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Abstract
Background: The American Heart Association guidelines recommend switching chest compression providers at least every 2 min

depending on their fatigue during cardiopulmonary resuscitation (CPR). Although the provider’s heart rate is widely used as an
objective indicator for detecting fatigue, the accuracy of this measure is debatable.
Objectives: This study was designed to determine whether real-time heart rate is a measure of fatigue in compression providers.
Study design: A simulation-based prospective interventional study including 110 participants.
Methods: Participants performed chest compressions in pairs for four cycles using advanced cardiovascular life support
simulation. Each participant’s heart rate was measured using wearable healthcare devices, and qualitative variables regarding
individual compressions were obtained from computerized devices. The primary outcome was correct depth of chest compressions.
The main exposure was the change in heart rate, deﬁned as the difference between the participant’s heart rate during individual
compressions and that before the simulation was initiated.
Results: With a constant compression duration for one cycle, the overall accuracy of compression depth signiﬁcantly decreased

with increasing heart rate. Female participants displayed signiﬁcantly decreased accuracy of compression depth with increasing
heart rate (odds ratio [OR]: 0.97; 95% conﬁdence interval [CI]: 0.95–0.98; P < .001). Conversely, male participants displayed
signiﬁcantly improved accuracy with increasing heart rate (OR: 1.03; 95% CI: 1.02–1.04; P < .001).
Conclusion: Increasing heart rate could reﬂect fatigue in providers performing chest compressions with a constant duration for one
cycle. Thus, provider rotation should be considered according to objectively measured fatigue during CPR.
Abbreviations: ACLS = Advanced cardiovascular life support, AHA = American Heart Association, BMI = body mass index, CI =
conﬁdence interval, CPR = cardiopulmonary resuscitation, IPAQ = International physical activity questionnaire, IQR = interquartile
range, OR = odds ratio, TDC = time-dependent covariates, VAS = visual analog scale.
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1. Introduction

This research did not receive any speciﬁc grant from funding agencies in the
public, commercial, or not-for-proﬁt sectors.

Providing high-quality chest compressions during cardiopulmonary resuscitation (CPR) is crucial for improving the outcomes of
patients with cardiac arrest.[1,2] According to the guidelines of the
American Heart Association (AHA), rescuers should switch every
2 min to prevent fatigue, or sooner if they become fatigued while
performing advanced cardiovascular life support (ACLS).[1]
However, it is difﬁcult to measure fatigue quantitatively and
incorporate this information into the rotation of providers.[3]
Up-to-date, various studies have attempted to measure fatigue
in providers while performing CPR.[4–15] Some of these studies
revealed associations of fatigue with CPR quality by measuring
fatigue with subjective indicators, such as visual analog scale
(VAS) scores[6,10–12]; however, subjective indicators can be
unreliable in evaluating fatigue. Therefore, several studies have
attempted to quantitatively measure a provider’s fatigue using
vital signs.[5,8,9,13–15] Among them, heart rate is widely used as an
objective indicator of fatigue in providers performing CPR.
Several studies have reported that changes in heart rate are
associated with the quality of CPR.[13,14] In contrast, other
studies have reported that heart rate did not reﬂect the provider’s
actual fatigue during CPR.[4,5,9] Notably, as these previous
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and Laerdal PC Skill Reporting System (Laerdal Medical,
Stavanger, Norway). The device is designed to provide real-time
measurements of the depth, recoil depth, and rate of individual
chest compressions. We transferred the real-time data from both
devices to an assigned laptop and simultaneously collected the
participant’s heart rate and indicators of chest compressions
(Fig. 1).

studies were not designed to measure the heart rate of the
providers in real-time, they were incapable of determining
whether it could be used as a quantitative measure of
fatigue.[4,5,9,13,14]
Recently, wearable devices that can measure a person’s vital
signs in real-time have become popular in clinical research.[16–18]
Therefore, this study aimed to determine if real-time changes in
the heart rate of providers wearing smart watches could reﬂect
fatigue, and whether fatigue affects the quality of chest
compressions in ACLS simulations.

2.4. Outcomes
The primary outcome of this study was the correct depth of chest
compressions. Incorrect depth of compression was deﬁned as a
depth of >61 or <50 mm. The secondary outcome was the
correct rate of chest compressions. Correct compression rate was
deﬁned as a rate of 100 to 120 compressions per minute. The
main exposure was the change in the participant’s heart rate. This
variable was deﬁned as the difference between the participant’s
heart rate during individual compressions and that before
beginning the simulation.

2. Methods
2.1. Study design and participants
The present study was a prospective, simulation-based trial in
which mannequins and wristband-type devices were used.
Volunteer senior medical students from the Yonsei University
College of Medicine were recruited between March 2019 and
July 2019. The purpose of the study was explained to the
participants, and written informed consent was obtained. A total
of 110 medical students were included in this study after
excluding students who did not wish to participate or who had
physical problems that prevented them from performing CPR.
This study was approved by the Yonsei University Institutional
Review Board (approval number: 4–2018-1082) and was
conducted in accordance with the Declaration of Helsinki. The
study was conducted and ﬁndings reported based on established
guidelines for simulation-based research.[19,20]

2.5. Statistical analysis
Categorical variables are presented as counts and percentages,
while continuous variables are presented as mean and standard
deviation for normally distributed variables and as median and
interquartile range for non-normally distributed variables.
Statistical signiﬁcance was set at P < .05. The data in the present
study had a hierarchical structure because chest compressions
were repeatedly measured during a cycle, and two consecutive
cycles were observed for each participant. To account for withincluster similarity, the generalized linear mixed effects model with
random intercepts for cycle and subject was used.[21] Logit was
used as a link function. Additionally, the baseline heart rate,
baseline characteristics of the participants, and duration within
one cycle were included in the model as ﬁxed effects. The changes
in the participants’ heart rate were regarded as time-dependent
covariates (TDCs). These covariates change in a given individual
across the order of chest compressions and can also vary between
participants.[22] Additionally, we were interested in the withinsubject variations in TDCs. Therefore, the generalized linear
mixed effects model with decomposition of TDCs was used. We
focused on the association between the changes in each subject’s
heart rate and the quality of compressions. The analyses were
performed using SAS v8.1 (SAS Institute Inc, Cary, NC).

2.2. Study protocol
All participants had completed 2 weeks of clinical clerkship in
emergency medicine. The curriculum included three lectures, one
simulation session, and 10 h of practical training in the emergency
department according to the 2015 AHA guidelines. The
observations required for this study were performed every 2
weeks, on the last day of the clerkship. Before the simulations, the
participants received 30 min of instructions on how to perform
the simulation with the mannequin while wearing a wristband
device. Subsequently, teams of two participants each performed
the simulation one after the other in a separate room. The pairs
were determined randomly with computer-generated random
sequences. The scenario of the simulation was set up for two
rescuers to perform ACLS when an intubated patient suffers
cardiac arrest in the emergency department. They were asked to
perform chest compressions on the mannequin for four cycles
while switching every 2 min. During CPR, ventilation was
performed by a researcher who did not participate in the study.

3. Results
Of 118 eligible participants, eight refused to enroll in the study.
The remaining 110 participants were divided into 55 teams.
Three participants were excluded due to network issues with the
devices, and one participant was excluded for physical reasons
during the simulation (Fig. 2). All 47,764 chest compressions
performed by the 106 participants were individually analyzed.
The baseline characteristics of the participants are summarized in
Table 1. The participants included 78 (73.58%) men and 28
(26.42%) women. The BMI and ratio of correct chest
compressions among the male participants were signiﬁcantly
higher than those among the female participants (all P < .01).
Table 2 summarizes the data regarding the association between
the changes in heart rate and outcomes. Correct depth of
compression tended to signiﬁcantly decrease with increasing
duration within one cycle (odds ratio [OR]: 0.977; 95%

2.3. Data collection
Data on baseline characteristics, including age, sex, body mass
index (BMI), International Physical Activity Questionnaire, and
actual CPR experience, were collected before the simulations.
Before and after the simulations, the participant’s fatigue was
assessed using VAS scores and blood pressure, as measured by a
designated researcher. The participants wore a wristband
healthcare device, Fitbit charge 2 (Fitbit, Inc, San Francisco,
CA), during the simulation. This device can show the real-time
heart rate of the wearer. Variables regarding the quality of chest
compressions were collected through the data program of the
CPR mannequin using Resusci Anne QCPR with SimPad Plus
2
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Figure 1. Schematic of the simulation for data collection.

the correct depth (all P < .001). In male participants, as the
changes in the heart rate increased, the adequacy of compression
depth signiﬁcantly increased (OR: 1.029; 95% CI: 1.022–1.036;
P < .001). In contrast, in female participants, as the changes in the
heart rate increased, the adequacy of compression depth
signiﬁcantly decreased (OR: 0.967; 95% CI: 0.954–0.980;
P < .001).

conﬁdence interval [CI]: 0.976–0.978; P < .001), while it
signiﬁcantly increased with increasing change in the heart rate
(OR: 1.009; 95% CI: 1.004–1.014; P < .001). Furthermore, the
accuracy of compression depth was signiﬁcantly higher in male
participants than in female participants (OR: 7.195; 95% CI:
1.069–48.405; P < .043). Correct compression rate tended to
decrease signiﬁcantly with increasing duration within one cycle
(OR: 0.998; 95% CI: 0.997–0.998; P < .001) but did not have an
association with the changes in the participants’ heart rate (OR:
1.000; 95% CI: 0.996–1.004; P < .96).
The duration within one cycle and sex were conﬁrmed to affect
the correct depth of compressions in addition to the change in
heart rate, which was the main exposure in our models; therefore,
we performed subgroup analyses based on these factors. The
results of the subgroup analyses on the duration within one cycle
are summarized in Table 3. Furthermore, we divided the duration
within one cycle into four sections and investigated the
association between the correct compression depth and the
change in heart rate in these sections. Unlike the results of
the overall model, compression depth was statistically incorrect
as the change in the heart rate increased in all the sections. Table 4
summarizes the ﬁndings of the subgroup analyses based on sex.
Irrespective of sex, as the duration within one cycle increased, the
participants were less likely to perform chest compressions within

4. Discussion
Interestingly, the overall statistical model of the present study
demonstrated that the depth of chest compression tended to be
appropriate when the provider’s heart rate was higher than that
at baseline. However, when a subgroup analysis was performed
on the duration within one cycle, which is the effect modiﬁer
between the changes in the heart rate and correct compression
depth, an increasing change in the heart rate and incorrect
compression depth were found to be signiﬁcantly correlated in all
subgroups as opposed to the results of the overall model.
The provider’s fatigue is expected to increase over time. The
guidelines state that the criterion for the rotation of providers is
based on the duration of chest compressions.[1,2] This is
consistent with the current ﬁndings that the duration within
one cycle strongly affected correct compression depth. Therefore,
3
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Figure 2. Participant ﬂow chart.

analysis based on sex, which is another effect modiﬁer between
the exposure and the primary outcome, demonstrated that the
direction of the association was different in males and females.
Zhang et al reported that male providers can maintain chest
compression depth more accurately than female providers,[12]
while other studies have reported that providers in physically

we performed additional analyses by dividing the duration within
one cycle into four sections to accurately determine the pure
effects of changes in the heart rate on correct compression
depth.[4,5,8,9,13,14] Consequently, the association between the
exposure and primary outcome was reversed in both the overall
model and the subgroup model. Furthermore, the subgroup
Table 1
Baseline characteristics of the participants.

Age, years
BMI, kg/m2
IPAQ
High
Moderate
Low
Sequence in simulation
First provider
Second provider
Actual CPR experience
Yes
No
Mean blood pressure difference
VAS difference
Chest compression quality
Depth
Accuracy of depth
Rate
Accuracy of rate

Total (n = 106)

Female participants (n = 28)

Male participants (n = 78)

P

25.00 (23.00, 26.00)
21.85 (19.99, 23.61)

25.00 (24.00, 26.00)
19.20 (18.63, 19.98)

24.00 (23.00, 26.00)
22.59 (21.45, 24.25)

.488
<.001
.262

20 (18.87%)
43 (40.57%)
43 (40.57%)

4 (14.29%)
15 (53.57%)
9 (32.14%)

16 (20.51%)
28 (35.9%)
34 (43.59%)

56 (52.83%)
50 (47.17%)

16 (57.14%)
12 (42.86%)

40 (51.28%)
38 (48.72%)

73 (68.87%)
33 (31.13%)
4.80 ± 8.22
4.00 (2.00, 5.00)

19 (67.86%)
9 (32.14%)
2.26 ± 8.79
4.00 (2.00, 5.00)

54 (69.23%)
24 (30.77%)
5.71 ± 7.86
4.00 (2.00, 5.00)

56.54 (52.18, 59.15)
0.93 (0.63, 1.00)
112.12 (106.99, 116.84)
0.89 (0.55, 0.99)

52.14 (50.10, 54.59)
0.72 (0.55, 0.88)
107.72 (103.52, 112.70)
0.87 (0.45, 0.98)

57.98 (53.96, 59.49)
0.98 (0.71, 1.00)
113.20 (108.62, 117.07)
0.91 (0.69, 0.99)

.594

.893

Values are shown as the mean ± standard deviation, median with interquartile range, or number (%).
BMI = body mass index, CPR = cardiopulmonary resuscitation, IPAQ = international physical activity questionnaire, VAS = visual analog scale.
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Table 2

Table 4

Three-level generalized linear mixed effects model for chest
compression quality.

For correct compression depth
Change in heart rate
Duration within one cycle
Male (vs female [ref level])
BMI
For correct compression rate
Change in heart rate
Duration within one cycle
Male (vs female ([ref level])
BMI

OR (95% CI)

P

1.009
0.977
7.195
1.280

(1.004–1.014)
(0.976–0.978)
(1.069–48.405)
(0.900–1.820)

.001
<.001
.043
.167

1.000
0.998
3.095
0.947

(0.996–1.004)
(0.997–0.998)
(0.458–20.910)
(0.666–1.346)

.963
<.001
.244
.759

Subgroup analysis according to sex for correct compression
depth.

Male participants
Change in heart rate
Duration within one cycle
BMI
Female participants
Change in heart rate
Duration within one cycle
BMI

Table 3
Subgroup analysis according to the duration for correct compression depth.

0.980 (0.964–0.997)
0.966 (0.178–5.235)
1.125 (0.824–1.537)

P
.020
.968
.455

0.920 (0.892–0.949)
2.290 (0.299–17.553)
1.371 (0.933–2.014)

<.001
.422
.107

0.956 (0.935–0.977)
5.202 (0.635–42.651)
1.506 (1.013–2.240)

<.001
.123
.043

0.952 (0.926–0.980)
15.043 (1.520–148.875)
1.405 (0.918–2.148)

1.029 (1.022–1.036)
0.983 (0.982–0.984)
1.139 (0.787–10.647)

<.001
<.001
.485

0.967 (0.954–0.980)
0.959 (0.957–0.961)
3.668 (1.114–12.074)

<.001
<.001
.034

participant cohorts.[5,8,9,13–15] However, considering the practical relevance, the quality of chest compression should be analyzed
for individual participants. Thus, to interpret the associations of
correct compression quality in a participant, the provider’s heart
rate was assumed to be a TDC.[21,22]
Recently, studies have used advanced technology to collect and
utilize real-time information that was not possible in the past.[30,31]
To the best of our knowledge, none of the previous studies on the
association between chest compression quality and fatigue have
attempted to measure the provider’s heart rate in real-time for each
compression.[3,8,9,11,13,14] In contrast, the participants in the
present study used wearable devices and a simulator that could
collect real-time data on the compression quality to investigate if
real-time changes in the heart rate could reﬂect a provider’s fatigue.
In addition to the current subjective guidelines of switching
providers before 2 min have passed if a provider is tired, the
ﬁndings of the present study could be used to suggest provider
rotation more accurately by objectively analyzing provider fatigue.
Our study has several limitations. As the present results were
obtained using simulations, the same should be veriﬁed in clinical
practice. In particular, the association of correct compression
depth and changes in the heart rate has not yet been conﬁrmed in
any randomized controlled trial. However, it is almost impossible
to artiﬁcially control the changes in a provider’s heart rate in
clinical trials; therefore, the design of our study could be
considered as an effective alternative option. Furthermore,
uneven sex distribution of participants in the analyses may have
interfered with the identiﬁcation of the precise association in the
overall model. Finally, the change in the heart rate may not be the
best indicator of provider fatigue, and the use of electromyography to measure muscle fatigue directly may better reﬂect provider
fatigue.[15] However, electromyography in real-time during CPR
is not possible, and hence, an indicator that can easily identify
real-time changes in provider fatigue will be more useful and
clinically relevant.
In conclusion, the ﬁndings of the present study conﬁrmed that
real-time increases in the heart rate can reﬂect fatigue in providers
while performing chest compressions with a constant duration
within one cycle. The results and methodology of this study can
act as a guide for the rotation of providers during CPR based on
objectively measured fatigue in individual providers.

superior groups are better able to maintain chest compression
quality.[9,23–25] Therefore, in the present study, the effect of
increased heart rate of the participants on the adequacy of
compression depth could be explained by the fact that male
providers typically have better physical requirements to maintain
chest compression quality.
Our results demonstrate that increasing the provider’s heart
rate decreases the compression depth accuracy in all the
segmented durations in a cycle. Several qualitative aspects of
exercise, such as intensity and duration, have a certain complex
effect on the changes in the heart rate.[26] Heart rate variability
has been used in many studies as a useful marker for monitoring
autonomic activity,[27–29] and most studies regarding fatigue
focus on heart rate variability because of its measurability. In
accordance with our results, heart rate may be a useful variable
that reﬂects provider fatigue with a constant duration since
changes in the heart rate are known to be more sensitive to the
intensity than to the duration of exercise.[26]
In the present study, we developed a three-level generalized
linear mixed effects model by assuming the main exposure
(change in heart rate) to be a TDC. Previous studies have similarly
analyzed the quality of chest compressions according to

1st quartile of duration within one cycle
Change in heart rate
Male (vs female [ref level])
BMI
2nd quartile of duration within one cycle
Change in heart rate
Male (vs female [ref level])
BMI
3rd quartile of duration within one cycle
Change in heart rate
Male (vs female [ref level])
BMI
4th quartile of duration within one cycle
Change in heart rate
Male (vs female [ref level])
BMI

P

BMI = body mass index, CI = conﬁdence interval, OR = odds ratio.

BMI = body mass index, CI = conﬁdence interval, OR = odds ratio, ref = reference.

OR (95% CI)

OR (95% CI)
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