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Abstract 

Background: Cardiopulmonary resuscitation (CPR) decreases lung volume below the functional residual capacity 
and can generate intrathoracic airway closure. Conversely, large insufflations can induce thoracic distension and jeop‑
ardize circulation. The capnogram  (CO2 signal) obtained during continuous chest compressions can reflect intratho‑
racic airway closure, and we hypothesized here that it can also indicate thoracic distension.

Objectives: To test whether a specific capnogram may identify thoracic distension during CPR and to assess the 
impact of thoracic distension on gas exchange and hemodynamics.

Methods: (1) In out‑of‑hospital cardiac arrest patients, we identified on capnograms three patterns: intrathoracic 
airway closure, thoracic distension or regular pattern. An algorithm was designed to identify them automatically. (2) 
To link  CO2 patterns with ventilation, we conducted three experiments: (i) reproducing the  CO2 patterns in human 
cadavers, (ii) assessing the influence of tidal volume and respiratory mechanics on thoracic distension using a 
mechanical lung model and (iii) exploring the impact of thoracic distension patterns on different circulation param‑
eters during CPR on a pig model.

Measurements and main results: (1) Clinical data: 202 capnograms were collected. Intrathoracic airway closure was 
present in 35%, thoracic distension in 22% and regular pattern in 43%. (2) Experiments: (i) Higher insufflated volumes 
reproduced thoracic distension  CO2 patterns in 5 cadavers. (ii) In the mechanical lung model, thoracic distension 
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Introduction
In the management of cardiac arrest, it is recommended 
to perform high-quality chest compressions [1]. The 
optimal ventilation strategy during cardiopulmonary 
resuscitation (CPR) remains to be determined [2].  CO2 
monitoring is recommended in clinical practice by 
International guidelines [1, 3]. However, the applica-
tion of chest compressions during CPR influences  CO2 
waveform and complicates its interpretation [4, 5]. We 
previously showed that the actual recommended rate 
and depth of chest compressions are such that CPR 
tends to operate below the functional residual capacity 
(FRC) [6]. During each chest decompression, the recoil 
of the chest creates a negative intrathoracic pressure 
with a beneficial circulatory effect. We also showed 
that the reduction of lung volume due to continuous 
chest compressions can result in “intrathoracic air-
way closure” that influences the capnogram waveform 
[7]. We recently identified in out-of-hospital cardiac 
arrest patients, another capnogram pattern referred 
to as “thoracic distension,” in which oscillations are 
not present at the beginning of expiration but appear 
after a few chest compressions have been generated, 
while lung volume decreases. We hypothesized that in 
case of “thoracic distension,” relatively large insuffla-
tions place lung volume above the functional residual 
capacity, therefore losing the inward/inspiratory recoil 
of the chest and transiently affecting the circulatory 
effect of decompression by limiting negative recoil 
pressure, until returning below FRC. The significance 
of this “thoracic distension”  CO2 pattern, as represent-
ing a potentially harmful condition for circulation, was 
investigated in the present study.

The objectives of this study were: (i) to design an algo-
rithm permitting to classify and assess the occurrence 
of the different  CO2 patterns observed during CPR in 
a series of out-of-hospital cardiac arrest patients; (ii) to 
reproduce the  CO2 pattern associated with thoracic dis-
tension on different experimental models; and (iii) to 
evaluate the impact of a thoracic distension capnogram 

pattern on ventilation and circulation in pigs during CPR 
performed with continuous chest compressions.

Methods
CO2 patterns detection
Capnogram classification: the three patterns
Capnograms were analyzed as illustrated in Fig. 1 using a 
simple classification algorithm detailed below.  CO2 signal 
obtained with chest compressions during the expiratory 
phase of the ventilatory cycle was labeled into one of the 
three patterns defined as follows:

 (i) Intrathoracic airway closure: oscillations due to 
chest compressions and decompressions are small 
or absent. Lung volume reduction far below the 
FRC and complete or partial intrathoracic airway 
closure explain this capnogram.

 (ii) Thoracic distension: oscillations due to chest com-
pressions and decompressions are limited or 
absent at the beginning of the expiration phase and 
resume after a few chest compressions. Increase in 
lung volume above FRC explains this capnogram.

 (iii) Regular pattern: oscillations due to chest compres-
sions and decompressions are clearly visible during 
the entire duration of the expiration phase. This 
pattern corresponds to the situation when neither 
thoracic distension nor intrathoracic airway clo-
sure is identified.

Distension ratio, definition and calculation
To quantify thoracic distension, a distension ratio was 
defined based on the analysis of the area under the  CO2 
curve (see Fig.  2). In case of thoracic distension, one, 
two or sometimes more  CO2 oscillations disappear at 
the beginning of expiration due to the thorax still tran-
sitorily above FRC, preventing the negative recoil pres-
sure during decompression (that only occurs below the 
FRC). As a result, “thoracic distension” is visible on the 
capnogram since it prevents several chest compression-
induced  CO2 oscillations. We computed the distension 

patterns were associated with higher volumes and longer time constants. (iii) In six pigs during CPR with various tidal 
volumes, a  CO2 pattern of thoracic distension, but not tidal volume per se, was associated with a significant decrease 
in blood pressure and cerebral perfusion.

Conclusions: During CPR, capnograms reflecting intrathoracic airway closure, thoracic distension or regular pat‑
tern can be identified. In the animal experiment, a thoracic distension pattern on the capnogram is associated with 
a negative impact of ventilation on blood pressure and cerebral perfusion during CPR, not predicted by tidal volume 
per se.

Keywords: Cardiopulmonary resuscitation, Thoracic distension, Intrathoracic airway closure, CO2 pattern, Cardiac 
arrest
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ratio as the ratio between the initial area under the 
 CO2 curve without oscillation (AUC1) and the area 
of the consecutive normal  CO2 oscillation (AUC2) as 
illustrated in Fig.  2. A distension ratio of 2 (AUC 1 is 
two times superior to AUC 2) was arbitrarily defined 
as a cut-off value; considering that the loss of oscilla-
tions in case of thoracic distension includes at least two 
inefficient chest decompressions (distension ratio ≥ 2). 

Calculations details are available in the Additional 
file 1: Methods.

Capnogram classification: algorithm

1. Maximum and minimum values of  CO2 peaks corre-
sponding to chest compressions-induced oscillations 
during the expiratory phase were identified.

Fig. 1 Capnograms classification from clinical observations. The figure illustrates the distribution of capnograms according to the classification. 
Each panel shows a typical  CO2 pattern obtained from clinical observations after numerical treatment from raw capnogram data (python, Python 
Software Foundation, Wilmington, Delaware, USA). X‑axis represents inspiratory and expiratory time. A Intrathoracic airway closure: oscillations due 
to chest compressions and decompressions are small or absent. Lung volume reduction far below the FRC and complete or partial intrathoracic 
airway closure explain this specific capnogram. B Thoracic distension: oscillations due to chest compressions and decompressions are limited or 
absent at the beginning of the expiration phase and resume after a few chest compressions. Increase in lung volume due to large Vt insufflation 
before returning to FRC explains this specific capnogram. C Regular pattern: oscillations due to chest compressions and decompressions are clearly 
visible during the entire duration of the expiration phase. The regular pattern corresponds to the situation when neither thoracic distension nor 
intrathoracic airway closure is identified

Fig. 2 Quantification of thoracic distension: the distension ratio. The figure shows examples of capnograms representing different distension 
ratios (used to quantify thoracic distension) calculated as a continuous variable. Typical capnograms from the animal experiment are displayed for 
three values of “distension ratio”: 1.5 on panel A, 3.5 on panel B and 5.5 on panel C. X‑axis corresponds to inspiratory and expiratory time. AUC1 
represents the area under the  CO2 curve between the beginning of the expiratory  CO2 signal and the first local minimum (The first local minima 
having an amplitude two times lower than the mean amplitude of all peaks are discarded). AUC2 represents the area under the  CO2 curve of the 
first “normal” oscillation corresponding to an efficient compression decompression phase around FRC. The distension ratio corresponds to the ratio 
AUC 1/AUC 2. It is used as a surrogate marker of the level of thoracic distension
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2. Airway opening index (AOI) was calculated as 
defined by Grieco et al. [7] to quantify the magnitude 
of chest compressions-induced expired  CO2 oscil-
lations. An AOI lower than 30% was considered as 
intrathoracic airway closure. The threshold of 30% 
was defined based on the results of the Grieco et al.’s 
study showing that below an AOI of 30%, the impact 
on ventilation and as result on  CO2 washout was 
substantial.

3. When AOI was above 30%, the “distension ratio” 
defined as AUC 1/AUC 2 was then calculated (see 
Fig.  2 and Additional file  1: Methods for details). 
Thoracic distension was considered when “distension 
ratio” was greater than 2.

4. Capnogram was considered as regular pattern if AOI 
was above 30% and distension ratio less than or equal 
to 2.

Clinical observations
The main objective of the present clinical series was 
to confirm the existence of the three  CO2 patterns at 
a given time of the CPR process. Capnograms were 
obtained from patients enrolled in the French RENAU 
network registry for Out of Hospital Cardiac Arrest 
(OHCA) (authorization number CNIL 046461). All 
patients who were receiving manual continuous chest 
compressions after intubation according to interna-
tional recommendations [1] with available capnograms 
(recorded systematically provided there were no tech-
nological issues) were consecutively enrolled in the 
study. Of the patients included in the present study 
(n = 202), capnograms of 89 patients were already 
reported in a previous study [7]. The  CO2 pattern 
was determined based on the classification algorithm 
described above, using a single representative ventila-
tory cycle for each patient. Patients were ventilated 
with a transport ventilator (Monnal T60, Air Liquide 
Medical Systems Antony, France) using a bilevel pres-
sure mode called CPV, with standardized ventilator set-
tings: respiratory rate (RR) 10 breaths/min; inspiratory 
time 1  s and expiratory time 5  s (I/E = 1/5); inspired 
oxygen fraction  (FiO2) 100%; inspiratory pressure 20 
 cmH2O; and positive end-expiratory pressure (PEEP) 5 
 cmH2O. Soon after intubation,  CO2 signal was recorded 
and printed at airway opening from LifePak monitor/
defibrillator (LIFEPACK 15, Physio-Control, Redmond, 
WA 98052, USA) with a sidestream sensor placed 
between the Y-piece and the endotracheal tube. Data 
were prospectively collected without any interference 
with care. The study complied with the Declaration of 
Helsinki and was approved by the ethics committee of 

the University Hospital of Clermont-Ferrand, France 
(IRB no. 5891), with waiver of consent.

Human cadavers with simulation of  CO2 production
To validate observations obtained from clinical data, the 
different conditions (i.e., intrathoracic airway closure, 
thoracic distension and regular pattern) were reproduced 
with Thiel embalmed human cadavers with simulation 
of  CO2 production in the Anatomy Laboratory of the 
Université Québec à Trois Rivières (UQTR) in Canada 
with five bodies (authorization number CER-14-201-08-
06-17). Those cadavers were validated as a robust model 
to study ventilation during CPR [8]. The objective of 
the study was to reproduce on a same human body the 
three CO2 patterns by changing PEEP and tidal volume. 
The study was approved by the ethics committee of the 
University of Quebec at Trois-Rivieres (SCELERA-
19-01-PR02). Methods used to ventilate the cadavers and 
to simulate  CO2 production have already been described; 
airway pressure, flow and esophageal pressure were 
recorded [8, 9] (see Additional file 1: Methods). Manual 
continuous chest compressions were applied. The airway 
opening pressure (AOP) was determined in each cadaver 
as previously reported [10]. Regular pattern and thoracic 
distension were obtained with a PEEP set above AOP, 
while intrathoracic airway closure was obtained with a 
PEEP set below AOP. Using pressure-controlled ventila-
tion, we adapted different inspiratory pressures (20, 30, 
40  cmH2O) to generate a high range of tidal volumes. 
Ventilation cycles were classified according to the same 
algorithm used for the clinical study as intrathoracic air-
way closure, thoracic distension or regular pattern based 
only on the  CO2 signal.

Mechanical bench with simulation of  CO2 production
The objective of the bench study was to address the influ-
ence of respiratory mechanics and volume on thoracic 
distension  CO2 pattern. An original thoracic lung model 
(POUTAC;  non-patented prototype reported in the 
Grieco et al.’s study [7]) permitting to add a constant pro-
duction of  CO2 was used [6] (see Additional file 1: Meth-
ods). The model was designed to allow ventilation either 
above or below FRC (a unique situation specific to CPR) 
under different combinations of resistance and compli-
ance. Manual chest compressions were applied con-
tinuously on the POUTAC using different compliances 
(C = 20–40–60  ml/cmH2O) and resistances (R = 5–10 
 cmH2O/L/s); capnograms were recorded under a large 
range of Vt (0.3 to 1L). For each combination of R × C 
and tidal volume, capnogram was analyzed to detect tho-
racic distension as described for both the clinical study 
and cadaver study.
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Animal study
Ethical statement
This study was approved by the ethics committee for ani-
mal research Cometh-016 (project 2018062813205311). 
The procedure for the care and killing of study ani-
mals was in accordance with the European Community 
Standards on the Care and Use of Laboratory Animals. 
A reporting checklist regarding animal preparation and 
study design is provided in Additional file  2, in compli-
ance with the ARRIVE guidelines.

Experimental protocol
We tested 7 female pigs weighing 28 ± 1 kg. A first animal 
was tested over a large range of tidal volumes (from 6 to 
20 ml/kg) to illustrate what can be expected in terms of 
circulation impact and capnogram patterns.

Six animals were enrolled in the main study. Ventricu-
lar fibrillation was induced by a pacing wire inserted in 
the right ventricular through the femoral vein catheter. 
Fibrillation was left untreated during 4  min (no-flow 
period). Then, continuous mechanical chest compres-
sion was started at a rate of 100 per minute and a depth 
of 5  cm with ventilation as recommended (100% oxy-
gen fraction, respiratory rate 10/min, I/E 1/5, tidal vol-
ume 6  ml/kg). The LUCAS 3™ (Physio-control, Lund, 
Sweden) chest compression device could exert a mild 
active decompression effect due to the suction cup. CPR 
was organized into three periods associated with a spe-
cific tidal volume (period T0 to T5 => 5  min at 6  ml/
kg-period T5 to T10 => 5  min at 12  ml/kg-period T10 
to T15 => 5  min at 6  ml/kg). Blood gases were meas-
ured at each tidal volume change. Animals were  killed at 
the end of the protocol (i.e., low-flow period of 15 min) 
with a lethal dose of pentobarbital (60 mg  kg−1). Details 
of animal preparation are available in Additional file  1: 
Methods.

Capnogram analysis and thoracic distension
Thoracic distension was defined based on the “distension 
ratio” calculated as a continuous variable as illustrated 
in Fig. 2. This ratio was computed and averaged for each 
tidal volume period. Correlations between the “disten-
sion ratio,” tidal volume, time and hemodynamic param-
eters were performed.

Statistical analysis
Statistical analysis was performed with Python Soft-
ware (Python version 3.9.5, Wilmington—USA). 
Data are summarized as mean (± SD) for continu-
ous variables and count (%) for categorical variables. 
In the cadaver experiment, comparisons of tidal vol-
umes between  CO2 patterns were performed using 

a repeated measures ANOVA test. Normality of the 
data was assessed with a Shapiro–Wilk test. Concern-
ing bench experiments, results were averaged over 
three ventilation cycles for every condition. For the 
pig experimentation, correlation was assessed using a 
random effects linear model with each pig’s ID as the 
random effect. All statistical tests were two-sided, 
and results with p < 0.05 were considered statistically 
significant.

Results
Clinical observations
Capnography was available in 202 patients soon after 
intubation during chest compressions, and all were 
included in the study. Patients’ characteristics and out-
comes are described in Table  1. Return of spontane-
ous circulation (ROSC) and rates of survival at hospital 
admission were 20.5% and 12.9%, respectively.

From the 202 capnograms included in the study, 35% 
showed airway closure, 22% thoracic distension pattern 
and 43% regular pattern (see Fig.  1). The mean disten-
tion ratio was 2.23 ± 2.19 (median 1.55) for all patients, 
4.24 ± 2.61 (median 3.43) for thoracic distension patients 
and 1.16 ± 0.64 (median 1.00) for regular pattern patients.

Human Thiel cadavers
The characteristics of the cadavers are given in Addi-
tional file  2: Table  S1. Figure  3 shows an illustration of 
the three  CO2 patterns obtained with the Thiel cadavers. 
Thoracic distension based on capnogram was associated 
with higher tidal volumes compared with intrathoracic 
airway closure (p = 0.008) or regular pattern (p = 0.005) 
(after ANOVA). Mean tidal volume was 130 ± 136 ml for 
intrathoracic airway closure, 453 ± 222  ml for thoracic 

Table 1 Patients characteristics (n = 202)

Data are presented as means (± SD) for continuous variables and count (%) for 
categorical variables

BMI body mass index calculated as weight/height2, EtCO2 end tidal  CO2, ALS 
advanced life support, ROSC return of spontaneous circulation

Age (year) 68 (± 15)

Sex male (n) 162 (80%)

BMI (kg/m2) 25.6 (± 7.2)

Initial rhythm (n)

 Non‑shockable 153 (73%)

 Shockable 57 (27%)

Low‑flow time (min) 20 (± 15)

EtCO2 at the beginning of ALS (mmHg) 31 (± 18)

Maximal  EtCO2 during ALS (mmHg) 38 (± 20)

ROSC (n) 43 (20.5%)

Survival at hospital admission (n) 27 (12.9%)
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distension and 141 ± 82 ml for regular pattern. The mean 
distention ratio was 2.85 ± 1.56 (median 2.65) for all 
cadavers, 3.72 ± 1.21 (median 3.50) for thoracic disten-
sion and 1.23 ± 0.42 (median 1.22) for regular pattern.

Bench study
Table  2 shows that thoracic distension was favored by 
high tidal volumes and high time constants (R × C). The 
larger the insufflated volume or the longer the time con-
stant, the more likely thoracic distension was present. 
Thoracic distension was identified on capnograms with a 
frequency of 0%, 0%, 33%, 33%, 66%, 83%, 83% and 100% 
for insufflated volumes of, respectively, 300  ml, 400  ml, 
500  ml, 600  ml, 700  ml, 800  ml, 900  ml and 1000  ml. 
Thoracic distension was detected on capnograms with a 
frequency of 13%, 50%, 38%, 50%, 75% and 75% for RC 
values of, respectively, 0.10 s, 0.2 s, 0.25, 0.40 s, 0.5 and 
0.80 s.

Pig model
Intrathoracic airway closure was not observed in the ani-
mals enrolled in the experiment. Pigs’ characteristics are 
given in Additional file 2: Table S2.

Test animal
Figure  4 illustrates in one animal the increasing varia-
tions induced by ventilation of aortic blood pressure, 
right atrial pressure, intracranial pressure, coronary and 
cerebral perfusion pressure as Vt increased. The capno-
gram depicted a change of the  CO2 pattern from regular 
pattern to thoracic distension as Vt increased.

Experiment in six animals
The “distension ratio,” expressing the level of thoracic dis-
tension based on the capnogram (Fig. 5), was significantly 
and inversely correlated with cerebral perfusion pressure 
(p = 0.002), mean blood pressure (p = 0.006), systolic 

Fig. 3 Reproduction of CO2 patterns on Thiel cadaver model: illustration in one cadaver. From top to bottom recordings of flow at airway 
opening (Flow), airway pressure (Paw), esophageal pressure (Peso) and expired  CO2  (CO2). The tilted line on the Paw tracing represents the airway 
opening pressure (AOP). The recording is divided into three configurations: (1) Regular pattern: positive end‑expiratory pressure (PEEP) was set 
above the AOP to simulate airway patency. (2) Intrathoracic airway closure: PEEP was set below the AOP to simulate airway closure. (3) Thoracic 
distension: PEEP was set above the AOP to simulate airway patency, and peak airway pressure set on the ventilator was increased to generate 
higher tidal volumes compared to step 1



Page 7 of 13Lesimple et al. Critical Care          (2022) 26:287  

blood pressure (p = 0.007) and diastolic blood pressure 
(p = 0.009). There was no significant effect on coronary 
perfusion pressure and carotid blood flow.

The different hemodynamic parameters recorded 
were not significantly impacted by tidal volume per se. 
There was no significant correlation between Vt and any 
recorded circulation parameter: coronary (p = 0.283) and 
cerebral (p = 0.998) perfusion pressure, mean (p = 0.839), 
systolic (p = 0.962) and diastolic (p = 0.882) blood pres-
sure as well as carotid blood flow (p = 0.713).

A time effect was present on the different hemody-
namic parameters recorded except for coronary perfu-
sion pressure, cerebral perfusion pressure and diastolic 
blood pressure.

Discussion
The main results of the present study could be summa-
rized as follows:

1. In the present series of capnograms, intrathoracic 
airway closure, thoracic distension and regular pat-
tern concerned, respectively, 35%, 22% and 43% of 
202 OHCA patients after intubation.

2. The capnogram indicating thoracic distension was 
associated with higher tidal volumes on Thiel cadav-
ers. Capnogram indicating thoracic distension on a 
CPR bench model was also more likely to occur with 
higher insufflated volumes or longer time constants 
(R × C).

3. In the animal experiment, the distension ratio calcu-
lated from the capnogram to quantify thoracic dis-
tension was inversely correlated with cerebral perfu-
sion and arterial blood pressure, while no correlation 
was found with tidal volume.

Theoretical optimal thoracic volume for effective chest 
compressions
The application of continuous chest compressions dur-
ing CPR complicates  CO2 waveform interpretation and 
generates specific  CO2 patterns [4–7]. Both compression 
and decompression are needed to generate and sustain 
effective circulation. The increase in intrathoracic pres-
sure during compression has been shown to generate cir-
culation, thus introducing the concept of thoracic pump 

Table 2 Thoracic distension reproduced on lung model

Vt (ml)

RC(s) 300 400 500 600 700 800 900 1000

0,1 regular regular regular regular regular regular regular distension

0,2 regular regular regular regular distension distension distension distension

0,25 regular regular regular regular regular distension distension distension

0,4 regular regular regular regular distension distension distension distension

0,5 regular regular distension distension distension distension distension distension

0,8 regular regular distension distension distension distension distension distension

The thoracic distension pattern was reproduced on the thoracic lung model called POUTAC. This table displays  CO2 pattern depending on time constant RC 
(multiplication of resistance and compliance) and the set tidal volume using the classification algorithm described in the methods. Each combination of time constant 
and tidal volume was identified into either regular pattern (called “regular”) or thoracic distension (called “distension”)

Vt tidal volume, RC time constant corresponding to the multiplication of resistance and compliance
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Fig. 4 Impact of a stepwise increase in tidal volume on airway pressure, circulation and capnograms in a pig during cardiopulmonary 
resuscitation. From top to bottom, recording tracings of airway pressure, aortic blood pressure, right atrial pressure, intracranial pressure, coronary 
perfusion pressure (aortic blood pressure minus right atrial pressure), cerebral perfusion pressure (mean arterial pressure minus intracranial 
pressure) and capnogram during tidal volume (Vt) trial. Vt was increased as follows: 6–10–15–20 ml/kg. Coronary perfusion pressure waveforms 
should be interpreted cautiously and read only at end of decompression

theory [11]. Venous return is facilitated by recoil of the 
chest creating a negative intrathoracic pressure if lung is 
placed below the functional residual capacity (FRC) when 
decompression starts. CPR close to the FRC with effec-
tive venous return could be identified by the regular  CO2 
pattern with fully oscillating capnogram. Interestingly, 
non-oscillating capnograms reported by Grieco et al. [7] 
reflect intrathoracic airway closure that affects ventila-
tion and occurs when thorax is pushed far below the FRC 
along the course of CPR.

“Thoracic distension” pattern of the capnogram
We hypothesized that the specific capnogram called 
“thoracic distension” may indicate the risk associated 
with excessive ventilation inflating the thorax above FRC. 
It may jeopardize circulation (venous return) by limiting 
negative intrathoracic pressure during decompression 
[12, 13]. Expired  CO2 oscillations which result from the 

combination of compression and decompression may 
transiently disappear when the time during which tho-
racic volume above FRC is prolonged, indicating this risk 
(see Fig. 6 and Additional file 2).

This is also markedly visible in the pig model (test ani-
mal), where we observed that the stepwise increase of Vt 
from 6 to 20 ml/kg magnified coronary and cerebral cir-
culation oscillations related to ventilation and modified 
capnogram from regular to thoracic distension in parallel 
(Fig. 4).

Is the  CO2 pattern associated with thoracic distension 
more informative than the Vt to detect any impact 
on circulation?
Thoracic distension  CO2 pattern was reproduced on 
cadaver, bench and porcine models. This phenom-
enon was associated on average with higher insufflated 
volumes compared to intrathoracic airway closure or 
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regular patterns. We found in the pig model that tho-
racic distension assessed by distension ratio was sig-
nificantly and negatively correlated with mean arterial 
blood pressure and cerebral perfusion pressure, suggest-
ing its potential negative impact on circulation during 
resuscitation.

Unlike the capnogram, Vt absolute values were not sig-
nificantly associated with a negative effect on blood pres-
sure, coronary perfusion and cerebral perfusion. Those 
results may suggest that the capnogram may be more rele-
vant than Vt per se to predict a circulatory impact induced 
by ventilation.

Fig. 5 Relationship between CO2 pattern analyzed by the distension ratio and coronary perfusion, cerebral perfusion, mean, systolic, 
diastolic blood pressure and carotid blood flow in pigs during cardiopulmonary resuscitation. A Coronary perfusion pressure (measured at 
end decompression) depending on “distension ratio.” B Cerebral perfusion pressure (mean value throughout chest compression/decompression 
cycles) depending on “distension ratio.” C Mean blood pressure depending on “distension ratio.” D Systolic blood pressure depending on “distension 
ratio.” E Diastolic blood pressure depending on “distension ratio.” F Carotid blood flow depending on “distension ratio.” Correlations were assessed 
using a mixed linear model. The p values are displayed. Each pig is represented by a different color
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The bench study provides a possible explanation for the 
previous observed result. Indeed, prolonged time con-
stant that characterizes the time required to return to 
FRC may favor thoracic distension even with low Vt, as 
we observed in some animals.

Occurrence of thoracic distension, intrathoracic airway 
closure and regular capnogram
In our series of 202 OHCA patients, thoracic distension 
and intrathoracic airway closure concerned 22% and 35% 
of patients, respectively. Interestingly, very similar capno-
grams have been reported during CPR, without specifically 
identifying the phenomenon of thoracic distension [4, 5].

An important methodological point is that capno-
grams from the present study were captured soon after 
intubation with a respiratory rate of 10/min and a protec-
tive pressure mode of ventilation limiting Vt. One can-
not exclude that thoracic distension may be much more 
frequently observed with manual bag ventilation during 
which Vt and respiratory rate are poorly controlled, thus 
favoring the risk of hyperventilation. In addition, a mod-
erate level of PEEP was used in our series, which could 
have minimized the occurrence of intrathoracic airway 
closure, favored by low airway pressures. Although our 
brief periods of recordings with one to ten cycles dis-
played similar patterns for all breaths, it is likely that 
 CO2 patterns evolve along the course of CPR, and that 
the classification could change depending on the time 
of intervention, thus precluding any interpretation of its 
significance in terms of outcome.

Of note, intrathoracic airway closure was not observed 
during the animal experiment. It is possible that the pig 
thorax anatomy may limit the reduction of lung vol-
umes we observe in humans during resuscitation and 
thus occurrence of intrathoracic airway closure. Besides, 
pig bronchial tree presents lateral connections that 
may also limit occurrence of distal airway closure [14]. 
In addition, the mechanical chest compression device 
used in the swine study was operated with a mild active 
decompression due to the suction cup, which may limit 
the reduction of lung volume below the FRC potentially 
responsible for intrathoracic airway closure.

Clinical perspectives
Excessive ventilation during cardiac arrest has already 
been shown to be associated with poor outcomes [15, 16]. 
Nevertheless, it is definitively challenging to control and 
monitor Vt delivered during manual bag ventilation [17].

Based on these observations, a capnogram-based ventila-
tion strategy may permit to optimize ventilation during CPR, 
using real-time identification of capnograms (intrathoracic 
airway closure, thoracic distension or regular pattern). As 
previously shown, PEEP increase may be considered in case 
of intrathoracic airway closure to open the airways, while Vt 
reduction could be proposed in case of thoracic distension. 
Further evidence is needed before developing such ventila-
tory approach on a ventilator, but these findings may be of 
potential additional value for bag valve mask ventilation dur-
ing which hyperventilation is likely to occur.

Study limitations
First, the capnogram analysis proposed in the present 
study is based on continuous chest compression, and 
whether it is generalizable to an interrupted chest com-
pression strategy ideally needs further assessment. But 
thoracic distension may also be present during inter-
rupted chest compressions.

Second, capnogram from one ventilatory cycle 
recorded soon after intubation (according to the local 
routine procedure) was analyzed for each patient. This 
relatively limits the possibility to generalize  CO2 pattern 
distribution to different CPR strategies (chest compres-
sion frequency, depth or other) and renders hazardous 
outcomes’ interpretation.

Third, the specific setup in cadavers experiment to 
administer  CO2 via a catheter placed in the endotracheal 
tube resulted in significant additional resistance that 
favored early occurrence of thoracic distension as sug-
gested by the observations obtained on the bench.

In the animal study, since each animal was its own 
control,several time-related factors might have also 
impacted circulation. Further studies comparing animals 
with different ventilation strategies are needed to con-
firm our observations.

Fig. 6 Illustration of thoracic distension mechanism based on airway pressure, flow and CO2 analysis. This figure illustrates from top to 
bottom, airway pressure (Paw), flow at airway opening (Flow) and expired  CO2  (CO2) tracings obtained in cadavers (panel A), bench (panel B) and 
animals (panel C). The left column illustrates thoracic distension, while the right column represents regular pattern. For each situation, the two gray 
vertical tilted lines define the time for the lung volume to return to FRC (time with thorax above FRC), while the two black vertical tilted lines define 
the expiration time (time between two insufflations). Positive flow indicates decompression or insufflation. Negative flow indicates compression 
or exhalation. Please note the exact time correspondence between flow and  CO2 oscillations whatever the situation. During expiration, in case of 
thoracic distension (left column), the flow does not return to zero line during a couple of CC indicating that the thorax is still above FRC even during 
the decompression phase.  CO2 oscillations resume only once the flow crosses the zero line, thus indicating the return of lung volume to FRC. On 
the contrary, the right column obtained with a smaller Vt illustrates that the flow induced by CC crosses the zero line immediately after insufflation 
generating  CO2 full oscillations. This specific full oscillating  CO2 pattern indicates that chest compressions operate close to FRC

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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Conclusion
During CPR, intrathoracic airway closure, thoracic dis-
tension or regular pattern can be reliably identified by 
the capnogram analysis. We describe a novel  CO2 pat-
tern indicating relative thoracic distension, which may be 
associated with a negative impact on blood pressure and 
cerebral perfusion, irrespective of tidal volume per se. 
This original capnogram classification has the potential 
to help optimizing ventilation during CPR.

Abbreviations
CPR: Cardiopulmonary Resuscitation; FRC: Functional Residual Capacity; 
RR: Respiratory Rate; FiO2: Inspired Fraction of Oxygen; PEEP: Positive End‑
Expiratory Pressure; ROSC: Return Of Spontaneous Circulation; R: Resistance; C: 
Compliance.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13054‑ 022‑ 04156‑0.

Additional file 1: Methods. Distension ratio: calculation details. Human 
cadavers with simulation of  CO2 production. Mechanical bench with 
simulation of  CO2 production. Pig study: animal preparation.

Additional file 2: Results. Clinical study from Grieco et al. Illustration of 
thoracic distension mechanism based on airway pressure, flow and  CO2 
analysis. Table S1: Cadavers’ characteristics. Table S2: Baseline pigs’ charac‑
teristics. Compliance to the ARRIVE Guidelines of the pigs’ experiment.

Acknowledgements
Authors are very grateful to Bilal Badat for his active participation in the discus‑
sions and cadavers experiments and also the contribution of Manon Han‑
noucene and Clémence Gilbert for helping in cadavers experiments. Authors 
would like to greatly acknowledge Yaël Levy for her active participation in the 
discussions and pigs experiments. Authors are very grateful to the techni‑
cians of the anatomy laboratory at UQTR, namely Johanne Pellerin, Marie‑Eve 
Lemire and Sophie Plante.

Collaboration group: CAVIAR (Cardiac Arrest and Ventilation Interna-
tional Association for Research)
Arnaud Lesimple, Caroline Fritz, Emmanuel Charbonney, Dominique Savary, 
Stéphane Delisle, Paul Ouellet, Gilles Bronchti, Thomas Piraino, François Belon‑
cle, Nathan Prouvez, Alain Mercat, Laurent Brochard, Jean‑Christophe Richard.

Author contributions
AL, DS, LB, RT and JCR contributed to the study conception and design. CF, 
AL, AH, EC, PO, SD, FL, YL, NP, AB and JCR performed the experiments, the data 
collection and the initial data analysis. JCR, AL, RT, CF and LB prepared the first 
draft of the manuscript. All authors contributed to the data analysis and to the 
critical revision and approval of the final manuscript. The study was performed 
in Veterinary school of Maisons‑Alfort (France), Anatomy laboratory of Uni‑
versity of Quebec at Trois Rivieres (Canada) and University Hospital of Angers 
(France). All authors read and approved the final manuscript.

Funding
CF received a research grant from French society of intensive care medicine 
(SRLF).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Capnograms analyzed from the clinical data complied with the Declaration 
of Helsinki, and the study was approved by the ethics committee of the 
University Hospital of Clermont‑Ferrand, France (IRB no. 5891), with waiver 
of consent. The cadaver study was approved by the ethics committee of the 
University of Quebec at Trois‑Rivieres (SCELERA‑19‑01‑PR02). The animal study 
was approved by the ethics committee for animal research Cometh‑016 
(project 2018062813205311).

Consent for publication
Not applicable.

Competing interests
AL is Ph.D. student in the Med2Lab partially funded by Air Liquide Medi‑
cal Systems. DS reports grants from Fisher & Paykel and travel fees from Air 
Liquide Medical Systems. SD is consultant for Vitalaire Canada INC. FB reports 
personal fees from Löwenstein Medical, travel fees from Draeger and Air 
Liquide Medical systems and research support from Covidien, GE Healthcare 
and Getinge Group, outside this work. NP reports salary for research activities 
(Med2Lab) from Air Liquide Medical Systems. AB is master student from 
Telecom Physique Strasbourg University France. AM reports personal fees from 
Draeger, Faron Pharmaceuticals, Air Liquide Medical Systems, Pfizer, ResMed 
and Draeger and grants and personal fees from Fisher & Paykel and Covidien, 
outside this work. LB has received research grants for his research laboratory 
from Covidien (PAV), Draeger (EIT) and equipment from Fisher & Paykel (high 
flow), Air Liquide, Sentec  (PtcCO2) and Philips (sleep) and received fees for 
lectures from Fisher & Paykel. RT reports grants from Air Liquide and grants, 
shares and personal fees from Orixha, all outside of this work. JCR reports part‑
time salary for research activities (Med2Lab) from Air Liquide Medical Systems 
and Vygon and grants from Creative Air Liquide. All other authors declare no 
competing interests.

Author details
1 CNRS, INSERM 1083, MITOVASC, University of Angers, Angers, France. 2 Anes‑
thesia‑Intensive Care Department, European Hospital Georges Pompidou 
APHP, Paris, France. 3 Vent’Lab, Angers University Hospital, University of Angers, 
Angers, France. 4 Med2Lab, Air Liquide Medical Systems, Antony, France. 
5 SAMU of Paris, Necker Hospital, Paris, France. 6 Ecole Nationale Vétérinaire 
d’Alfort, IMRB, AfterROSC Network, 94700 Maisons‑Alfort, France. 7 Hospital 
Center of University of Montréal, Montreal, QC H2X 0C1, Canada. 8 Anatomy 
Department, University of Québec at Trois‑Rivières, Trois‑Rivières, Canada. 
9 Emergency Department, University Hospital of Angers, Angers, France. 
10 Inserm, EHESP, University of Rennes, Irset (Institut de Recherche en Santé, 
environnement et travail) ‑ UMR_S 1085, 49000 Angers, France. 11 Department 
of Family and Emergency Medicine, FCCM University of Montréal, Montreal, 
QC, Canada. 12 Vitalité Health Network, North West Zone, Edmundston, Can‑
ada. 13 Univ Paris Est Créteil, INSERM, IMRB, 94010 Créteil, France. 14 St. Michael’s 
Hospital, Toronto, ON, Canada. 15 Medical ICU, Angers University Hospital, Uni‑
versity of Angers, Angers, France. 16 Keenan Research Centre for Biomedical Sci‑
ence, Li Ka Shing Knowledge Institute, St. Michael’s Hospital, Toronto, Canada. 
17 Interdepartmental Division of Critical Care Medicine, University of Toronto, 
Toronto, Canada. 18 Critical Care Department, Angers University Hospital, 4 Rue 
Larrey, 49933 Angers, France. 

Received: 27 June 2022   Accepted: 25 August 2022

References
 1. Soar J, Böttiger BW, Carli P, Couper K, Deakin CD, Djärv T, et al. European 

Resuscitation Council Guidelines 2021: adult advanced life support. 
Resuscitation. 2021;161:115–51.

https://doi.org/10.1186/s13054-022-04156-0
https://doi.org/10.1186/s13054-022-04156-0


Page 13 of 13Lesimple et al. Critical Care          (2022) 26:287  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 2. Chang MP, Idris AH. The past, present, and future of ventilation during 
cardiopulmonary resuscitation. Curr Opin Crit Care. 2017;23:188–92.

 3. Sutton RM, French B, Meaney PA, Topjian AA, Parshuram CS, Edelson DP, 
et al. Physiologic monitoring of CPR quality during adult cardiac arrest: a 
propensity‑matched cohort study. Resuscitation. 2016;106:76–82.

 4. Leturiondo M, Ruiz de Gauna S, Gutiérrez JJ, Alonso D, Corcuera C, 
Urtusagasti JF, et al. Chest compressions induce errors in end‑tidal carbon 
dioxide measurement. Resuscitation. 2020;153:195–201.

 5. Leturiondo M, Ruiz de Gauna S, Ruiz JM, Julio Gutiérrez J, Leturiondo LA, 
González‑Otero DM, et al. Influence of chest compression artefact on 
capnogram‑based ventilation detection during out‑of‑hospital cardiopul‑
monary resuscitation. Resuscitation. 2018;124:63–8.

 6. Cordioli RL, Lyazidi A, Rey N, Granier J‑M, Savary D, Brochard L, et al. 
Impact of ventilation strategies during chest compression. An 
experimental study with clinical observations. J Appl Physiol (1985). 
2016;120:196–203.

 7. Grieco DL, Brochard LJ, Drouet A, Telias I, Delisle S, Bronchti G, et al. 
Intrathoracic airway closure impacts CO2 signal and delivered ventila‑
tion during cardiopulmonary resuscitation. Am J Respir Crit Care Med. 
2019;199:728–37.

 8. Charbonney E, Grieco DL, Cordioli RL, Badat B, Savary D, Richard J‑CM, 
et al. Ventilation during cardiopulmonary resuscitation: what have we 
learned from models? Respir Care. 2019;64:1132–8.

 9. Charbonney E, Delisle S, Savary D, Bronchti G, Rigollot M, Drouet A, et al. 
A new physiological model for studying the effect of chest compression 
and ventilation during cardiopulmonary resuscitation: the Thiel cadaver. 
Resuscitation. 2018;125:135–42.

 10. Chen L, Del Sorbo L, Grieco DL, Junhasavasdikul D, Rittayamai N, Soliman 
I, et al. Potential for lung recruitment estimated by the recruitment‑to‑
inflation ratio in acute respiratory distress syndrome. A clinical trial. Am J 
Respir Crit Care Med. 2020;201:178–87.

 11. Rudikoff MT, Freund P, Weisfeldt ML. Mechanisms of blood flow during 
cardiopulmonary resuscitation. Circulation. 1980;61:8.

 12. Ditchey RV. Potential adverse effects of volume loading on perfusion of 
vital organs during closed‑chest resuscitation. Lab Investig. 1984;69:9.

 13. Guerci AD, Shi AY, Levin H, Tsitlik J, Weisfeldt ML, Chandra N. Transmission 
of intrathoracic pressure to the intracranial space during cardiopulmo‑
nary resuscitation in dogs. Circ Res. 1985;56:20–30.

 14. Maina JN, van Gils P. Morphometric characterization of the airway and 
vascular systems of the lung of the domestic pig, Sus scrofa: comparison 
of the airway, arterial and venous systems. Comp Biochem Physiol A Mol 
Integr Physiol. 2001;130:781–98.

 15. Cordioli RL, Grieco DL, Charbonney E, Richard J‑C, Savary D. New physi‑
ological insights in ventilation during cardiopulmonary resuscitation. Curr 
Opin Crit Care. 2019;25:37–44.

 16. Adhiyaman V, Adhiyaman S, Sundaram R. The Lazarus phenomenon. J R 
Soc Med. 2007;100:552–7.

 17. Gordon L, Pasquier M, Brugger H, Paal P. Autoresuscitation (Lazarus 
phenomenon) after termination of cardiopulmonary resuscitation—a 
scoping review. Scand J Trauma Resusc Emerg Med. 2020;28:14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	A novel capnogram analysis to guide ventilation during cardiopulmonary resuscitation: clinical and experimental observations
	Abstract 
	Background: 
	Objectives: 
	Methods: 
	Measurements and main results: 
	Conclusions: 

	Introduction
	Methods
	CO2 patterns detection
	Capnogram classification: the three patterns
	Distension ratio, definition and calculation
	Capnogram classification: algorithm

	Clinical observations
	Human cadavers with simulation of CO2 production
	Mechanical bench with simulation of CO2 production
	Animal study
	Ethical statement
	Experimental protocol
	Capnogram analysis and thoracic distension

	Statistical analysis

	Results
	Clinical observations
	Human Thiel cadavers
	Bench study
	Pig model
	Test animal
	Experiment in six animals


	Discussion
	Theoretical optimal thoracic volume for effective chest compressions
	“Thoracic distension” pattern of the capnogram
	Is the CO2 pattern associated with thoracic distension more informative than the Vt to detect any impact on circulation?
	Occurrence of thoracic distension, intrathoracic airway closure and regular capnogram
	Clinical perspectives
	Study limitations

	Conclusion
	Acknowledgements
	References


