbaar 
201625 Netherlands Quantitative, 

experimental 
79 4th-year medical 

students 
Emergency medical 

care, Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Investigator-
developed multi-
item instrument 

To compare intrinsic and germane 
load experienced by medical students 
during simulated emergency medical 

care when instructional groups 
offered differing levels of fidelity and 

complexity 

Comparing control group (e-module 
only) with two intervention groups (e-

module with low fidelity text-based 
simulations, e-module with high-
fidelity simulation game): intrinsic 

load of e-module was lowest of any 
element; game group had higher 
intrinsic load, germane load, and 

engagement; Performance on skills 
assessment was same among three 

groups 

Davis 200926 UK 
Quantitative, 

non-
experimental 

10 anesthesiology 
residents 

Anesthesia crisis 
management, 

Simulation 

Objective 
observations or tests 

Vibrotactile 
secondary task 

To pilot the use of a “new secondary 
task measure of CL” (vibrotactile 

device) in simulated anesthesia crisis 
management 

During crisis portion of anesthesia 
simulation, response time increased 

and then went back to baseline 

de Man 201427 Netherlands Quantitative, 
experimental 

17 anesthesiology 
residents, 10 

anesthesiology 
attendings 

Administering 
anesthesia, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether an “alarm-
rich” simulated anesthesia 

environment would be associated 
with higher CL and reduced 

performance (time to detection of 
adverse events) 

 

No difference in CL performance in 
alarm-free and alarm-rich simulations 

DiStasi 201728 Spain Quantitative, 
experimental 

8 surgical residents, 8 
surgical attendings 

Laparoscopic tasks, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

NASA-TLX, Gaze 
entropy and 

velocity 

To compare cognitive demand of 
single- versus multi-site simulated 

laparoscopic surgery 

CL (as measured by both gaze entropy 
and NASA-TLX) was greater with 
single- compared with multi-port 

approach; CL as measured by NASA-
TLX was higher among residents 

compared with attendings 

Doig 201129 United States Quantitative, 
experimental 

15 nursing students, 
15 critical care 

nurses 

Arterial blood gas 
interpretation, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To create and test a computer-aided 
tool to improve performance and 

reduce CL associated during simulated 
arterial blood gas interpretation 

Accuracy and performance were 
better using tool compared with 

control group; CL was lower using the 
tool among nursing students, but not 

among practicing nurses 

Dominessy 
199130 United States Quantitative, 

experimental 16 helicopter pilots Helicopter flight, 
Simulation 

Objective 
observations or tests 

Reaction time to 
visual 

instructions, 
NASA-TLX 

To compare CL during simulated 
helicopter flight when tactical 

information was presented in three 
formats: text, graphic, and numeric, 

and to determine whether performing 

CL was highest for text and lowest for 
graphic; Secondary task reduced 
performance and increased CL 
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an additional task (target acquisition 

search) impacted performance and CL 

Donato 201431 United States Quantitative, 
experimental 

26 residents and 57 
practicing physicians 
(all non-cardiologists) 

Cardiac auscultation, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
CL not measured 

To compare CL and performance in 
simulated cardiac auscultation for 

groups trained with a “lower CL” self-
study group or a “higher CL” 

multimedia lecture group 

Participants in the “lower CL” self-
study group improved more than the 
“higher CL” multimedia lecture group 

Durning 201232 Netherlands, 
United States 

Mixed methods, 
non-

experimental 

25 attending 
internists 

Clinical reasoning, 
Simulation 

Quantitative surveys, 
Surveys (open-ended 

questions), 
Interviews 

Utterances and 
pauses were used 

to infer CL 

To assess how contextual factors 
anticipated to increase CL (non-

English-speaking patient, emotionally 
volatile patient, diagnostic suggestion, 
atypical presentation) impact clinical 

reasoning performance 

Contextual factors anticipated to 
increased CL were associated with 

poorer diagnostic reasoning 
performance 

Durning 201133 United States Qualitative 25 attending 
internists 

Patient interviewing, 
Simulation 

Surveys (open-ended 
questions), 
Interviews 

CL not measured 

To qualitatively examine how 
contextual factors were felt to 

potentially impact clinical reasoning 
and CL 

Three primary themes arose: (1) 
Components influencing impact of 
contextual factors, (2) Mechanisms 

for addressing contextual factors, and  
(3) Consequences of contextual 

factors for patient care; These factors 
were also felt likely to impact CL 

Fenik 201334 Germany Quantitative, 
experimental 

14 final-year medical 
students, 16 medical 

residents 

Central line insertion, 
Simulation 

Objective 
observations or tests CL not measured 

To examine whether use of an “all-
inclusive” central line kit during 

simulated central line insertion would 
reduce mistakes and improve 

performance compared with control 
condition in which subject has to 

retrieve all supplies separately 

The intervention group made fewer 
mistakes and met more checklist 
items (better performance), and 

required less time to complete the 
insertion, than the control group 

Flindall 201535 UK Quantitative, 
experimental 20 medical students Patient handoff, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare deterioration in recall of 
clinical information 2 hours after 

simulated patient handoffs for 
medical students who had completed 

a “mentally fatiguing high cognitive 
load task” compared to a control 

condition 

High cognitive loading associated with 
reduced information freely recalled 

about cases 

Fraser 201236 Canada 
Quantitative, 

non-
experimental 

84 1st-year medical 
students 

Heart sound 
auscultation, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale 

To determine whether emotion 
impacts CL during simulated cardiac 

auscultation, or post-training 
performance 

Invigoration was positively correlated 
with CL, and tranquility negatively 

correlated; Higher CL associated with 
lower odds of correctly diagnosing a 
cardiac murmur previously learned, 
but no impact on diagnosing novel 

cardiac murmur 
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Fraser 201437 Canada Quantitative, 
experimental 

116 final-year 
medical students 

Aspirin overdose 
management, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale 

To determine the impact of 
unexpected patient death during 

simulated aspirin overdose 
management on CL during simulation, 

and performance on an observed 
structured clinical encounter 3 

months later 

Emotions were more negative and CL 
higher when the simulated patient 
unexpectedly died; performance 3 

months later was lower in the group 
in which simulated patient died 

Gaba 199038 United States 
Quantitative, 

non-
experimental 

9 anesthesiology 
residents 

Administering 
anesthesia, 
Workplace 

Objective 
observations or tests 

Investigator-
developed multi-
item instrument, 

Mathematics 
problem 

secondary task 

To examine the use of a secondary 
task methodology (solving simple 
mathematics problems) to assess 

workload of anesthesiology residents 
during actual administration of 

anesthesia 

Response times were higher during 
period requiring subjects to perform 

manual tasks; Response times did not 
correlate with level of training or case 

complexity 

Gardner 201639 United States Quantitative, 
experimental 

41 1st-year, 37 2nd-
year, 9 3rd-year, and 
2 4th-year medical 

students 

Laparoscopic suturing, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To examine how “seductive details” 
(interesting but tangential bits of 

information) affect workload and skill 
acquisition and transfer during 

simulated laparoscopic suturing 

Control group had lower CL than 
“seductive details” group, and 

performed better at immediate 
testing and transfer 

Guru 201540 United States 
Quantitative, 

non-
experimental 

2 surgical residents, 3 
surgical fellows, 5 

surgical attendings 

Robotic surgical tasks, 
Simulation 

Objective 
observations or tests EEG 

To compare performance and CL 
when performing simulated robotic 

surgical tasks across groups with 
different levels of experience 

 

Performance was positively 
associated and CL negatively 
associated with experience 

Haji 201541 Canada 
Quantitative, 

non-
experimental 

8 1st- and 2nd-year 
medical students, 5 

neurosurgical 
residents and 

attendings 

Surgical knot tying, 
Simulation 

Objective 
observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale, Visual 
secondary task 

To compare CL as measured by 
secondary task performance and 

Paas’’ single item during simulated 
surgical knot tying, among subjects of 

varying expertise 

Experts performed better than 
novices; Experts had lower CL in 

single- but not dual-task condition; 
Moving from single- to dual-task 
increased CL to a greater degree 
among novices compared with 

experts; CL declined with practice but 
eventually plateaued 

Haji 201542 Canada Quantitative, 
experimental 

28 1st-year medical 
students 

Surgical knot tying, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 
scale, Vibrotactile 

secondary task 

To compare sensitivity of Subjective 
Rating of Mental Effort and reaction 
time to a vibrotactile stimulus when 
varying intrinsic load (simple versus 

complex task) during simulated 
surgical knot tying 

CL did not differ between simple and 
complex groups; Subjectively rated CL 
decreased faster in simple group but 
no differences in rates of decrease in 
response time to vibrotactile stimulus 

Haji 201643 Canada Quantitative, 
experimental 

38 2nd-year medical 
students 

Lumbar puncture, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 
scale, Vibrotactile 

secondary task 

To compare effects of simple versus 
complex lumbar puncture training 
scenario on CL and performance at 

acquisition, retention and transfer to 

Simple group had lower CL and better 
performance during acquisition and 
retention phases; Simple group had 

slightly better performance at 
transfer to very complex scenario 
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a “very complex” lumbar puncture 

scenario 
(fewer sterility breaches), but no 

differences in CL at transfer 

Hautz 201744 Germany Quantitative, 
experimental 

49 3rd- and 4th-year 
medical students 

Breast examination, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
CL not measured 

To investigate how shame affects CL 
and learning during simulated breast 

examination by comparing two 
groups: high-fidelity simulated breast 

examination and actual breast 
examination of a standardized 

patient; Inferred that shame may 
impact CL 

Students in the standardized patient 
group had higher shame but also 
performed better, inferring that 

shame may not impact CL 

Hsieh 201245 Taiwan Quantitative, 
experimental 

32 graduate students 
studying nuclear 

power plant 
operations 

Abnormal operating 
condition 

management, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether a support 
system to help nuclear power plant 

operators manage abnormal 
operating procedures would reduce 

CL and improve performance 
compared with control condition 

during simulation 

With support system, subjects made 
decisions more quickly (under both 
simple and complex conditions) and 

accurately (under complex conditions 
only), and CL was lower 

Hsu 201546 
Taiwan, 
United 

Kingdom 

Quantitative, 
non-

experimental 

18 in-service F16 
pilots Flight, Simulation Objective 

observations or tests Eye tracking 
To determine whether CL was 

associated with performance in 
simulated flight 

Pupil size differed during different 
parts of the simulation; Better 

performance associated with greater 
gaze fixation; Experience alone was 

not associated with CL 

Hu 201547 Singapore 
Quantitative, 

non-
experimental 

47 medical students Laparoscopic surgical 
tasks, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To examine impact of experience level 
on performance and CL before and 

after training on simulated 
laparoscopic tasks, and to determine 
whether NASA-TLX could be used to 

assess CL during laparoscopic surgical 
training 

CL decreased and performance 
improved after training; CL was higher 

with more complex tasks 

Hussein 201648 Egypt, United 
States 

Quantitative, 
non-

experimental 

Surgical trainee and 
mentor 

Robotic assisted 
urologic surgery, 

Workplace 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX, EEG 

To assess for correlations between CL 
of a surgical mentor and surgical 
trainee during robotic-assisted 

urologic surgery 

No correlation between mentor’s EEG 
and trainee’s NASA-TLX score; Several 
correlations were identified between 

NASA-TLX subscores of the mentor 
and the trainee, most notably that 

when the trainee had higher CL, the 
mentor was paying more attention 

and was less distracted 

Jayaprakash 
201649 United States 

Quantitative, 
non-

experimental 

11 fellow and 3 
attending critical 
care physicians 

Assessment of 
critically ill patient, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare cognitive load of 
collecting a clinical history for a 

critically ill patient following, or in 
parallel with, the primary survey 

No difference in CL for series versus 
parallel timing for collecting clinical 

history; CL decreased with 
subsequent cases 
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Jutric 201750 United States Quantitative, 
experimental 

5 high school 
students, 5 attending 

hepatobiliary 
surgeons 

Targeting tumors for 
laparoscopic ablation, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare CL and performance 
during four different approaches 

using a novel 3D guidance system for 
targeting tumors in simulated 

laparoscopic ablation: in line with and 
without 3D guidance, and off-axis 

with and without 3D guidance 

Performance was better and CL lower 
with 3D guidance; Novices initially 

performed more poorly but with final 
trial there was no difference between 

novices and experts 

Kataoka 201151 Japan Quantitative, 
experimental 

32 
10 nursing students, 

9 “inexperienced” 
nurses, 13 

“experienced” nurses 

Operating medication 
infusion pump, 

Simulation 

Objective 
observations or tests 

NASA-TLX, Eye 
tracking, Heart 
rate variability, 

Respiratory 
frequency 

To examine how time pressure and 
dual tasking impacted CL of nursing 

students and nurses during simulated 
operation of a medication infusion 

pump 

CL as measured by NASA-TLX was 
higher under both time pressure and 

dual tasking for all subjects; Eye 
fixation was lower for all subjects 
under time pressure; LF/HF was 

higher for students only under dual 
tasking 

Klein 200952 United States Quantitative, 
experimental 15 medical students Robotic assisted 

surgery, Simulation 

Quantitative surveys, 
Objective 

observations or tests 

NASA-TLX, 
Multiple 

Resources 
Questionnaire 

To compare CL and performance 
under 2D and 3D vision when 

performing simulated robotic assisted 
surgical tasks 

In 3D condition (compared with 2D), 
performance somewhat better (more 

transfers) and CL lower 

Klein 201253 United States Quantitative, 
experimental 

15 1st-year medical 
students 

Laparoscopic and 
robotic-assisted 
surgical tasks, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Multiple 
Resources 

Questionnaire, 
Dundee Stress 

State 
Questionnaire 

To compare CL among novices using 
the Foundations of Laparoscopic 
Surgery for performing simulated 

surgical tasks 

CL did not differ between systems; 
Minor differences in performance 

Lee 201454 United States Quantitative, 
experimental 

4 surgical residents, 6 
laparoscopic surgery 
attendings, 3 robotic 
surgery attendings 

Laparoscopic and 
robotic-assisted 
surgical tasks, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare CL and performance 
among laparoscopic and robotic 

surgery novices and experts 
performing simulated laparoscopic 

and robotic surgery 

Novices and robotic experts had 
lower CL and better performance in 

robotic versus laparoscopic approach; 
Laparoscopic experts had lower CL 

with laparoscopic versus robotic 

Lee 201755 United States 
Quantitative, 

non-
experimental 

6 neuroradiology 
fellows, 12 attending 

neuroradiologists 

Interpreting 
neuroradiology 

images, Workplace 
Quantitative surveys NASA-TLX 

To determine whether redesign of a 
radiology workspace would reduce CL 
required to completed daily work and 

improve overall satisfaction 

After redesign participants reported 
reduced levels of CL, better work 
quality, and greater satisfaction 

Lee 201756 United States Quantitative, 
experimental 

32 surgical residents 
and fellows 

Surgical tasks, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether feedback from 
an expert mentor during learning of 

simulated surgical tasks would impact 
CL and performance, compared with 
those who completed the learning in 

a self-directed fashion 

Subjects that received feedback 
performed better and had lower CL 
than those not receiving feedback 

Liang 201057 Taiwan, 
United States 

Quantitative, 
experimental 

22 “junior expert” 
and 20 “senior 

Aircraft maintenance, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether work 
instructions administered to aircraft 

mechanics via an online maintenance 

CL was lower and performance better 
with online maintenance assistance 

platform than with paper instructions 
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expert” aircraft 

technicians 
assistance platform would be 

associated with better performance 
and lower CL compared with simple 

paper instructions 

Lowndes 
201558 United States Quantitative, 

experimental 12 medical students 
Laparoscopic single 

site surgery, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare CL in simulated 
conventional laparoscopy with two 

approaches to laparoscopic single site 
surgery (extracorporeal crossing of 

hands versus intracorporeal crossing 
of instruments) 

Extracorporeal crossing of hands had 
higher CL and lower performance 
than conventional laparoscopy or 

intracorporeal crossing of instruments 

Maxwell 201759 United States Quantitative, 
experimental 

573 Army National 
Guard soldiers 

Infantry soldier 
training, Simulation 

Surveys (open-ended 
questions), Objective 
observations or tests 

NASA-TLX 

To determine whether virtual, live, or 
combined virtual and live training of 
infantry soldiers would be associated 

with different CL and performance 

Combined virtual and live training was 
associated with lower CL compared 

with virtual training alone; Combined 
virtual and live training was 

associated with better performance 
than either virtual or live training 

alone 

Mazur 201460 United States Quantitative, 
experimental 

5 radiation oncology 
residents, 4 radiation 
oncology attendings 

Radiation therapy 
planning, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine how CL affects errors 
during simulated radiation therapy 

planning 

Higher CL was associated with more 
frequent errors; Residents made 
errors more often than faculty 

Modi 201661 UK 
Quantitative, 

non-
experimental 

27 “higher surgical 
trainees” 

Laparoscopic suturing, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

SURG-TLX, Heart 
rate 

To determine impact of temporal 
stressor on resident surgeons' CL and 

technical performance during 
simulated laparoscopic suturing 

Time pressure increased CL and 
decreased performance 

Mohamed 
201462 Canada 

Quantitative, 
non-

experimental 

8 1st-year 
gastroenterology 

residents, 10 
practicing 

gastroenterologists 
and colorectal 

surgeons 

Endoscopic 
procedures, 
Workplace 

Quantitative surveys Modified NASA-
TLX 

To modify the NASA-TLX for use 
during endoscopy training and to use 

the modified tool to map trainees’ 
workload during early phases of 

endoscopy training 

Gastroenterology residents had 
higher CL than attendings; CL 

decreased more quickly for upper 
endoscopy than colonoscopy 

procedures 

Montero 
201163 United States Quantitative, 

experimental 
14 surgical residents 

and fellows 

Single- and multi-
incision laparoscopic 

tasks, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare CL and performance 
associated with simulated standard 
laparoscopic approach versus single 

incision laparoscopic surgery 
approach 

Single incision approach was 
associated with higher CL and lower 

performance 

Moore 201564 

China, New 
Zealand, 
United 

Kingdom 

Quantitative, 
non-

experimental 

32 “qualified and 
trainee surgeons” 

Robotic and 
laparoscopic tasks, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Rating Scale for 
Mental Effort, 

SURG-TLX, Heart 
rate variability 

To CL and performance among 
“qualified and trainee” surgeons 

performing simulated laparoscopic 
versus robotic surgical tasks 

CL was lower and performance higher 
on robotic versus laparoscopic 

platform 
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Moos 201465 United States 
Mixed methods, 

non-
experimental 

26 pre-service 
teachers Teaching, Workplace Quantitative surveys, 

Interviews 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale, 
Investigator-

developed multi-
item instrument 

To characterize how types and levels 
of CL change throughout teacher 

training 

Overall CL decreased over the course 
of training; Subjects became 
increasingly aware of their CL 

throughout training and felt that their 
CL as teachers limited their ability to 
make real-time modifications during 

teaching 

Morris 200666 Australia, 
Hong Kong 

Quantitative, 
experimental 42 trainee pilots Flight, Simulation Objective 

observations or tests CL not measured 
To determine whether errors 

occurred more frequently with 
higher-CL flight simulations 

Higher complexity and CL was 
associated with increased likelihood 

of errors 

Mouraviev 
201667 United States Quantitative, 

experimental 21 surgical residents Nephrectomy, 
Simulation Quantitative surveys NASA-TLX 

To determine whether simulated 
nephrectomy using a virtual 

simulation training environment, or a 
porcine model, was associated with 

differing levels of CL 

CL was similar for both platforms 

Mulcock 201768 United States 
Quantitative, 

non-
experimental 

140 nursing students Care of inpatients, 
Workplace Quantitative surveys 

Investigator-
developed single 

item 

To determine whether having 
continuity of instructors during 
inpatient clinical rotations was 

associated with lower levels of stress 
than conventional placements 

Working with the same instructor and 
in the same facility over first two 

clinical rotations was associated with 
reduced stress, which the authors 

suggest relates to reduce extraneous 
load 

Murai 201069 Japan 
Quantitative, 

non-
experimental 

10 ship piloting 
cadets 

Ship piloting, 
Simulation 

Objective 
observations or tests 

Heart rate 
variability 

To evaluate the CL of a ship cadet 
undergoing simulator training 

Various aspects of ship navigation 
task were associated with varying 

levels of CL 

Muresan 
201070 United States Quantitative, 

experimental 41 medical students Intracorporeal 
suturing, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare CL and performance 
among medical students learning to 

perform simulated intracorporeal 
suturing using one of four platforms: 
laparoscopic suturing, laparoscopic 

drills, open suturing, and virtual 
reality drills 

Laparoscopic groups had slightly 
reduced CL compared with other two 
groups; Performance varied among 
the four groups but was not clearly 

linked to level of CL 

Naismith 
201571 Canada 

Mixed methods, 
non-

experimental 
38 medical residents Chest tube insertion, 

Simulation 
Quantitative surveys, 

Interviews 

Paas’ Subjective 
Rating of Mental 
Effort single item 
scale, NASA-TLX, 

Investigator-
developed multi-
item instrument 

To compare several measures of CL 
among medical residents performing 

simulated chest tube insertion 

Total CL scaled to 0-1 scale differed 
across the different measurement 
techniques but all were correlated; 
Qualitative themes included those 

related to intrinsic load (prior 
experience, appropriateness for level 

of training, task complexity), 
extraneous load (fidelity, anxiety, 
impact of hidden curriculum), and 
germane load (promoting effortful 

processing, opportunities to observe 
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variations in practice, opportunities 
for repetitive practice, opportunities 

for expert feedback) 

Rojas 201472 Canada 
Quantitative, 

non-
experimental 

13 1st-year medical 
students 

One-handed surgical 
knot tying, Simulation 

Objective 
observations or tests 

Vibrotactile 
secondary task 

To determine whether simple 
reaction time or recognition reaction 

time as a secondary task measure 
would be more sensitive to detect 

differences in CL as medical students 
learn to tie one-handed surgical knots 

in a simulated setting 

Simple reaction time (detecting a 
vibrotactile stimulus) was more 

sensitive than recognition reaction 
time (detecting only one of two 

different types of vibrotactile stimuli) 

Saleem 200773 United States Mixed methods, 
experimental 16 practicing nurses Using clinical 

reminders, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether a redesigned 
clinical reminder system would be 

associated with lower CL and 
improved learnability, usability, and 
efficiency than the existing system 

Redesigned system associated with 
lower levels of mental demand and 
frustration (though only statistically 
significant with one-tailed t-tests); 
Redesigned system associated with 

better learnability, usability, and 
efficiency 

Sato 201674 Japan 
Quantitative, 

non-
experimental 

13 anesthesiology 
residents, 9 

anesthesiology 
attendings 

Administering 
anesthesia, Simulation 

Objective 
observations or tests 

Secondary 
mathematics task 

To determine whether anesthesiology 
attendings or residents have different 

CL and performance during simple 
and complex simulated anesthesia 

scenarios 

No difference in CL or performance 
for simple scenarios; For complex 

scenarios residents had higher CL and 
lower performance than residents; CL 

was higher in both groups for 
complex versus simple tasks 

Saus 200675 Norway Quantitative, 
experimental 

40 1st-year police 
academy students 

Police firearm use, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Heart rate 
variability 

To determine whether situational 
awareness training would reduce CL 

and improve performance among 
police academy students undergoing 

simulated firearm use training, 
compared with control group 

Situational awareness trained group 
had lower CL but did not perform 

differently from control group 

Saus 201076 Norway 
Quantitative, 

non-
experimental 

32 Navy officer 
cadets 

Ship navigation, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Heart rate 
variability 

To determine whether a low- or high-
CL training condition during simulated 
ship navigation training would impact 

contributors to learning 

In low CL condition learning was 
impacted by experience, perceived 

realism and situational awareness; In 
high CL condition perceived realism 
and situational awareness impacted 

learning 

Scerbo 201377 United States 
Quantitative, 

non-
experimental 

7 “expert surgeons,” 
11 “intermediate 

surgeons,” 17 
surgical assistants 

Laparoscopic surgical 
tasks, Simulation 

Objective 
observations or tests 

Visual secondary 
task 

To determine whether a visual 
secondary task could distinguish 

among levels of expertise in simulated 
laparoscopic tasks 

Advancing expertise associated with 
lower CL, better performance, and 

faster completion times 

Scerbo 201778 United States 
Quantitative, 

non-
experimental 

12 surgical residents 
and surgical 

assistants 

Single- and multi-
incision laparoscopic 

Quantitative surveys, 
Objective 

observations or tests 

Visual secondary 
task 

To examine differences in CL and 
performance associated with single-

incision laparoscopic procedures 

CL was higher and performance lower 
in single-incision versus traditional 

laparoscopic approach 
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surgical tasks, 

Simulation 
compared with traditional 
laparoscopic procedures 

Scerbo 201779 United States Quantitative, 
experimental 

22 surgical assistant 
students, 5 

premedical students 

Intracorporeal 
suturing and knot 
tying, Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Visual secondary 
task 

To assess CL and performance 
associated with simulated 

intracorporeal suturing and knot tying 
over varying levels of transfer  

Performance declined on initial 
reassessment but then returned to 

baseline; CL was inversely correlated 
with performance 

Seidelman 
201080 United States 

Quantitative, 
non-

experimental 
14 medical students Laparoscopic ring 

transfer, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To assess CL and performance 
associated with single versus tiled 
surgical displays for a simulated 

laparoscopic task 

Single versus tiled display did not 
affect CL or accuracy 

Sewell 201681 Netherlands, 
United States 

Quantitative, 
non-

experimental 

110 1st-year, 179 2nd-
year, 174 3rd-year, 12 

4th-year 
gastroenterology 

fellows 

Colonoscopy, 
Workplace Quantitative surveys 

Investigator-
developed multi-
item instrument 

To develop and collect validity for 
evidence for an instrument to 

estimate intrinsic, extraneous, and 
germane load during colonoscopy 

learning 

Intrinsic, extraneous, and germane 
load were all inversely associated 

with prior experience 

Sewell 201782 Netherlands, 
United States 

Quantitative, 
non-

experimental 

110 1st-year, 179 2nd-
year, 174 3rd-year, 12 

4th-year 
gastroenterology 

fellows 

Colonoscopy, 
Workplace Quantitative surveys 

Investigator-
developed multi-
item instrument 

To identify characteristics of learners, 
patients/tasks, environments, and 
teachers that are associated with 

intrinsic, extraneous, and germane 
load during colonoscopy learning 

Intrinsic load associated with year in 
training, prior colonoscopy 

experience, fatigue, patient tolerance, 
number of maneuvers performed, 

and supervisor takeover of 
colonoscopy; Extraneous load 

associated with fatigue,  colonoscopy 
queue order, supervisor engagement 

and confidence, and supervisor 
takeover of colonoscopy; Germane 

load associated with supervisor 
engagement 

Sexton 201783 Egypt, United 
States 

Quantitative, 
non-

experimental 

3 lead surgeons, 3 
assistant surgeons, 3 
physician assistants, 
7 scrub nurses, 11 
circulating nurses 

Robot-assisted 
prostatectomy, 

Workplace 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To investigate how requests during 
robotic-assisted prostatectomy 
impact CL and efficiency in the 

operating room 

Number of requests and request 
duration increased surgeons’ CL 

Shachak 200984 Canada, Israel Qualitative 
5 residents, 20 

practicing primary 
care physicians 

Electronic health 
record use, Workplace Interviews 

CL not measured, 
but was 

estimated 
qualitatively 

To examine the how use of an 
electronic medical record impacts 

physicians’ CL 

Highest CL was perceived with 
diagnosing, reasoning and treating 

severe or multiple medical conditions; 
the electronic medical record was felt 
to reduce CL, particularly in terms of 

extraneous load, as results and 
histories were easy to find 

Shewokis 
201785 United States Quantitative, 

experimental 
10 3rd-year medical 

students 
Laparoscopic tasks, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Functional near 
infrared 

spectroscopy 

To compare CL and performance in 
blocked versus random practice 

during simulated laparoscopic tasks 

Compared with blocked practice, 
random practice was associated with  

lower CL and better performance 
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Sibbald 201386 Canada, 
Netherlands 

Quantitative, 
experimental 

191 internal 
medicine residents 

Cardiac auscultation, 
Simulation 

Objective 
observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale 

To determine whether using a 
checklist during simulated cardiac 

auscultation learning impacts CL and 
diagnostic accuracy 

Use of checklist was associated with 
reduced CL and improved accuracy 

compared with no checklist 

Sibbald 201387 Canada, 
Netherlands 

Quantitative, 
non-

experimental 
15 cardiology fellows 

Electrocardiogram 
interpretation, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale 

To determine whether use of a 
checklist during experts’ verification 
of electrocardiogram interpretation 

would reduce errors or impact CL 

Using the checklist during verification 
of interpretation was associated with 

correction of errors; CL was not 
affected by use of checklist (i.e., 
expertise reversal effect was not 

seen) 

Stefanidis 
201088 United States 

Quantitative, 
non-

experimental 
34 medical students 

Laparoscopic and 
robotic intracorporeal 
suturing, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To compare laparoscopic versus 
robotic approach to simulated 

intracorporeal suturing 

CL was lower and performance better 
on robotic versus laparoscopic 

platform 

Strang 201489 Australia, 
United States 

Quantitative, 
non-

experimental 

5 Royal Australian Air 
Force Air Battle 
Management 

Officers 

Flight, Simulation 
Quantitative surveys, 

Objective 
observations or tests 

Overall Workload 
Scale, Heart rate 

variability 

To assess for correlations between a 
subjective measure of CL and heart 

rate variability among pilots 
performing flight simulation 

Heart rate variability and subjectively 
rated CL correlated, but the 

correlations varied across different 
simulator tasks 

Svensson 
199390 Sweden 

Quantitative, 
non-

experimental 

Experiment 1: 21 
ground attack pilots 

Experiment 2: 6 
ground attack pilots 

Military flight, 
Simulation Quantitative surveys 

Urinary 
adrenaline and 
noradrenalin 

To identify contributors to CL during 
simulated military flight and to 
correlated CL with performance 

Three primary constructs contributed 
to CL: challenge, effort, and 

performance; Performance was 
inversely correlated with CL and 

challenge positively correlated; CL 
decreased with training 

Szulewski 
201491 Canada 

Mixed methods, 
non-

experimental 

1 medical student, 3 
emergency medicine 

residents, 1 
emergency medicine 

attending 

Resuscitation team 
leading, Simulation 

Interviews, Video 
and audio recordings CL not measured 

To assess feasibility of using eye 
tracking technology to monitor CL in 
simulated resuscitation team leading 

Eye tracking device did not interfere 
with simulation tasks 

Tattersall 
199592 UK 

Quantitative, 
non-

experimental 

11 trainee flight 
engineers 

Diagnosing flight 
faults and incidents, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Subjective 
Workload 

Assessment 
Technique, Heart 

rate variability 

To monitor “naturally occurring” 
fluctuations in CL during simulated 

diagnosis of flight faults and incidents, 
and to compare subjective ratings of 

CL with heart rate variability 

Heart rate variability lower during 
more challenging simulation tasks; 

Subjective assessment of CL 
correlated with heart rate variability 

Teel 200993 Japan, United 
States 

Quantitative, 
non-

experimental 
10 Marine cadets Ship navigation, 

Simulation 
Objective 

observations or tests 
Heart rate 
variability 

To evaluate the CL of a cadet 
undergoing simulator training using 

heart rate variability 

Heart rate variability varied with 
different tasks during simulation 

Theodoraki 
201594 Germany Quantitative, 

experimental 

8 
otorhinolaryngology 

residents, 2 
otorhinolaryngology 

attendings 

Functional endoscopic 
sinus surgery, 

Workplace 

Objective 
observations or tests 

Heart rate 
variability, 
Respiratory 
frequency, 
Masticator 

muscle EMG 

To compare CL and mental distress of 
surgeons performing functional 

endoscopic sinus surgery with and 
without a navigation system 

Navigation system did not impact CL; 
CL was higher in less experienced 

group 
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Thomas 201795 United States 
Quantitative, 

non-
experimental 

79 practicing nurses 
Administering 
medications to 

patients, Workplace 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To examine how interruptions and 
distractions impact CL among nurses 

administering medications to patients 
in the workplace, and to assess for 

impact on medication administration 
errors 

CL increased with number of 
distractions and interruptions; CL did 
not impact medication administration 
errors (though the absolute number 

of errors was very low overall) 

Tien 201596 UK 
Quantitative, 

non-
experimental 

7 “expert” surgeons 
(attendings and 

senior residents), 6 
“junior” surgeons 

Open inguinal hernia 
repair, Workplace 

Quantitative surveys, 
Objective 

observations or tests 

NASA-TLX, Eye 
tracking 

To assess differences in CL and gaze 
behavior between expert and junior 

surgeons during open inguinal hernia 
repair 

CL was higher for junior surgeons; 
Experts had higher fixation frequency 
and dwell time during particular parts 

of the procedure 

Tomasko 
201297 United States Quantitative, 

experimental 
31 3rd- and 4th year 
medical students 

Surgical tasks, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

NASA-TLX, Visual 
secondary task 

To compare CL and performance 
during simulated surgical tasks in 
sleep-deprived versus non-sleep-

deprived states 

CL was higher in sleep-deprived 
group, but performance did not differ 

 

Tremblay 
201798 

Canada, 
Netherlands 

Mixed methods, 
non-

experimental 

143 2nd-year 
undergraduate 

pharmacy students 

Medication dispensing 
and patient 

counseling, Simulation 

Quantitative surveys, 
Objective 

observations or 
tests, Focus groups 

Investigator-
developed multi-
item instrument 

To determine whether a more 
authentic “simulated clinical 

environment” is associated with 
different intrinsic and extraneous CL 

compared with a less authentic 
environment among undergraduate 

pharmacy students performing 
simulated medication dispensing and 

counseling with a standardized 
patient 

Both intrinsic and extraneous load 
were higher in simulated clinical 

immersion versus standard 
environment; Simulated clinical 

environment was associated with 
higher self-perceived learning; 

Students felt they could learn clinical 
reasoning better in standard 

environment but could learn to 
accomplish technical tasks better in 

simulated clinical environment 

Walker 201599 Canada Qualitative 
3 2nd-year dental 

students, 1 dental 
attending 

Tooth mold 
production, 
Simulation 

Interviews, Video 
recordings 

Investigator-
developed single 

item 

To identify aspects of simulated tooth 
mold production that were associated 
with CL, comparing a dental attending 

with dental students 

Many parts of the simulation were 
noted by students to have high CL, 
but only a single part was noted by 

the attending to have high CL 

Weigl 2015100 Germany 
Quantitative, 

non-
experimental 

63 attending 
surgeons 

General and 
orthopedic surgical 

operations, 
Workplace 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To determine whether interruptions 
during actual surgical operations were 

associated with higher CL, and to 
identify other factors impacting CL, 

among attending surgeons 

Situational stress was higher during 
teaching than non-teaching cases; CL 

was higher for longer cases; 
Interruptions were associated with 

increased CL (distraction component 
of NASA-TLX) 

Weigl 2016101 Germany Quantitative, 
experimental 

19 1st- and 2nd-year 
surgical residents 

Vertebroplasty 
surgery, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
SURG-TLX 

To examine the impact of 
interruptions on resident surgeons’ CL 

and performance on simulated 
vertebroplasty 

CL was higher and performance lower 
in disrupted scenario; Patient 

discomfort as source of disruption 
caused greater increase to CL than 

telephone call 
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Weinger 
1994102 United States 

Quantitative, 
non-

experimental 

11 1st-year 
anesthesiology 

residents, 3 3rd-year 
anesthesiology 

residents, 8 certified 
registered nurse 

anesthetists 

Administering 
anesthesia, 
Workplace 

Quantitative surveys, 
Objective 

observations or tests 

Visual secondary 
task, Borg’s 

workload scale 

To develop and to validate objective 
techniques of CL measurement of 

anesthesiologists in an actual 
operating room environment, and to 

compare CL of novices and 
experienced anesthesiologists 

CL was higher in novices than 
experienced subjects; Subjective 
instrument correlated with visual 

secondary task 

Weinger 
2000103 United States 

Quantitative, 
non-

experimental 

33 anesthesiology 
residents, 10 

certified registered 
nurse anesthetists, 

83 attending 
anesthesiologists 

Airway management, 
Workplace Quantitative surveys 

Investigator-
developed multi-
item instrument 

To measure the CL associated with 10 
different airway management tasks 

among three levels of anesthesia 
providers 

CL varied across the 10 tasks; CL did 
not differ by type or level of provider 

Wilson 2011104 China, United 
Kingdom 

Quantitative, 
non-

experimental 
30 medical students Laparoscopic tasks, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 
SURG-TLX To develop and validate the SURG-TLX 

as a measure of CL among surgeons 

The results supported discriminant 
sensitivity of the SURG-TLX to 

different sources of stress 

Workman 
2007105 United States Quantitative, 

experimental 

42 3rd- and 4th-year 
medical students, 3 

board-certified 
intensivists 

Interpreting data in 
intensive care unit, 

Simulation 

Objective 
observations or tests 

Visual secondary 
task 

To determine whether a novel 
graphical format for information 

display (knowledge-enhanced 
graphical symbols, KEGS) would 

reduce CL and improve performance 
interpreting data in simulated critical 
care medicine setting, as compared 

with traditional textual display 

CL was lower among medical students 
using KEGS versus traditional display; 
among attendings, CL was lower and 

accuracy higher using KEGS 

Wucherer 
2015106 

Canada, 
Germany 

Quantitative, 
non-

experimental 
19 “junior surgeons” Vertebroplasty 

surgery, Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To estimate CL among “junior 
surgeons” and assess for relationships 
with performance, during simulated 
surgical crisis setting compared with 

control simulation setting 

CL was higher and work slower during 
crisis compared with control 

simulation 

Young 2010107 United States Quantitative, 
experimental 

16 hypothetical 
psychiatry residents 

Ambulatory 
psychiatric care, 

Workplace 

Objective 
observations or tests CL not measured 

To compare predicted ambulatory 
caseloads for incoming psychiatry 

residents a traditional model versus 
novel CL-based model 

CL-based model resulted in more 
evenly balanced patient panels with 

less inter-caseload variation 

Young 2016108 Netherlands, 
United States 

Quantitative, 
experimental 

23 2nd-year and 29 
6th-year medical 

students 

Patient handovers, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale 

To examine impact of simulated 
handover complexity on medical 

students’ CL and handover accuracy 

CL was negatively correlated with 
handover accuracy and illness script 
maturity (measure of experience); 

Illness script maturity was positively 
correlated with handover accuracy 

Young, 2016109 Netherlands, 
United States 

Quantitative, 
non-

experimental 

54 2nd-year and 33 
3rd-year medical 

students 

Patient handovers, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale, 

To develop an instrument to measure 
subtypes of CL among medical 
students performing simulated 

handovers, and to assess for 

2-factor model for CL developed 
including intrinsic and germane load; 
intrinsic load and germane load were 
higher in less experienced subjects; 
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Investigator-

developed multi-
item instrument 

relationships between intrinsic and 
germane load with experience level 

and performance 
 

No significant associations between 
CL and performance; Paas’ single item 
positively correlated with intrinsic but 

not germane load 

Young, 2016110 Netherlands, 
United States 

Quantitative, 
non-

experimental 

23 2nd-year and 29 
6th-year medical 

students 

Patient handovers, 
Simulation Quantitative surveys 

Paas’ Subjective 
Rating of Mental 
Effort single item 

scale, 
Investigator-

developed multi-
item instrument 

To provide evidence for validity of a 
revised instrument to measure CL 

during handovers, and to assess for 
relationships between CL, case 

complexity, and experience 

Intrinsic and germane load formed a 
single factor, which was positively 

correlated with handover complexity 
and negatively correlated with 

experience 

Yu, 2016111 United States 
Quantitative, 

non-
experimental 

4 anesthesiologists, 
12 certified 

registered nurse 
anesthetists, 38 

circulating nurses, 35 
surgical technicians, 

26 surgical assistants, 
45 surgical residents, 

32 attending 
surgeons 

Surgical operations, 
Workplace 

Quantitative surveys, 
Objective 

observations or tests 
SURG-TLX 

To quantify and compare CL among 
surgical team members across 

different surgical techniques and 
specialties 

CL was highest among surgical 
residents (most novice team 

members); Ancillary staff (circulating 
nurse, surgical technician) had lowest 

CL; Surgical duration positively 
associated with overall team CL 

Yurko 2010112 United States 
Quantitative, 

non-
experimental 

28 2nd-year medical 
students and senior 
premedical students 

Laparoscopic suturing, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To examine relationships between CL 
and performance among medical and 

premedical students performing 
simulated laparoscopic suturing, first 

on Fundamentals of Laparoscopic 
Surgery model, and then on transfer 

to porcine model 

CL and performance were negatively 
correlated; Higher CL associated with 

more damage to porcine tissues; 
Performance increased and CL 

decreased on post-training testing, 
but then reversed on transfer to a 

porcine model 

Zheng 2010113 Canada 
Quantitative, 

non-
experimental 

12 surgical residents, 
9 surgical fellows and 

attendings 

Laparoscopic tasks, 
Simulation 

Objective 
observations or tests 

Visual secondary 
task 

To compare CL and performance 
while performing simulated 
laparoscopic tasks among 
experienced versus novice 

laparoscopic surgeons 

Experienced surgeons had lower CL 
and better performance than novice 

surgeons 

Zheng 2012114 Canada Quantitative, 
experimental 

5 novice and 5 expert 
surgeons 

Laparoscopic and 
natural orifice 
transluminal 

endoscopic surgery 
tasks, Simulation 

Objective 
observations or tests 

NASA-TLX, Visual 
secondary task 

To compare CL and performance 
among novice and expert surgeons 
performing simulated laparoscopic 

and natural orifice transluminal 
endoscopic surgery (NOTES) 

CL was higher in NOTES versus 
laparoscopic procedures (based on 
secondary task, but not based on 

NASA-TLX) but this was attenuated by 
prior experience; Performance lower 

in NOTES procedures and higher 
among those with greater prior 

experience 
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Zheng 2012115 Canada 
Quantitative, 

non-
experimental 

23 surgical residents, 
fellows, and 
attendings 

Laparoscopic 
cholecystectomy, 

Simulation 

Quantitative surveys, 
Objective 

observations or tests 

NASA-TLX, Eye 
tracking 

To correlate eye tracking and NASA-
TLX as means to estimate CL during 

simulated laparoscopic 
cholecystectomy 

Higher CL was associated with fewer 
blinks and shorter blink duration; 

Performance did not vary with eye 
tracking data 

Zheng 2014116 Canada Quantitative, 
experimental 

12 surgical residents, 
3 laparoscopic 

fellows, 2 surgical 
attendings 

Using surgical 
instruments, 
Simulation 

Quantitative surveys, 
Objective 

observations or tests 
NASA-TLX 

To examine how complexity (open 
versus laparoscopic versus endoscopic 

approach) impacts surgeons’ CL and 
performance during simulated use of 

surgical tools 

CL was higher in most complex 
approach (endoscopic) versus least 
complex approach (open); Time to 

complete task higher in more 
complex approaches; With practice, 

performance improved but CL did not 
change 

Abbreviations: CL, cognitive load; EEG, electroencephalogram; EMG, electromyography; LF/HF, low frequency/high frequency (higher ratio suggests higher sympathetic tone and higher CL); NASA-TLX, NASA 
Task Load Index; SURG-TLX, Surgery Task Load Index 
aDescription of participants is provided using the level of detail included in each study manuscript. 
bFor consistency and ease of table interpretation, we use the term CL (cognitive load) when referring to the constructs of cognitive load, mental effort, and mental workload. 
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