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Original Article

Compression depth of 30 mm has similar efficacy and fewer 
complications versus 50 mm during mechanical chest 
compression with miniaturized chest compressor in a porcine 
model of cardiac arrest

Lian Liang1#, Zuyong Li1#, Ran Chen2, Siqi Liu1, Tianen Zhou3, Longyuan Jiang1, Wanchun Tang1,  
Jun Jiang3, Zhengfei Yang1

1Department of Emergency, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China; 2Department of Clinical Laboratory, 

Guangzhou Eighth People’s Hospital, Guangzhou, China; 3Department of Emergency, the First People’s Hospital of Foshan, Foshan, China

Contributions: (I) Conception and design: Z Yang, J Jiang; (II) Administrative support: L Jiang, W Tang; (III) Provision of study materials or patients: 

L Liang, S Liu; (IV) Collection and assembly of data: Z Li, R Chen; (V) Data analysis and interpretation: L Liang, T Zhou; (VI) Manuscript writing: 

All authors; (VII) Final approval of manuscript: All authors.
#These authors contributed equally to this work.

Correspondence to: Zhengfei Yang, MD, PhD. Department of Emergency, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, No. 107 Yanjiang 

Xi Lu, Guangzhou 510120, China. Email: yangzhengfei@vip.163.com; Jun Jiang, MD, PhD. Department of Emergency, the First People’s Hospital 

of Foshan, No. 81, North of Lingnan Avenue, Foshan, China. Email: jiangjungd@163.com.

Background: Current guidelines recommend a 50 mm or greater compression depth for manual chest 
compression in adults. However, whether this uniform compression depth is a suitable requirement for 
mechanical CPR remains to be determined. We hypothesized that a relatively shallow compression depth 
(30 mm) would have similar hemodynamic efficacy but fewer complications versus the standard compression 
depth (50 mm) during mechanical cardiopulmonary resuscitation (CPR) with the miniaturized chest 
compressor (MCC) in a porcine model.
Methods: In the current study, we used a total of 16 domestic male pigs (38±2 kg). All pigs were exposed to 
7 min of ventricular fibrillation (VF) followed by 5 min of CPR. Then the animals were randomly assigned 
to the shallow (30 mm) group and the standard (50 mm) group. At the second min of CPR, every pig was 
given epinephrine (20 µg/kg) through the femoral vein and repeated every 3 min. First defibrillation was 
delivered with a single 120 J shock at 5 min of CPR. Hemodynamics, carotid blood flow (CBF), end-tidal 
carbon dioxide (ETCO2), coronary perfusion pressure (CPP), intrathoracic pressure (ITP) and arterial blood 
gas were measured. Rib fractures and lung injuries, as indicated by ground-glass opacification (GGO), as 
well as intense parenchymal opacification (IPO), were assessed and calculated by quantitative computed 
tomography (QCT) scan.
Results: We found no significant differences in CPP, CBF, or ETCO2 between the both groups throughout 
the CPR period. After administration of epinephrine, the CPP of all animals increased while ETCO2 
and CBF decreased during CPR. A significantly lower intrathoracic positive pressure (ITPP) and systolic 
artery pressure (SAP) were measured in the shallow group at the first min of CPR. However, we didn’t find 
remarkable differences in these values between the both groups for the next 4 min of CPR. All animals were 
successfully resuscitated. The shallow group had significantly lower IPO QCT scores compared with the 
standard group. We found no significant differences in GGO QCT scores after resuscitation between both 
groups.
Conclusions: Relatively shallow compression depth has similar hemodynamic efficacy but fewer 
complications versus the standard compression depth.
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Introduction

Sudden cardiac arrest (CA) is a common cause of death and 
gains public concern widely. It has been well documented 
that cardiopulmonary resuscitation (CPR) is the vital 
effective therapeutic method for victims of CA. Chest 
compression is the key determinant of CPR, which 
increases intrathoracic pressure (ITP) and directly squeezes 
the heart, resultantly generating oxygen delivery and blood 
flow to the brain and the myocardium. Both animal (1,2) 
and clinical studies (3,4) have shown that the quality of 
chest compression is the main prerequisite for a favorable 
outcome. Deeper chest compression is associated with 
increased cardiac output, a higher likelihood of successful 
defibrillation, and more favorable short-term survival. 

However, ever since CPR was developed in the 1960s, 
iatrogenic injuries associated with chest compressions have 
been largely reported and widely discussed, thereby driving 
concerns that chest compressions, especially those that are 
too deep, increase the risk of injury (5-7). The common 
complications of chest compressions are bone fractures, 
such as rib or sternal fractures. More importantly, chest 
compressions may give rise to intra-thoracic and/or intra-
abdominal lacerations and hemorrhage, which if happen 
are usually life-threatening (7-10). Furthermore, excessively 
deep compressions contribute to lung and airway injuries 
during ventilation when continuous chest compressions 
combined with regular ventilation are performed in the CA 
patient whose advanced airway has been established. Thus, 
the 2020 American Heart Association (AHA) guidelines 
highlight “enough” compression depth (at least 50 mm), 
meanwhile avoiding compression-associated complications 
(<60 mm) for manual CPR (11). However, whether the 
same level of compression depth is optimal for mechanical 
CPR remains to be determined.

Taking advantage of providing high-quality external chest 
compressions continuously, mechanical chest compression 
devices are recommended in specific circumstances, like 
ambulance/helicopter transport, percutaneous transluminal 
coronary intervention (PCI), where delivering high-
quality chest compressions cannot be achieved (12). 
Our previous study has addressed that mechanical chest 
compression using a miniaturized chest compressor (MCC) 

(Resuscitation International Inc., Scottsdale, AZ, USA) 
improved hemodynamic efficacy and survival outcomes with 
less injury. Because of its unique design of torso restraint 
and a piston mechanism, an MCC increases ITP and 
requires a relatively shallow compression depth (13). In the 
current study, we aimed to explore the efficacy as well as 
potential complications of both 30 and 50 mm compression 
depths with an MCC in a porcine model of CA and CPR. 
Our hypothesis is that a relatively shallow compression 
depth (30 mm) has similar hemodynamic efficacy but fewer 
complications when compared to the standard compression 
depth (50 mm) recommended by the current AHA 
guidelines. 

We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/jtd-21-812).

Methods

All animal procedures were approved by the Institutional 
Animal Care and Use Committee of Sun Yat-sen Memorial 
Hospital, Sun Yat-sen University (P1809). All pigs were 
taken care according to the Guideline for the Care and 
Use of Laboratory. Animals prepared by the Institute of 
Laboratory Animal Resources and National Institutes 
of Health. Animal preparation and establishment of the 
porcine model of CA and CPR were performed according 
to our previous studies (14).

Animal preparation

In the current study, we used a total of 16 domestic male 
pigs (38±2 kg). All pigs were kept under standard conditions 
with ad libitum access to food and water and were maintained 
at a 12 h day and night cycle. Before surgery, the pigs were 
fasted overnight except for water. Sequential intramuscular 
injection with 20 mg/kg ketamine and intravascular injection 
30 mg/kg sodium pentobarbital were used to anesthetize 
the pigs. Another dose of 8 mg/kg sodium pentobarbital was 
administered in the conditions that the animals awakened 
or at an interval of 1 h or when appropriate to maintain 
anesthesia. Animals were orally intubated and ventilated 
with a VELA ventilator (CareFusion, San Diego, CA, USA) 
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with peak flow of 40 L/min, a tidal volume of 10 mL/kg, and 
FiO2 of 21%. An infrared capnometer (NPB-70, Nellcor 
Puritan Bennett Inc., Pleasanton, CA, USA) was used to 
recorded end-tidal carbon dioxide (ETCO2) continuously. 
ETCO2 was maintained between 35–40 mmHg via adjusting 
ventilation frequency before CA. Electrocardiograph 
(ECG) was recorded using three electrodes, being applied 
to the shaved skin of left upper limbs, right lower limb 
and the proximal right. Via the right femoral artery, a 7 F 
Swan-Ganz catheter (Edwards Lifesciences Corp, Irvine, 
CA, USA) was placed into the thoracic aorta for arterial 
blood withdrawal, monitoring arterial pressure (AP). A 7 F  
Pentalumen Thermodilution-tipped catheter (Abbott Critical 
Care, Salt Lake City, UT, USA) was placed into the right 
atrium for recording right atrial pressure (RAP) and core 
body temperature measurement. For inducing ventricular 
fibrillation (VF), a 5 F pacing catheter (EP Technologies 
Inc., Mountain View, CA, USA) was placed into the right 
ventricle through the right femoral artery, as confirmed by 
transthoracic ECG. A flow probe (Ultrasonic Blood Flow 
Meter, T420, Transonic Systems Inc, Ithaca, NY, USA) 
was used to continuously record carotid blood flow (CBF). 
Using characteristic pressure morphology and fluoroscopy, 
the position of all catheters was confirmed. Saline with 
crystalline bovine heparin (2.5 IU/mL) was used to flush all 
catheters intermittently. A 5 F Millar catheter was inserted 
into the esophagus 35 cm distanced from the incisor teeth 
for recording ITP. The compressor piston was located in the 
midline at the lower part of sternal (the 5th interspace). A 
cooling/warming blanket (Blanket ROL, Cincinnati Sub-Zero 
Products, Cincinnati, OH, USA) was used to maintain body 
temperature at 37.5±0.5 ℃ during the whole experiment. 

Experimental procedures 

Baseline hemodynamics, CBF, coronary perfusion pressure 
(CPP), ETCO2 and ITP measurements were obtained  
15 min before inducing VF. The pigs were then randomly 
assigned into the shallow group (compression depth  
=30 mm, n=8) or the standard group (compression depth 
=50 mm, n=8) with a sealed envelope. VF was induced with 
a guidewire through the abovementioned right jugular 
catheter into the right ventricle. VF was successfully induced 
by a stepwise increase to a 1 mA alternating current (AC). 
Ventilation was immediately disconnected when successfully 
inducing VF. The right jugular catheter was draw out to 
prevent injuries during CPR. Precordial chest compression 
by a pneumatically driven MCC (Sunlife Science Inc., 

Suzhou, China), in combination with ventilation (tidal 
volume 10 mL/kg weight, frequency 10 bpm, FiO2 100%), 
was started after 7 min of untreated VF. Chest compression 
rate was maintained at 100/min. Compression depth was 
adjusted at 30±2 mm in the shallow group and 50±2 mm 
in the standard group. At 2 min of CPR, epinephrine  
(20 µg/kg) was administrated by intravenous injection. At  
5 min of CPR, animals were defibrillated with a single 120 J  
biphasic electrical shock with a Zoll E-Series defibrillator 
(Zoll Medical Corporation, Chelmsford, MA). Animals with 
the return of a regular rhythm with a mean aortic pressure 
(MAP) >50 mmHg (≥5 min) were identified as restoration 
of spontaneous circulation (ROSC). Additional bolus 
of epinephrine was delivered every 3 min after the first 
administration. 

Another 120 J shock would be delivered in the case of 
recurrent VF within 30 min after ROSC. All pigs were 
continuously monitored for 6 h, and FiO2 was stepwise 
adjusted (1.0 for the 1st 10 min, 0.5 for the 2nd 10 min, 
and 0.21 thereafter). Rib fractures and lung injuries were 
assessed by a computerized tomography (CT) scan at 6 h 
after ROSC. After the CT scan, the pigs were euthanized 
with 150 mg/kg pentobarbital. Necropsy was routinely 
performed to inspect for CPR-associated possible injuries.

General measurements 

The CODAS/WINDAQ hardware/software system 
(Computer Acquisition System, Cambridge, MA) was used 
to continuously recorded data on hemodynamics, ETCO2, 
CBF, and ECG. The value difference between time-
coincident aortic diastolic pressure and RAP was defined as 
CPP. Real-time ITP was also recorded continuously during 
CPR. Arterial blood gas, as well as hemoglobin and lactate 
concentration, was analyzed with a Stat Profile pHOx 
Plus L analyzer (Model PHOXplusL, Nova Biomedical 
Corporation, Waltham, MA, USA) at baseline and every 
hour after ROSC.

CT scan protocol and quantitative computed  
tomography (QCT)

Chest QCT scans were performed at 6 h to inspect for 
compression-associated rib fractures and lung injuries, as 
indicated by ground-glass opacification (GGO) as well as 
intense parenchymal opacification (IPO). The pre-protocol 
scan plan was as follows: 120 kVp, 110 mAs, pitch of 0.95, 
collimation width of 128×0.6 mm, 0.5 s/r rotation time, 
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0.75 mm slice width, no intervals, field of view 255 mm × 
255 mm, and B70s kernel for reconstruction. The whole 
procedure of the QCT took about 4.9 s. 

Lung injuries QCT scores, including GGO and IPO, 
were assessed independently by 2 experienced thoracic 
radiologists according to established protocol (15,16). 
Settings optimized for lung evaluation were window level 
−600 HU, window width 1,200 Hounsfield units (HU). Every 
image was evaluated in 5 levels: 1 cm distanced from the right 
hemidiaphragm roof, aortic arch, and 3 other levels equally 
between the 2 levels. Furthermore, 4 quadrants of each image 
at the 5 levels were generated by a horizontal line across the 
middle line of the animal body (16). Definitions were shown 
as following: IPO: CT values >−100 HU, GGO: CT values 
between −500 and −100 HU, and poorly aerated segments, 
normal: CT values between −900 and −501 HU. Next, Lung 
injuries were quantified in each quadrant per level, defined 
as following: 0 (normal), 1 (<5% abnormal value), 2 (5–25% 
abnormal value), 3 (26–49% abnormal value), 4 (50–75% 
abnormal value), and 5 (>75% abnormal value) (16). Lastly, 
the 4-quadrants scores at each level were pooled, generating 
the sum-scores, thus the sum-scores ranged from 0 to 20 for 
each level. The total lung score was the sum of the five-level 
scores (16).

Statistical analysis 

Data were presented as mean ± SD with normally 
distributed data, which had been confirmed for normality 
of distribution by Kolmogorov-Smirnov test. If not, data 
were presented as a median with inter-quartile range (IQR: 
25th, 75th percentiles). The student’s t-test was used for 

comparisons of normally distributed data and the Mann-
Whitney U test was used for comparisons of non-normal 
data. Categorical variables were compared by the Fisher’s 
exact test. P<0.05 was considered as significant difference.

Results

Baseline characteristics

Identical baseline characteristics between the two groups 
were confirmed by comparing their baseline physiological 
and hemodynamic parameters, as indicated by no significant 
differences in body weight, heart rate, RAP, mean AP, 
ETCO2, CBF, arterial PaO2, and lactate (Table 1). 

Intra-arrest CPR Efficacy and short-term outcome

To address that relatively shallow compression depth (30 mm) 
has similar hemodynamic intra-arrest CPR efficacy and short-
term outcome when compared to the standard compression 
depth (50 mm), we compared hemodynamic parameters 
and ROSC rate between the two groups. There were no 
significant differences in CPP, ETCO2, and CBF between 
both groups throughout the CPR period (Figures 1-3).  
In detailed, CPP in the both groups was maintained  
≥20 mmHg at the beginning of CPR and achieved a highest 
value at the 4rd min of CPR, indicating a high-quality 
CPR and more likely to gain successful ROSC. After the 
administration of epinephrine, the CPP of all animals 
increased while ETCO2 and CBF decreased during CPR. 
Even so, CPP was kept constantly ≥25 mmHg in the both 
groups Furthermore, we found similar trend of CBF in 

Table 1 Baseline characteristics

Variables Shallow group (n=8) Standard group (n=8)

Body weight (kg) 37±2 39±1

Heart rate (beats/min) 103±9 108±10

Mean aortic pressure (mmHg) 104±8 113±9

Right atrium pressure (mmHg) 3.8±0.5 3.1±0.6

End-tidal carbon dioxide (mmHg) 39.2±1.9 37.7±2.2

Carotid blood flow (mL/min) 205±28 199±23

PaO2 (mmHg) 98±18 104±12

Arterial lactate (mmol/L) 0.9±0.7 1.4±0.6

Values are presented as mean ± SD. Shallow, the shallow group with chest compression depth of 30 mm; Standard, the standard group 
with chest compression depth of 50 mm.
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the both groups during the CPR period in which CBP 
decreased with time and was relatively constant after 3 min 
of CPR. CBF was also kept at an ideal level (≥30 mL/min),  
indicating high-quality CPR and good neurological outcome. 
A significantly lower intrathoracic positive pressure (ITPP) 
and systolic artery pressure (SAP) were measured in the 
shallow group at the first min of CPR; however, we didn’t 
find significant differences in those values between the  
2 groups for the left 4 min. No differences in intrathoracic 
negative pressure (ITNP) were observed in the both groups 
during CPR (Figure 4 and Table 2). In addition, the shock 
times, epinephrine dose, and CPR duration time were similar 
between the standard group and the shallow group (Table 2).  

Finally, all animals were successfully resuscitated in both 
groups. 

Event-related complications

Considering similar efficacy and short-term outcome 
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Figure 1 The intra-arrest coronary perfusion pressure during 
CPR. CPP, coronary perfusion pressure; CPR, cardiopulmonary 
resuscitation; Shallow, the shallow group with chest compression 
depth of 30 mm; Standard, the standard group with chest 
compression depth of 50 mm.

Figure 3 The intra-arrest carotid blood flow during CPR. 
CBF, carotid blood flow; CPR, cardiopulmonary resuscitation; 
Shallow, the shallow group with chest compression depth of 
30 mm; Standard, the standard group with chest compression 
depth of 50 mm. 

Figure 2 The intra-arrest end-tidal carbon dioxide during 
CPR. ETCO2, end-tidal carbon dioxide; CPR, cardiopulmonary 
resuscitation; Shallow, the shallow group with chest compression 
depth of 30 mm; Standard, the standard group with chest 
compression depth of 50 mm.

Figure 4 The positive and negative intrathoracic pressure during 
CPR. CPR, cardiopulmonary resuscitation; Shallow, the shallow 
group with chest compression depth of 30 mm; Standard, the 
standard group with chest compression depth of 50 mm. *, P<0.05 
vs. the shallow group. 
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between 30 mm compression depth and 50 mm compression 
depth, we also concerned whether relative shallow 
compression depth has lower complications than the standard 
compression. We utilized chest QCTs to evaluate difference 
in the lung injury and rib fractures between the two groups. 
Chest QCTs demonstrated that lung complications, as 
indicated by the presence of GGO and IPO, were found in 
both the shallow and standard groups (Figure 5). However, 
the shallow group had significant lower IPO QCT scores 
compared with the standard group, indicating less serious 
physical injury in the shallow group. No significant difference 
in GGO QCT scores, which is a manifestation of pulmonary 
edema, was found between the two groups after resuscitation 
(Figure 5), indicating relatively high but similar pulmonary 
edema caused by different compression depth. In addition, 
rib fractures were found in both groups. However, animals in 
the shallow group were less likely to suffer from rib fracture 
and serious lung injury due to compression as compared to 
those in the standard group (Figure 5 and Table 2). 

Discussion

In the current study, we sought to explore the efficacy and 

potential complications of different compression depths 
(30 vs. 50 mm) during mechanical chest compression 
with a Weil Mini chest compressor in the porcine model 
of CA and CPR. We found no significant differences in 
hemodynamics and short-term outcomes between the 
animals that underwent a shallow compression depth  
(30 mm) and a standard depth (50 mm). Furthermore, 
in spite of significantly lower SAP and ITPP values in 
the shallow group animals at the first min of CPR, when 
compared with those in the standard group, ITNP, CPP, 
ETCO2, or CBF were similar between the two groups. 
Thus, similar ROSC outcomes from CA and CPR were 
observed. In addition, we found the CPP of all animals was 
significantly increased while ETCO2 and CBF decreased 
during CPR after administration of epinephrine. However, 
animals in the shallow group were less likely to suffer from 
rib fractures and serious lung injury due to compression as 
compared to those in the standard group.

Sufficient and “enough” chest compression depth has 
been well recognized to increase the likelihood of ROSC for 
CA victims. Nevertheless, the mechanism by which CPR 
generates forward blood flow has not been fully elucidated 
and widely discussed since CPR became mainstream. 

Table 2 Intra-arrest hemodynamics and compression-associated complication during CPR

Variables Shallow group Standard group

Hemodynamics at 1 min of CPR 

Systolic AP (mmHg) 60±22* 75±23

Diastolic AP (mmHg) 22±5 24±6

Systolic RAP (mmHg) 38±11 44±14

Diastolic RAP (mmHg) 4±2 5±2

Hemodynamics at 5 min of CPR 

Systolic AP (mmHg) 73±20 79±18

Diastolic AP (mmHg) 41±9 39±7

Systolic RAP (mmHg) 51±13 56±8

Diastolic RAP (mmHg) 6±1 8±2

Duration of cardiopulmonary resuscitation (min) 5 [5–5] 5 [5–5]

Number of defibrillation 2.4 [2–3] 2.6 [2–3]

Epinephrine administration (mg) 0.74±0.04 0.78±0.02

Number of rib fracture 1 [0–1]* 4 [3–4]

Values are presented as mean ± SD or median plus interquartile range. *, P <0.05 vs. the standard group. CPR, cardiopulmonary 
resuscitation; min, minute; AP, aortic pressure; RAP, right atrial pressure; Shallow, the shallow group with chest compression depth of  
30 mm; Standard, the standard group with chest compression depth of 50 mm.
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Kouwenhoven et al. demonstrated that the direct squeezing 
of the ventricles between the sternum and the thoracic 
vertebra accounts for the generation of forwarding blood 
flow during external chest compression, which is known 
as the “cardiac pump mechanism” (5). On the other hand, 
Rudikoff et al. developed the “thoracic pump mechanism” 
theory and characterized that the ITP generating from CPR 
is responsible for the forward blood flow (17). Currently, it is 
accepted that both mechanisms are relevant, but each plays 
an essential role at different times during CPR (18-20). Our 
previous study has been characterized that the mechanism of 
chest compressions with MCC is based on both the cardiac 
and thoracic pump theories (13). In the current study, the 
MCC directly squeezed the bony thorax by a torso restraint 
and the heart by a piston; thus, the two mechanisms were 
involved. 

The recent AHA guidelines do not recommend use 
mechanical compression devices routinely in CA patients. 
However, taking advantage of high-quality external chest 
compressions provided continuously and safely, mechanical 
chest compression devices are recommended in specific 

circumstances, like ambulance/helicopter transport, PCI, 
where high-quality chest compressions delivered cannot be 
achieved (21). However, even though a compression depth 
of above 50 mm is recommended for manual CPR by 2020 
AHA guideline, whether that is a suitable requirement 
for mechanical CPR remains to be demonstrated. Due 
to the above-mentioned mechanisms of chest compress 
with MCC, in the present study we hypothesized that a 
relatively shallow compression depth (30 mm) would have 
similar hemodynamic efficacy and short-term outcomes 
but fewer complications when compared to the standard 
compression depth (50 mm) recommended by the current 
AHA guideline. As expected, similar hemodynamic efficacy 
of CPR and ROSC outcomes were observed in both 
groups. Furthermore, while significantly lower ITPP and 
SAP values were detected in the shallow group at the first 
min of CPR; we didn’t find significant differences in these 
values between the both groups for the next 4 min of CPR. 
It is noteworthy that the relationship of compression force 
and ITPP is nonlinear since chest wall compliance will 
change over time during low-flow states. Similarly, Koeken 
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Figure 5 Representative QCT of rib fractures and lung injury during CPR. Animals in the shallow group (D-F) were less likely to suffer 
from rib fracture and serious lung injury due to compression as compared to those in the standard group (A-C). (G) GGO at ROSC 6 h; (H) 
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et al. have shown that pushing harder is not always better, 
as an ‘optimal’ force and depth may exist because of the 
changing compliances and resistances in the chest wall 
and intrathoracic vasculature (22). More importantly, our 
finding demonstrated that a relatively shallow compression 
depth using an MCC had a similar ITNP as the standard 
compression depth. Similar ITNPs achieved in both groups 
may result from quick and adequate chest recoil, which is 
achieved by the actively withdrawn of the piston and the 
residual tension of the torso restraint. The ITNP generated 
during recoil of the chest could increase the amount of 
blood return to the heart, a key determinant of efficacy of 
CPR and survival after CA (23-25). This may be a plausible 
mechanism of action that explains the equivalent CPP and 
CBF measurements, and resultantly the beneficial effects on 
short-term outcomes with ROSC.

In the current study, we utilized QCT to assess the 
CPR-associated complications and severity of lung injuries. 
Our previous study successfully characterized that the 
non-invasive property of chest QCT could efficaciously 
differentiate various lung lesions, allowing for quantitative 
and rapid assessment of chest and lung injuries (IPO and 
GGO scores) following CPR (15). As expected, GGO 
and IPO were detected in all animals at ROSC 6 h. IPO 
is considered to be the manifestation of physical injury 
following CPR and is characterized by remarkable increased 
lung opacity on the QCT images. On the other hand, 
GGO indicates lung edema, which is more commonly 
found in the condition of hemodynamic failure, toxin 
exposure, or thromboembolism event. Either higher GGO 
or IPO indicates a lower ROSC rate and poor outcome 
following CA and CPR (26-28). In the present study, we 
found that IPO increased with compression depth while 
GGO was constant. In contrast, our previous study found 
that the QCT score was significantly higher while there 
were no differences in IPO between both groups. The 
explanation for these divergent results undoubtedly lies 
in the different degree of ischemia and injury mechanism  
(5 vs. 10 min duration of VF in the previous study, and 30 
vs. 50 mm compression depth with 7 min duration of VF in 
the current study). In this regard, we reasoned that deeper 
compression is more likely to cause physical injuries such 
as rib fractures, pneumorrhagia, and atelectasis, but do not 
increase pulmonary edema or myocardial dysfunction. 

Furthermore, rib fractures were more likely to occur 
in the standard group. It has been well documented that 
manual chest compression could give rise to secondary 
cardiopulmonary or other injuries, commonly including 

bone fractures (rib sternal), pneumothoraxes, and visceral 
organ injury (liver, spleen or heart). The mean force 
required to produce a compression depth of 50–60 mm 
is 50–80 kg (29,30). Notably, the deeper compression 
depth is tightly connected to more possibility of secondary 
iatrogenic injuries. The possibility that complications 
increase when deeper compression is delivered has been 
reported, which showed a 3-fold rise in significant chest 
wall injuries and prolonged stays in the ICU subsequent 
to at least 50 mm compression depth as recommended 
by 2010 AHA guideline (8). Furthermore, a few studies 
have also reported mechanical device could elicit to 
clinically significant injuries, thus gaining the concern that 
mechanical compression devices could also lead to the 
increment of injury. Our finding adds to this and highlights 
the potential for injury under standard compression 
depth using MCC. Of note, only 30 mm instead of other 
compression depth was assessed in our study. Our pilot 
study found that 30 mm compression depth was deep 
enough to rescue the animals in this porcine model. Our 
study aimed to address the relative shallow compression 
depth has similar hemodynamic efficacy but fewer 
complications when compared to the standard compression 
depth. This 30 mm compression depth is not an ideal one 
when extrapolating this finding to other setting, like human 
since from different chest wall thickness and compliance. 
Thus, in terms of safety and efficacy, it is reasonable to 
extrapolate that chest compression depth together with 
other indicators, rather than a uniform chest compression 
depth, should be introduced to guide high-quality CPR in 
the future (31-33).

Consistent with our results, previous studies have also 
characterized that a remarkable reduction of ETCO2, 
concurrent with increased CPP, was observed after the 
administration of epinephrine (34,35). One possible 
explanation may be a reduction of CO2 elimination 
through expiration is attributed to pulmonary vasculature 
constriction because of epinephrine-associated adrenergic 
effect, subsequently leading to increased aberrant shunting 
and ventilation-perfusion mismatch. Also, we cannot rule 
out the possibility of epinephrine mediated α-1 agonist 
effect, which reduces lung perfusion. It is also important 
to note that CBF, which indicates cerebral perfusion, was 
reduced following the administration of epinephrine in 
our study. In keeping with our findings, Burnett et al. 
administered epinephrine during active compression-
decompression CPR with an impedance threshold device 
(ACD-CPR + ITD) and recorded significantly increased 
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markers of macrocirculation, significantly decreased CBF, 
and no improvement in cerebral tissue perfusion (34). This 
might be the rationale for why the use of epinephrine, 
particularly large-dose epinephrine, is not associated with 
a benefit toward survival with a favorable neurological 
outcome after CA, and may even potentially cause harm.

The main limitation of this study is that healthy animals 
without underlying disease were included, which is not 
consistent with clinical conditions. However, we focused 
solely on evaluating the efficacy and potential complications 
of different compression depths with MCC during CPR. 
Secondly, we didn’t evaluate longer CPR time in this 
study since we found hemodynamic parameters were 
maintained at a good level even at the 5th min of CPR 
before defibrillation. Longer CPR introduce the same 
potential bias to the both groups. Thirdly, we didn’t assess 
other hemodynamic parameters, like cerebral SpO2 and 
24 h outcomes. It would be better to measure all of them. 
Our study aimed to evaluate different compression depth-
related hemodynamic efficacy and complication during 
CPR. We found both 30 and 50 mm compression depth had 
favorable hemodynamic efficacy. Subsequently, all animals 
were successfully resuscitated and survived to 6 h due to 
this favorable hemodynamic efficacy. However, whether 
this salutary effect could be maintained for longer time 
and resultant good neurological outcome is unknown and 
is in need of further investigation. Lastly, in our study, we 
chose to use the number of pigs based on a previous study 
by Rojas-Salvador [2020]. This is another approach that 
is often used to determine a sample size in animal studies. 
In the study of Rojas-Salvador et al., 6 pigs were adopted 
in each group to verify statistical differences (36). In our 
study, we used 8 pigs in each group to achieve a similar 
statistical power. More importantly, our findings support 
and highlight the perspective of integrating other indicators 
such as ETCO2, hemodynamic-directed CPR, and recoil 
velocities with chest compression depth to titrate chest 
compression delivery to CA. Further research should be 
conducted to examine these results in a clinical setting. 

Conclusions

Relatively shallow compression depth (30 mm) has similar 
hemodynamic efficacy but fewer complications when 
compared to the standard compression depth (50 mm). 
Animals in the shallow group were less likely to suffer from 
rib fractures and serious lung injury due to compression 
as compared to those in the standard group. In terms 

of safety and efficacy, it is reasonable to extrapolate that 
chest compression depth together with other indicators, 
rather than a uniform chest compression depth, should be 
introduced to guide high-quality CPR in the future. 
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