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Abstract

Objectives Lay resuscitation is crucial for the survival of
the patients with out-of-hospital cardiac arrest. Therefore,
lay CPR should be a basic skill for everyone. With the
growing proportion of retired people in the Western soci-
eties, CPR performed by people with preexisting diseases
and at risk of cardiac events is expected to grow. There is
little knowledge about the workload during CPR and the
minimum workload capacity of the rescuer.

Methods Pulse frequency, oxygen uptake, and CO,
elimination were measured by telemetry, while CPR was
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performed using a manikin with digital equipment for the
standardization of the procedure. The same parameters
were measured during a standard exercise testing protocol
(spiroergometry) on a bicycle to analyze the aerobic
endurance range of the participants. Data from the resus-
citation protocols were correlated with those from spir-
oergometry to establish a simple standard investigation
procedure to check people at risk and to give minimum
requirements to perform CPR in Watts/kg. The study
consisted of two parts: 1 (n = 16) explored minimal
workload cutoffs for the rescuer using the 1995 recom-
mendations and 2 (n = 14) tested the latest 2010 guide-
lines to compare both recommendations.

Results When tested according to the 1995 guidelines, heart
frequency of rescuers increased from 83.0 bpm (£11.3) atrest
to 109.9 bpm (£12.6; P = 0.0004). The newer 2010 guide-
lines increased the workload marginally more (n.s.).
Conclusion CPR can be performed by healthy people
within the range of aerobic endurance. The minimal
requirements for trainings are 1.6—1.8 W/kg body weight in
standard cycling ergometry. People at risk should be trained
very careful. Since there is no significant lower workload
when following the 1995 recommendations, people at risk
should be trained according to the latest recommendations.
In the case of a real resuscitation, such trained individuals
must additionally take into account any symptoms.

Keywords Resuscitation - Workload - Preexisting
diseases - Coronary heart disease - Pulmonary diseases
Introduction

There is a general consensus that trained lay people per-
forming cardiopulmonary resuscitation (CPR) can save
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life. Therefore, the training is recommended for the general
population (e.g., Kida et al. 2004, Stiell et al. 2003),
although there are some barriers (Lejeune and Delooz
1987) (Johnston et al. 2003). Such barriers and differences
in the availability of CPR trainings cause significant
regional differences: While lay rescuer CPR rates are low
in Germany (10-15 %), they are much higher in Scandi-
navia (up to 50 %). One reason may be that CRP trainings
are integral part of school teaching, already at elementary
schools. Epidemiology of cardiac arrests is changing,
probably based on the higher rate of patients treated for
their coronary heart disease (less ventricular fibrillation).
Nevertheless, with the increasing age of the population,
there is an increased number of people at risk of cardio-
pulmonary diseases (CPD) (data for Germany in N.N.
2010). There is also an associated increased probability that
these persons may join CPR training courses or that they
may be required to perform a real resuscitation (Kelly
1986). The persons that could be trained in CPR safely is a
relevant question.

The workload caused by CPR may pose an acute risk for
a rescuer with a significant preexisting disease. But
knowledge about this is limited. Shultz et al. found that a
mean oxygen uptake of 18.2 ml/kg/min and a ventilation of
35.5 I/min were required for CPR (Shultz et al. 1995). This
is comparable with those of Nordic walking (17 ml/kg/
min) and a bit more than ordinary walking (14 ml/kg/min)
(Church et al. 2002). A normal European population shows
a maximal uptake of 29-34 ml/kg/min (Vogt 2004) and if
trained of those 38-42.2 ml/kg/min (Klinger 2009). Nor-
mal daily work at home or in bureaus corresponds to
0.5-0.75 W/kg (Spitzer et al. 1982). Elite athletes show a
multiple of that: 47-120 ml/kg/min was reported (e.g.,
Neumann 1993; Castagna et al. 2009). The problem of
these studies is that a comparison would be questionable,
because the different unities given which would need
detailed data about the respective collectives for a direct
comparison.

CPR recommendations have changed several times. In
1995, the American Heart Association (AHA) recommen-
dations stated a chest compression (CC) to artificial ven-
tilation (AV) ratio 15:2 with a frequency of CC of 80 bpm
(Tucker et al. 1995). The 2000 recommendations, respec-
tively, increased the frequency of CC to 15:2 and 100 bpm,
which was increased again in 2005 to 30:2 with 100 bpm in
2005 (N.N. 2000; Nolan et al. 2005; Neumar et al. 2010).
The 1995 recommendations resulted in ~ 60 real CCs per
minute, while those of 2000 in about 80/min and the actual
ones close to 100/min. It may be assumed that the work-
load of the rescuer increased with the increase in effective
CC frequency.

Some old studies report cardiocirculatory data of the
“rescuers” in CRP trainings, e.g., a heart rate of 115/min
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(Lonergan et al. 1981). But the conditions of the experi-
ments were insufficiently described, e.g., there is no
information given about the frequency of CC or the depth
of the compressions (Lonergan et al. 1981). Up to now,
there are no data available which describe the workload
during CPR 1in relation to a baseline workload measure to
determine whether an individual is able to perform CPR
safely or not. In exercise physiology, the aerobic endurance
of a healthy person indicates whether he or she is able to
perform a strengthenous work over a certain time. When a
person may be limited by a cardiopulmonary disease, this
limit is given by the onset of hypoxia-induced ECG
changes or by any kind of cardiopulmonary symptoms
(“ischemic threshold”). For safety reasons, these persons
should not perform exercise above 80 % of those for the
ischemic threshold.

We therefore investigated the workload during CPR and
cycling ergometry in healthy subjects to determine a
standardized procedure by which physicians could advise
patients with cardiopulmonary diseases as to whether they
can train or perform CPR or not. For pragmatic reasons, the
project consists of two parts: Because a more intense work
should be more demanding, we assessed CPR workload for
both the old 1995 guidelines and the new 2010 ones. The
latter recommend a significant higher frequency of car-
diocompressions, and therefore, the procedure should cause
a higher workload. However, the 1995 recommendations
were also effective, and for people with preexisting risks, it
may be a safe option to perform CPR according to them
with less workload compared with the 2010 recommen-
dations. In consequence, the first part of the study assessed
CPR workload according to the 1995 recommendations,
which were in use until 2000; the second part used the
latest 2010 CPR recommendations. The results of both
parts were compared to give Dbest possible
recommendation.

Material and Methods

Part 1: A standard spiroergometry was performed on 16
healthy subjects at sea level (Hollmann and Hettinger
2000). The procedure is based on the linear correlation
between HF and workload until the anaerobic threshold is
reached (Hollmann and Hettinger 2000) (McGehee et al.
2005). Anthropometrical data (sex, age, and BMI) were
also recorded.

“Healthy” was defined as adults having no CPD and
with a normal blood count in order to comply with ethical
permission for testing. Blood tests performed were hemo-
globin, hematocrit, red cell and leukocyte count, and CO
hemoglobin. In the absence of data available that could
estimate the potential risk for elderly persons with
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preexisting cardiopulmonary diseases, ethical permission
for these studies was restricted to testing young adults
without any CPD and with normal blood cell count. We
additionally excluded participants using any drugs, which
might influence heart frequency or work performance,
extensive amounts of coffee included.

For spiroergometry, an ergometer was used, which was
independent from the revolutions per minute (Siemens/
Germany; ECG: 12 channels, Corinna, Marquette-Hellige
Medical Systems) and combined with the telemetric spi-
rometry system Cosmed K4 RQ (Cosmed Deutschland
GmbH, Hamburg). HF was measured using Polar pulse
system (Polar Electro GmbH Deutschland, Biittelborn).

The Cosmed system was calibrated semi-automatically
with FiO, 20.95 %, FiCO, 0.03 %, and sampling period of
5-s intervals. Data evaluation was performed by the sys-
tem’s software (Cosmed Win/EE). The data of the third
minute of each load level of ergometry and during CPR
were used for final evaluation to provide steady state
conditions (Hollmann and Hettinger 2000). During steady
state, arterialized capillary blood samples were taken to
analyze blood gases (ABL 520, Radiometer Copenhagen/
Danmark) and lactate (Akkusport, Fa. Hestia/Boehringer
Mannheim, Germany). Both blood gases and lactate were
also taken at the end of the CPR protocols in both studies.
Lactate (anaerobic) threshold was calculated as 4 mmol/l
threshold (“Mader threshold”) (Mader et al. 1976).

Part 1 was intended as pilot study to get data for the
further discussion with the ethical committee and a first
idea whether the workload may be within a range which
may be realistic for rescuers with preexisting risk factors.
Therefore, resuscitation was performed using single res-
cuer technique in full accordance with the 1995 guidelines
(Tucker et al. 1995), which were expected to cause less
workload. CPR was performed on a manikin (Skillmeter
Resusci-Anne, Laerdal Ltd.), which provided an automated
computerized and online documentation of the correct
execution of the CPR. This includes sensors and an eval-
uation system, which analyses the correct depth of any
single compression (which was set at 5 cm for our study)
as well as the correct frequency. CPR was performed for a
period of at least 3 min to provide steady state conditions
which start after 2 min (Hollmann and Hettinger 2000).
The frequency of the CC was controlled by a metronome.
As the cycling workload to exhaustion protocol included a
significant increase in lactate production, the CRP tests
were performed the following day. All participants were
medically lay persons who were trained in CPR.

Part 2: this part was intended to investigate whether the
2010 recommendations indeed cause a higher workload
than the previous ones and to make a direct comparison of
both. Since the collective of part 1 was not available
anymore, a similar collective was chosen. The study design

(spiroergometry to exhaustion the day before the CPR tests,
collective data, used equipment, etc.) was identical to part
1. The differences to part 1 were as follows:

e Since study 1 had proven that CPR is an activity which
is well within the range of pure aerobic endurance
capacity for all participants and to include the situation
with AV, we focused on HF only in study 2 (Polar
S8101).

e In part 1, the mask of the Cosmed system prevented

direct AV being performed on the manikin in part 1.

This was not considered a limitation as no further

increase in the workload was anticipated as only the

normal expiratory volume of the rescuer should be

administered to the victim (Handley et al. 1997).

However, this was checked more in detail in part 2,

where we had four different settings, each of them for

3 min with a break of at least 20 min in between.

Before the beginning of the next test, the probands were

checked whether HF was at baseline again. Since

>20 min is far longer than necessary to reach baseline
of HF rate after a workload well within aerobic range

(Hollmann and Hettinger 2000), no carry-over effect

was expected, and therefore, we did not randomize the

order the four settings, which were as follows:

“classic” (1995) method with CC only (80 bpm)

“classic” method, CC and AV (15:2, 80 bpm)

actual method (2010), CC only (100 bpm)

actual method, CC and AV (30:2, 100 bpm)

Statistical evaluation was performed with SPSS soft-
ware version 15 (paired Wilcoxon rank test for dependent
data and Mann-Whitney U test for independent data).
P < 0.05 was defined as significant. Since the workload
measured during CPR was strictly within the aerobic
endurance capacity, which means within the linear corre-
lations of pulse rate, workload, and oxygen uptake,
respectively, HF measured during steady state conditions
while performing CPR was linear interpolated to the data
of HF during ergometry.

The minimal requirements by a healthy person to per-
form resuscitation are influenced directly by the underlying
philosophy of safety. Assuming the data are distributed
according to Gauss’ distribution, the limits of the proba-
bility can be calculated with the formulas given in any
standard handbook about statistics (Harms 1976). If a
probability of 80 % is demanded that a given group will be
able to provide sufficient workload, the minimum
requirements are mean value 4+ 0.85 x standard variation
(sy) (Harms 1976). For 85 %, this would be +1.06 x s,
for 90 % +1.29 x s,, and for 95 % +1.65 x s,. Based on
these considerations, the minimal requirements derived
carefully from study 1 are listed in Table 2. If a person
must be able to provide sufficient workload for
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Fig. 1 Training status of the participants, expressed as maximum
work capacity (Wp,.x) in Watts and pulse work capacity (PWC, the
work per kg body weight at the given pulse rate of 100, 130, 150, or
170/min) in Watts per kg body weight (study part 1). Normal values
for the general population (adults) of Central Europe are the
following: PWCI130: 1.5/1.25 (males/females), PWC150: 2.0/1.6,
PWCI170: 2.5/2.0 (Hollmann and Hettinger 2000). Boxplot symbols:
mean (small square), first and third quartiles (rectangle), median
(horizontal line in rectangle), and extreme vales

resuscitation with a probability of 90 %, he should have a
performance of ~100 W or ~2.2 W/kg, respectively, in
bicycle ergometry at steady state conditions (Hollmann and
Hettinger 2000).

With the condition to test healthy adult persons only, the
study was fully accepted by the Ethical Commission of the
University of Diisseldorf (No. 950).

Results

Anthropometric data of the participants in both studies
were age 31.1y (£9.6; median 26; range 19-49) and body
mass index 23.1 kg/m® (£3.0; median 22.6; range
19.6-32.2) for study one and 24.5 y (£2.4; median 24;
range 22-30) and 21.5 kg/m* (£1.7; median 21.9; range
18.3-24.2) for study 2, respectively. There was no signif-
icant difference between both collectives for age or BMI.
All probands completed the tests without any problems.
Spiroergometric results are summarized in Fig. 1 and
Table 1. All investigations followed reference values for
normal ergometry. The data showed linear correlations
with very high coefficients (HF vs. work load 0.983-0.995;
VO, vs. work load 0.968-0.987; VO, vs. HF 0.981-0.994).

In study 1, the subjects’ HF increased during CPR from
83.0 bpm (£11.3) to 109.9 bpm (£12.6; P = 0.0004).
This increase of +32.4 % corresponds to 58.3 % of the
expected maximum HF (220—years of age) and to 61.1 %
of the measured maximal HF. The ventilation per minute
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Table 1 Results of spiroergometry and lactate kinetics of the par-
ticipants (study 1)

Parameters Unit Data

Mean Sx"
Pulse (at rest) bpm 769 9.2
Heart frequency (maximum) bpm 1823 125
Winax w 297 58.6
PWC 100° Wikg 08 03
PWC 130° Wikg 1.8 03
PWC 150° Wikg 2.4 0.4
PWC 170° Wikg 3.1 0.5
Lactate (at rest) mmol/l 1.3 0.74
Lactate (maximum, 1 min. after mmol/l 9.2 2.37

ergometry)

Anaerobic threshold (Mader) W 169.6 36.3
Anaerobic threshold Wikg 24 0.57

(Mader) per kg body weight

VOS5 max ml/min 3502 744

VOoman/kg® ml/min/kg 498 14.6

Ventilation per minute (at rest) I/min 147 39

Ventilation per minute I/min 1284 27.0
(at maximum load)

Breathing frequency /min 48.1 64
(at maximum load)

VOomax/HF® ml/min/ 21.1 3.6

bpm

Sa0, (at rest) % 9.2 0.2

Sa0, (at maximum load)f % 943 0.1

Arterial pO, (at rest)® mmHg 827 2.1

Arterial pO, (at maximum load)® mmHg 788 22

2 .
'max Maximal workload

° Pulse work capacity at a pulse rate of 100, 130, 150, or 170/min
Maximal oxygen uptake

Maximal oxygen uptake per kilogram body weight

¢ Maximal oxygen uptake per heartbeat

f Oxygen saturation

& Oxygen partial pressure

" Standard deviation

increased from 14.7 I/min (£3.9) at rest to 27.0 1/min
(£6.3; P = 0.0050) or for +22.9 %, which corresponds to
47.3 % of the maximum values measured in spiroergom-
etry. Oxygen uptake (VO,) at rest was 0.50 I/min (£0.13)
and showed an increase of +126 % during CPR (1.13 I/
min £ 0.25; P = 0.0004). This corresponds to 40.5 % of
the expected and to 32.2 % of the measured maximum
values. Relative VO, was 6.9 ml/min/kg (41.4) at rest and
15.6 ml/min/kg (£2.7; P = 0.0004) during resuscitation.
This is an increase of +126 %, and maximum values
correspond to 36.1 % of those during spiroergometry.
Oxygen consumption per heart beat (VO,/HF) showed a
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Table 2 Minimal requirements for people at risk to perform resuscitation without posing themselves at risk (top) and minimal requirements for a
healthy population to perform resuscitation for different levels of safety (below, for details see text)

Parameters Unit Minimal requirements
Workload Wikg 1.6-1.8
HF* /min 110
Minute ventilation /min 27
VO3 1/min 1.13
Safety level Workload in ergometry

W) (W/kg)
Minimal requirements for a probability of 80 % 86.4 1.3
Minimal requirements for a probability of 85 % 93.0 1.4
Minimal requirements for a probability of 90 % 100.2 1.6
Minimal requirements for a probability of 95 % 111.5 1.8

? Heart frequency
® Oxygen uptake

comparable increase: 6.6 ml/bpm (£+2.3) at rest and
10.0 ml/bpm (£2.3) during CPR (4-51.5 %; P = 0.0044).
This corresponds to 67.5 % of the expected and 47.3 % of
the measured maximum values. Respiratory equivalent
(VE/VO,) was 28.5 (£4.3) at rest and only 24.5 (£2.5) at
work (P = 0.0113). Oxygen saturation (Sa0,) differed not
between rest and work (96.3 % 4 0.8 vs. 96.0 % + 3.6;
n.s.), the same for oxygen partial pressure (pO,) with
82.2 mmHg (£8.7) at rest and 89.1 mmHg (412.0) during
CPR (n.s.). The workload in spiroergometry, which cor-
responds to those during CPR, is summarized in Table 2.
Average workload during CPR is 64.3 W or 1.0 W/kg
body weight, respectively.

In part 2 of the study, the participants showed a rela-
tive high HF at rest of 90.8 bpm (£9.4), which may have
been stress induced as all subjects watched as each per-
formed CPR protocols, but this does not influence HF at
workload (Hollmann and Hettinger 2000). The HF for the
four different CPR situations as described above is shown
in Fig 2. As expected, all situations i.—iv. showed sig-
nificantly higher HF during CPR than at rest
(P < 0.0001), but as in part 1 of the study, all HF during
the activity were well within the range of aerobic
endurance. The difference between the situations i. (CC:
80/min) and iii. (CC: 100/min) is statistically significant
(P <0.05) as an effect of the increased workload by
higher frequency of CC. Situations i. (CC 80/min) and ii.
(CC 80/min + AV) also differ significantly (P < 0.02).
Obviously AV by the same person marginally increases
the workload compared to CC only, but this increase of
about 3 bpm is clinically irrelevant as it is for the dif-
ference between situations iii. (CC: 100/min) and iv. (CC
100/min 4+ AV) with 2 bpm (n.s.). Interestingly, there is
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Fig. 2 Pulse rates in part 2. Rest: baseline (pulse rate at rest); CC:
“classic” method, cardiac massage only (situation i.); CCB: “classic”
method, cardiac massage, and artificial breathing (situation ii.); NC
new (actual) method, cardiac massage only (situation iii.), NCB new
(actual) method, cardiac massage, and artificial breathing (situation
iv.)

no significant difference between situations ii. and iv.
where the rescuer has to perform both CC and AV, but at
iv. with the higher frequency of 100/min. It must be
pointed out that the increase of the frequency of CC from
80 bpm (situation i.) to 100 bpm (situation iii.), which is
a surplus of +20 %, does not result in an increase of the
rescuer’s HF for 420 % but for +~3 % only. The
respective data of the combination of CC and AV (situ-
ation ii. and iv.) is +2 %. All rescuers performed CPR
with correct technique (insufficient frequency or depth of
CPR was recorded in 4-6 % of the CC for all measure-
ments of both parts of the study).
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Discussion

CPR is a well-established standard procedure practiced,
globally for cardiac emergencies. Considering the
increasing age of Western populations that are statistically
significant at an increasing risk of cardiac arrest, it is
increasingly likely that such persons may seek lay CPR
training or be involved in the resuscitation of victims. It is
therefore possible that a rescuer with preexisting CPD may
be putting both their life and that of the victim at risk when
performing CPR. Fortunately medical complications dur-
ing CPR training are rare events (N.N. 1983) (Sullivan and
Avstreih 2000), although it is not clear whether this is
because they are really rare or because only a few persons
with preexisting diseases join.

There is a linearity between HF and workload or oxygen
uptake, respectively, until the aerobic—anaerobic threshold
is reached (Hollmann and Hettinger 2000; McGehee et al.
2005) (Conconi et al. 1982). At sea level, this at about
140 bpm (Hollmann and Hettinger 2000) or below a blood
lactate concentration of 4 mmol/l (Mader and Heck 1986).
One might criticize that 3 min of exercise is too short to
evaluate workload during CPR because a real CPR situa-
tion lasts much longer. However, Hollmann et al. showed
that in several papers over decades that after three minutes
of a respective constant aerobic workload, a plateau phase
is reached which is quite stable (Hollmann and Hettinger
2000). For such a workload, there will be no change of data
when longer measurements should be performed. Our data
of study part 1 prove that CPR can be performed within the
aerobic range. Therefore, the plateau phase gives sufficient
data for the rest of the activity. Of course, if CPR would be
an activity which is beyond the anaerobic threshold,
another approach would be necessary.

The HF of all participants of part 1 was well within
this linear range mentioned above. Therefore, it was
possible to reduce data acquisition in part 2 on HF alone.
However, this comparison may not reflect the ergonomics
of muscular work done during CPR, which uses the
muscles of the upper, rather than lower body. However,
as bicycle ergometry is widely used, and steady states of
exercise can be easily prescribed, we choose this for
standard investigations to check whether a person may be
able to perform resuscitation. As a routine procedure and
outcome of such a testing, which should be limited to
classifying workload rather than investigating complex
physiological systems, the difference of the results caused
by unequal ergonomics may be neglected. With workload
[Watts] = 9.81 x body weight [kg] x speed [m/s] x sin
o (sin o = inclination of the treadmill), our results can be
transformed if treadmill ergometry should be performed
(de Marées and Mester 1981) (Hollmann and Hettinger
2000).
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Our data are within the range of those given by Betz
et al. who reported an increase of HF from 102 bpm to
106 bpm, which is, like ours, statistically significant, but
clinically irrelevant (Betz et al. 2008). Like us, they
investigated healthy people only, so a direct deduction of
recommendations for cardiac patients is as limited as in our
actual study. Others also investigated the workload of CPR,
again only in healthy persons (Bridgewater et al. 2008). For
the old 15:2 rhythm, they reported 76 % (£2) of the
maximum HF and 79 % (£2) for the 30:2 rhythm. The rate
pressure product did not differ significantly. Comparing
their results with ours, both findings indicate a slight but
not a critical increase of the rescuer’s workload when
following the 2010 recommendations.

There is another significant bias perhaps in both studies:
It is impossible to blind the study design, and all partici-
pants expected a higher workload with an increase in
metronome beats. To quantify such a self-assessment, the
so-called Borg’s scale, a semiquantitative scale that pro-
vides valid data to weight workload, has been widely used
(Borg and Noble 1974; Borg 2004). But the use has some
limitations, e.g., the increase of two classes in Borg’s scale
as reported by Bridgewater is definitively more than the
difference in the workload of both CPR procedures. Sev-
eral anecdotal complaints of medicine personnel would
seem to indicate that 100/min CCs are substantially more
tiring than 80/min. This is a consequence of human’s
ability to quantify workload quite good especially within
the range of a HF between ~ 80 and 140 min~', but this
may also interfere with expectations and other psychic
factors. The effect causes the subjective impression of a
significantly increased workload, although all data prove
that even the higher frequency of CC is performed far
below the anaerobic threshold. A similar effect was found
in an early study about workload during CPR (Pierce et al.
1992).

Our results and the derived minimal requirements are
within the range of the data given by Shultz et al.(Shultz
et al. 1995). But it must be pointed out that this prediction
is exclusively true for healthy persons and at low altitude.
With workload provided above, these limits healthy per-
sons with a moderate training level will be able to perform
CPR within the range of aerobic endurance, hence for the
period of 30 min according to the recommendations for
CPR by lay persons. The workload of CPR corresponds to
the mean endurance capacity of a healthy untrained Wes-
tern population (Aigner 1985; Shephard et al. 1988; Jenny
et al. 1998). But as a consequence of several factors,
maximum workload decreases with age (Hollmann and
Hettinger 2000; Hollmann et al. 1981, 1992). However,
Liesen and Hollmann reported a PWCI150 of 95 W in
untrained women and 160 W in untrained men at the age of
70 (Hollmann and Hettinger 2000; Liesen and Hollmann
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1981). This is clearly sufficient to fulfill the minimal cri-
teria of our study. For untrained males, Liesen reported a
decrease from 32 ml/kg/min at the age of 55-59 years to
30 ml/kg/min at 60-65 years and 28 ml/kg/min in the
6670 years group (Liesen et al. 1975). For trained men,
the corresponding values were 34, 33, and 33 ml/kg/min.
These values would provide much more potential workload
than necessary for CPR where we measured 15.6 ml/kg/
min. This would be in accordance with others who reported
no effect of age on perceived exertion during CPR training
(Bridgewater et al. 2000). The absolute peak HF of the
older participants (51-65 years) was 116/min, which is
within the same range than our collective. The problem
may be more pronounced if patients should perform CPR,
but patients with hemodialysis were able to provide 1.1 W/
kg before and 1.4 W/kg after erythropoietin treatment
(Wizemann et al. 1992). This would enable them to per-
form CPR according to our data.

When CPR training should be performed at high-altitude
locations, a decrease of aerobic performance (VO,max) of
about 11.5 % per 1000 m of altitude beyond 1500 m above
sea level must be taken into account for healthy persons
(Buskirk et al. 1967; Hansen et al. 1967; Dill et al. 1966).
This decrease is independent from training status and gen-
der (Rupwate et al. 1990). For persons with CPD, the sit-
uation is more complex. A minor decrease of performance
has been found at moderate altitude (600-1,500 m (Fulco
et al. 1998; Terrados et al. 1985). Others found an increase
in cardiac output for the same workload during the early
phase of altitude exposure (=non-acclimatized persons)
(West 1990; Vogel et al. 1967). Vogel et al. reported an
increase of cardiac output of 12 % at rest and of 16-18 %
for all levels of workload during ergometry and of +20 %
for the recovery phase (Vogel et al. 1967). There are no data
available concerning people with CPD performing CPR or
such trainings at altitude. On the other hand, such patients
rarely go to altitude locations above 3000 m. However, they
should be trained very carefully, especially during the
acclimatization phase. A survey concerning performance
and risks of CPD patients has been reviewed by the Medical
Commission of the Union Internationale des Associations
d’ Alpinisme (Donegani et al. 2012, 2014).

In case of cardiac risk, a limit of the workload at
75-80 % of the ischemic or symptomatic threshold is
generally accepted (Hollmann and Hettinger 2000). In
consequence, the limits given above must be increased
appropriately. A pulmonary patient without a significant
limitation of gas diffusion should be able to breathe about
30 /min. In case of limited gas exchange, a VO, of 1.13 I/
min is essential. All CPD patients should take care to
perform CPR without forced respiration during expulsion
because this would considerably increase their blood
pressure.

The study has some limitations. An extrapolation from a
group of persons without CPD to people with such risks
must be interpreted carefully. But with several congruent
results, a pulse rate well below the anaerobic threshold, and
with the pulse rate commonly used for safety management
in sports of cardiac patients, our careful interpretation of
the minimal requirements should be acceptable. A future
CPR study should test our data with patients who suffer
from coronary heart disease or significant pulmonary dis-
ease to confirm our extrapolation. Of course, a typical
collective at risk of cardiac diseases is older than those
investigated here. But since VO, for a given workload is
independent from age and gender, this should not cause
significant errors (Hollmann and Hettinger 2000). Of
course, the maximum HF of older persons is lower and
therefore they will reach their individual limits earlier.

Bicycle ergometry may cause a bias of the data as the
legs get a workload, not the muscles of the upper body used
during CPR. It is well known that arm ergometry would
cause a significantly higher increase in pulse rate and blood
pressure for a given workload. But with correct technique,
there is not much workload on the arm muscles. CPR
should be performed with straight arms and the weight of
the upper body as the load used to apply the pressure to the
patient’s thorax. When done correctly, CPR does not really
load the arms, but the muscles of the trunk when the res-
cuer reduces the pressure between each CC. The effect on
circulatory parameters of such a work was never
investigated.

A third limitation is difficult to quantify: the effect of
stress on HF during a real resuscitation. This will vary a lot,
since knowledge, training status, experience, personal
stress management, and many other factors will interfere.
Some of them may increase this effect, while others like
experience will reduce it. There are no data available which
quantify these effects during real resuscitation.

The testing period was limited to 3 min, although most
resuscitations last much longer. But since the data of all
tests clearly show that CPR is performed strictly within the
range of aerobic endurance, this does not cause a bias
(Hollmann and Hettinger 2000).

A well-known problem is the variability of the resis-
tance of the thorax of different persons and the necessity to
find a realistic average to construct a manikin. This also
includes the dynamic forces, but detailed data about such
forces in the human’s thorax are not available. Individual
and environmental factors also influence the resistance:
The large thorax of a huge person has a higher resistance
than those of a small thin person, and a patient with severe
hypothermia shows significantly increased resistance.
Tomlinson et al. investigated the forces during CPR in 91
adult patients and reported a mean force of 30.3 & 8.2 kg
(Tomlinson et al. 2007). Strictly spoken, they have used the
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wrong measurement unit (kg scales masses while N scales
forces), but however, there were two important conclu-
sions: (1) an average-sized rescuer should be able to per-
form effective CPR in most adult patients although there
was a decrease of applied forces of 1.5 kg for each 10-year
increase in age, and (2) the mean absolute compression
depth was 42 £ 8 mm. The latter indicates that the new
recommendations that include a depth of at least 50 mm
may be not realistic. In summary, it is impossible to obtain
detailed data for any person or situation by investigations
with manikins, but since the manufacturers take care to
optimize the devices to cover as much persons or situations
as possible, the manikins represent the “average adult
Caucasian”. Therefore, our results should include a minor
bias only if such a “standard person” is discussed. In such
situations, it is a general consensus to include safety mar-
gins in the specific recommendations to avoid dangerous
situations. Since the safety reduction mentioned above is
well established in international recommendations for safe
sport of heart patients, it should also be safe in
resuscitation.

In order to comply with ethical permission for testing,
our studies were performed with young adults. Since there
is a decrease of aerobic endurance capacity with age
(Hollmann et al. 1981; Hollmann and Hettinger 2000) and
others have shown that the force applied during CPR
decreases with age (Tomlinson et al. 2007), it may be
questionable whether a significant portion of people of 70+
years of age will be able to provide the workload given
above. A future study should therefore also include elderly
volunteers.

We cannot calculate exactly the workload of the myo-
cardium since we did not measure blood pressure during
CPR. In contrast to ergometry, it is impossible to get
reliable data about blood pressure during CPR by the Riva-
Rocci method. Since blood pressure decreases immediately
when any workload is stopped, the Riva-Rocci method
would cause significant bias. The problem could be solved
by arterial measurement which may be considered in future
studies.

Recently the recommendations for CPR have been
changed again. Now the frequency of CC should be
100-120/min and the depth of each compression should be
5-6 cm (European Resuscitation Council) or 5 cm (AHA).
This may slightly increase the workload on the rescuer, but
since these recommendations were published after our
study was performed, we cannot give details about that.

Finally, there is an ethical question: Should a person
who knows that he or she is at risk because of a preexisting
disease perform resuscitation or not? This also includes the
training at manikins. There is no doubt that even severe
preexisting diseases do not prevent anybody from initial-
izing the rescue chain, the alarm call. Our data indicate that
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heart patients at NYHA stage I (N.N. 1994) should not at
risk of cardiac problem when performing CPR, while those
at stages III and IV will be unable to do so. The problem
group are patients at NYHA stage II. Most of them should
be able to perform CPR within their individual limitations
of safety, but the several factors may interfere and require
individual safety precautions if such patients join CPR
training. We suggest that such training be performed under
the supervision of a physician only. This does not prevent
cardiac symptoms or incidences, but it decreases the risk of
such incidences. The patients should use a pulse watch
which measures continuously and with the alarm set at
70-80 % of the individual’s ischemic rsp. symptomatic
threshold. This procedure is well established for aerobic
endurance sports with heart patients since 50 years and
well supported by data. It was proved that the method may
be used independently from the individual’s diagnosis if
the maximal acceptable pulse rate is defined as (70-) 80 %,
where any problem which may be linked to the diagnosis
occurs (survey in Hollmann and Hettinger 2000). Of
course, this needs an optimized diagnosis of the ischemic
or symptomatic threshold. Here some apparent interna-
tional differences should be taken into account: While a
workload of 85 % of the age predicted heart rate is rec-
ommended for standard exercise tests in some countries,
which is a submaximal test which reduces the likelihood of
precipitation of a coronary event to <1:1,000, in the Ger-
man-speaking countries, higher workload is used. Here
maximal HF, the onset of symptoms or significant ECG
alterations are defined as limiting factors (=maximal test).
A meta-analysis of 150 studies has shown that this results
in a predictive value of 91 % with a specificity of 77 % and
a variation coefficient of ~10 % (Lollgen 2005). The
positive prediction of ischemic heart disease is 68 % with
the first stress test and increases to >90 % with repeated
testing (Rost and Hollmann 1982a). It should be noted that
“significant ECG alterations” differ: while in Central
Europe this is any ST decrease of more than 0.1 mV, it is
0.4 mV in some American centers. This and several other
differences are of significant influence on the prediction of
cardiac risk as well on the patient’s safety during testing or
workload (Rost and Hollmann 1982b). The patient’s safety
may be increased even more by stress echocardiography:
since the onset of alterations of the myocardial relaxation
or contraction is earlier than ECG alterations, this may be
used to define the individual threshold (Nixdorff et al.
1997). However, if an individual has cardiac disease par-
ticularly cardiac ischemia or history of heart failure and
develops symptoms at workloads similar to those identified
in this mannequin study, then caution should be advised.
Any patient whose cardiopulmonary or circulatory disease
is not in stabilized condition should not join CPR trainings
until the disease is under control.
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We would also recommend that standard equipment for
ALS is available to optimize the physician’s work if an
incident should occur. Whether a heart patient performs
CPR in a real situation is purely a personal decision. If he is
afraid of engaging in a higher workload by performing CC
combined with AV, the rescuer may also choose to only
perform CC. Recent data have shown that AV is obviously
less important than previously assumed and that the final
outcome is not reduced when lay rescuers exclude AV and
only perform a sufficient CC (Bobrow et al. 2010.).
However, our data indicate that CPR with CC only does not
reduce workload significantly compared to CC + AV.
Therefore, the reduction of a full CPR to CC only should
be more a mental than a physical reduction of workload.
This also indicates that such a strategy would not reduce
the risk for persons with preexisting risk factors.

As our data indicate, there is no simple mathematical
correlation between the frequency of CC and the rescuer’s
HF: +20 % of compressions (80 bpm vs. 100 bpm) induced
an increase in the rescuer’s HF for only 3 %. In consequence,
any patient, who is anxious to overburden himself when
performing or training CPR, cannot reduce significantly his
or hers workload by following the older recommendations
with lower frequency of CC. In consequence, any rescuer—
with preexisting disease or not—should follow the actual
guidelines when he or she should join a CPR training or if
they should face a real resuscitation.
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