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Abstract: Cardiopulmonary resuscitation (CPR) is a life-saving technique used in emergencies when
the heart stops beating, typically involving chest compressions and ventilation. Current adult CPR
guidelines do not differentiate based on age beyond infancy and childhood. This oversight increases
the risk of fatigue fractures in the elderly due to decreased bone density and changes in thoracic
structure. Therefore, this study aimed to investigate the correlation and impact of factors influencing
rib fatigue fractures for safer out-of-hospital manual cardiopulmonary resuscitation (OHMCPR)
application. Using the finite element analysis (FEA) method, we performed fatigue analysis on rib
cage models incorporating chest compression conditions and age-specific trabecular bone properties.
Fatigue life analyses were conducted on three age-specific rib cage models, each differentiated by
trabecular bone properties, to determine the influence of four explanatory variables (the properties of
the trabecular bone (a surrogate for the age of the subject), the site of application of the compression
force on the breastbone, the magnitude of applied compression force, and the rate of application
of the compression force) on the fatigue life of the model. Additionally, considering the complex
interaction of chest compression conditions during actual CPR, we aimed to predict rib fatigue
fractures under conditions simulating real-life scenarios by analyzing the sensitivity and interrelation
of chest compression conditions on the model’s fatigue life. Time constraints led to the selection of
optimal analysis conditions through the use of design of experiments (DOE), specifically orthogonal
array testing, followed by the construction of a deep learning-based metamodel. The predicted
fatigue life values of the rib cage model, obtained from the metamodel, showed the influence of the
four explanatory variables on fatigue life. These results may be used to devise safer CPR guidelines,
particularly for the elderly at a high risk of acute cardiac arrest, safeguarding against potential
complications like fatigue fractures.

Keywords: rib cage model; fatigue fractures; CPR (cardiopulmonary resuscitation); OHMCPR (out-
of-hospital manual cardiopulmonary resuscitation); DOE (design of experiments); orthogonal array
testing; metamodel

1. Introduction

Acute cardiac arrest is a state in which the heart’s function to circulate blood abruptly
ceases, leading to the dysfunction of body organs. In the event of such an emergency,
multiple organs can suffer severe damage due to the lack of blood supply. Particularly
for the brain, an interruption of oxygen supply for more than a few minutes can lead
to fatal damage and aftereffects; if the golden window of opportunity is missed, it can
result in brain death or even a fatality. Therefore, cardiopulmonary resuscitation (CPR)
must be performed promptly and accurately on patients with acute cardiac arrest, as
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it can significantly increase the survival rate by two- to threefold, making it a critical
emergency intervention [1–3]. Acute cardiac arrest occurs suddenly, and since it requires
immediate emergency response by the initial discoverer, most people are required to receive
CPR training, which pertains to out-of-hospital manual cardiopulmonary resuscitation
(OHMCPR). However, as the primary performers of OHMCPR are typically laypeople
rather than trained professionals, they are not adept at performing OHMCPR, which can
also lead to side effects in the course of performing CPR, one of the most common ones
being fatigue fractures due to repetitive chest compressions [4–6]. While the artificial
external pressure from chest compressions aids in circulating blood as a substitute for
the stopped heart, the ribs can fracture if the pressure required to circulate the blood is
repetitively applied. In actual CPR situations, the incidence rate of rib fractures varies by
age group, reported to be as low as 35% and as high as 96%, with higher rates observed
in older age groups [7–13]. As age increases, bone density decreases, leading to a general
reduction in physical strength [14,15]. Aging also results in decreased respiratory muscle
capability, reduced compliance, and diminished elastic recoil, leading to an increased angle
between the spine and ribs, known as the ‘barrel chest’ phenomenon. This change in
thoracic shape alters the relative positions between the organs and thorax, making the
ribs more susceptible to fractures from chest compressions [16]. Therefore, even when
applying the same amount of force to the same chest location according to the adult CPR
guidelines, the position of the organs being compressed can vary due to differences in
thoracic shape by age group, and the elderly, with their decreased bone density, are at a
higher risk of rib fractures. While younger patients can relatively easily recover from the
side effects of CPR through rest, for elderly patients, it can lead to serious life-threatening
issues. However, the adult CPR guidelines do not specifically accommodate for age-related
characteristics. CPR guidelines are established or revised to suit the country in question,
referencing recommendations from the International Liaison Committee on Resuscitation
(ILCOR) [17,18]. For instance, the American Heart Association (AHA) encompasses a
broad age range in its adult CPR guidelines, considering ‘post-puberty’ as the criterion
for adulthood. Research on CPR methods considering age-specific characteristics has
shown differences in the position of heart compression by age group according to the
AHA guidelines. For individuals over 70, it is recommended to adjust the compression
site 1 cm below the guideline-specified site, considering the position of the left ventricular
outflow. This recommendation from the study suggests a method suitable for efficient
blood circulation in elderly patients but does not account for secondary damage such as
fatigue fractures. Therefore, for the design of efficient and safe CPR methods, consideration
must also be given to major influencing factors and their impact, including rib fatigue
fractures. In this study, we focus on OHMCPR, and any mention of CPR in the text refers
to OHMCPR.

Existing research on rib fractures has been conducted using various methods, including
cadaveric testing and finite element analysis (FEA) for fracture prediction [19,20]. However,
the use of cadaveric ribs presents challenges in repeatability and there is limited availability
of specimens, making it difficult to apply diverse condition changes. As an alternative,
FEA has been extensively utilized. To enhance the reliability of FEA results, several
studies have validated rib cage FE models by comparing them with actual experimental
outcomes. For instance, Iraues et al. developed a rib FE model to analyze the risk of
rib fractures during impacts and validated their model through comparison with real-
world experimental data [21]. Additionally, Vavalle et al. utilized a human body FEA
model to simulate impacts to the chest and abdomen under various localized conditions,
verifying the accuracy of their model by demonstrating its consistency with experimental
data [22]. Traditionally, most research on rib fractures has focused on those resulting
from collisions or other accidents [23–29]. Unlike these studies, rib fractures occurring
during cardiopulmonary resuscitation (CPR) represent a unique situation where loads
are repetitively applied. The purpose of this study was to determine the potential fatigue
fractures that may occur during CPR by designing a finite element model encompassing the
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entire thoracic structure composed of numerous bones. Using FEA, we conducted fatigue
analysis on thoracic structure models, incorporating different trabecular bone properties
across various age groups and applying varying conditions of chest compression intensity,
location, and frequency. To mimic the complex interaction of chest compression conditions
present in actual CPR scenarios, we examined the fatigue life sensitivity and the interaction
between load condition parameters based on diverse combinations. Considering the
extensive time and costs associated with finite element analysis across all potential cases,
we employed orthogonal array testing from the design of experiments (DOE) to minimize
experimental size while selecting only meaningful cases for analysis. The results of this
analysis formed the basis for developing a deep learning-based metamodel to estimate
fatigue life values across all cases, further analyzing the sensitivity and the influence of
load condition parameters across different age groups. The findings revealed significant
differences in sensitivity and interaction among parameters by age group, suggesting the
possibility of developing safer CPR methods for the elderly, who are at a higher risk of
acute cardiac arrest, while considering the risk of fatigue fractures.

2. Methods
2.1. Finite Element Model Development

The rib cage model was designed using whole-body CT data from a male in his 40s
who was a healthy person with no musculoskeletal problems. The 3D thoracic model
was provided by Materialise Inc. (Leuven, Belgium), and ribs, cartilage, and spine were
separated from this model to create the rib cage model. The geometrical information for
this 3D model provided by Materialise Inc. is detailed in Table 1. In the development of
the finite element rib cage model used in this study, the spine was excluded, as negligible
impact on rib fatigue life was anticipated. This is illustrated in Figure 1, showing the rib
cage geometry sans the spinal section. Subsequently, as shown in Figure 2, the boundary
between the trabecular and cortical bones was delineated. To address the challenge of
irregular model shapes caused by the inherent resolution limitations of CT data. We
utilized 3-matic software, version 18.0 (Materialise Inc., Leuven, Belgium), applying its
wrap function. This function helps smooth out the model’s surface to address incomplete
model shapes. To accurately set the cortical bone thickness, a previous study that utilized
CT data to measure the thickness of each bone layer was consulted, establishing the cortical
bone’s thickness at approximately 2.5 mm [30].

Table 1. Geometrical details of the rib cage model.

Geometrical Details of the Rib Cage Model

Rib cage width 324 mm

Rib angle 39.59◦

Haller index 2.534

Sagittal cross-sectional area 644.7 cm2

The preprocessing for the finite element analysis was carried out using the Hyper-
works software, version 2023 (Altair Engineering Inc., Troy, MI, USA). The mesh size was
determined to be 2.0 mm, taking into account both the accuracy of the analysis and compu-
tational efficiency [31–33]. The finite element analysis and post-processing stages employed
the use of Optistruct software, version 2023 (Altair Engineering Inc., Troy, MI, USA).
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The designated areas for applying load and constraints in the finite element analysis
are shown in Figure 3. To simulate the load applied during cardiopulmonary resuscitation
(CPR), the sagittal axis was aligned with the y-axis, and a vertically distributed load was
applied along this axis. In accordance with the American Heart Association (AHA) CPR
guidelines, the load was centered at the midpoint of the sternum [34,35]. Given that
chest compressions in out-of-hospital CPR are performed using the palm, the load was
distributed in a manner reflective of the palm size. Constraints were designed to mimic
a patient lying flat on his/her back and to account for the thoracic mobility induced by
CPR forces; restrictions were applied to rotational degrees of freedom along the x, y, and z
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axes. Furthermore, connections between bones and between bones and rib cartilage were
modeled as rigid elements to accurately replicate the structural integrity and mechanical
behavior of the thoracic region.
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2.2. Fatigue Fracture Analysis

To conduct fatigue analysis using finite element analysis software, the Hyperworks
software, version 2023 (Altair Engineering Inc., Troy, MI, USA), it is crucial to define analysis
parameters that consider the material and fatigue characteristics. Taking into account the
fatigue load conditions occurring during cardiopulmonary resuscitation (CPR) and the
properties of the ribs, relevant analysis parameters were established. Unlike typical fatigue
loads, the fatigue load during CPR is characterized by repetitive compressive forces of a
constant magnitude at a fixed frequency, ranging up to 10,000 cycles, indicative of low-
cycle fatigue (LCF) conditions. To suit these characteristics, the Strain-Life Approach (E-N
Approach) was employed, which is appropriate for conditions where plastic deformation
occurs due to low-cycle fatigue and repetitive loading [36].

Given that ribs exhibit brittle material properties, easily fracturing even under minor
deformations, the Maximum Principal Stress Theory was utilized to calculate the yield
stress [37]. Moreover, as bones are more susceptible to failure under tensile stress than
compressive stress, indicating a physical property where fractures occur more readily under
tension, Smith, Watson, and Topper’s Damage Parameter was applied to calculate fatigue
life caused by tensile stress [38–40]. For the mean stress correction method, the Goodman
Theory was adopted, which is suitable for brittle materials like bone [39,40].

2.3. Finite Element Analysis Conditions

In the present study, the parameters that could influence rib fatigue fractures during
CPR were taken to be age-related bone density, chest compression magnitude, chest com-
pression site, and chest compression rate. Different values of these parameters were used
(Table 2). Condition 1 focuses on analyzing rib fatigue fractures across different age groups
by applying adult CPR guidelines, highlighting bone density variations. Different trabecu-
lar bone material properties were applied to rib cage models for three age groups, Young,
Middle, and Old, and fatigue analysis was conducted based on AHA adult CPR guideline
conditions. Conditions 2 to 4 investigate the effects of variations in chest compression
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conditions that influence the fatigue life of ribs, analyzing how changes in load magnitude,
load site, and load rate affect the fatigue life of the rib cage model, considering age-specific
bone properties. Load condition parameters were set based on the values derived from
AHA adult CPR guidelines. Detailed descriptions for Conditions 1 to 4 are provided in the
following sections.

Table 2. Parameters for finite element analysis, which details the specific conditions used in each
model, explicitly noting variations in age-related bone material properties, compression magnitude,
site, and rate, to ascertain the singular effect of each parameter [34,35,41].

Age Load Magnitude Load Site Load Rate
[Compressions/min]

1. Bone material properties
Young

500 N Recommended site 110Middle
Old

Chest Compression
Conditions

2. Magnitude of
compression force

Young 450 N
Recommended site 110Middle 500 N

Old 550 N

3. Compression site
Young

500 N
Recommended site

110Middle Below 2.5 cm
Old Below 5 cm

4. Compression rate

Young

500 N Recommended site

80
100

Middle
110
120

Old 140
In each condition, a gray background color for the variables indicates the independently controlled variable.

2.3.1. Material Properties of Bone Age

The decrease in bone density with age leads to a weakening of the bone’s physical
strength and increased vulnerability to external loads [42]. This study sought to analyze
the differences in rib fatigue fracture patterns across different age groups when applying
identical load intensity to the same location on the chest, following adult CPR guidelines.
To this end, based on variations in trabecular bone properties, the analysis was categorized
into three groups: Young (ages 16–39), Middle (ages 40–59), and Old (ages 60–83). Despite a
decrease in both cortical and trabecular bone densities with age, the density differences are
predominantly attributed to trabecular bone variations; thus, constant material properties
were applied to the cortical bone and rib cartilage across all groups [31,41]. Accordingly, the
material properties applied to the rib cartilage and cortical bone in the age-specific rib cage
model are as listed in Table 3 [41], while the material properties for the trabecular bone, var-
ied by age group, are detailed in Table 4 [43]. The conditions for load magnitude, load site,
and load rate were established based on the American Heart Association (AHA) guidelines
at 500 N, the center of the sternum, and 110 compressions per minute, respectively [34,35].

Table 3. Mechanical properties of the rib cartilage and cortical bone [41].

Rib Cartilage Cortical Bone

Compressive modulus [MPa] 0.45~0.80 24,000

Table 4. Age-related variation in the mechanical properties of the trabecular bone [43].

Young Middle Old

Compressive modulus [MPa] 654 829 613
Compressive strength [MPa] 10.6 9.86 7.27

Ultimate compressive strain [%] 2.48 2.12 2.05
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2.3.2. Magnitude of Compression Force

According to the guidelines of the American Heart Association (AHA), it is recom-
mended to compress the chest of a person undergoing cardiac arrest to a depth of about
5 cm during CPR. Furthermore, to avoid complications, compressions should not exceed a
depth of 6 cm. In this study, a static analysis of the rib cage finite element analysis (FEA)
model was performed to estimate the force required to achieve a deformation depth of 5 cm.
The static analysis determined that the load required for the recommended compression
depth of 5 cm was approximately 500 N, while the force corresponding to a depth of 6 cm
was about 550 N. Based on these findings, the load magnitudes were set to 450 N, 500 N,
and 550 N, respectively. Other load conditions, such as load site and load rate, were applied
following the guideline standards, specifically at the recommended compression location
(the center of the sternum) and 110 compressions per minute, respectively.

2.3.3. Compression Site

The load site was selected based on the recommended compression site at the center of
the sternum, as specified in the American Heart Association (AHA) guidelines. Considering
that CPR is an emergency procedure often performed by untrained bystanders in urgent
situations, additional intervals of −2.5 cm and −5 cm from the recommended compression
site were established to account for potential deviations in compression placement. Figure 4
illustrates the recommended compression area as per AHA guidelines on the rib cage
model, as well as areas 5 cm below the recommended site. The other load conditions,
namely, load magnitude and load rate, were applied according to the guideline standards,
set at 500 N and 110 compressions per minute, respectively.
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2.3.4. Compression Rate

Based on the American Heart Association (AHA) adult CPR recommendation of 100
to 120 compressions per minute, an average rate of 110 compressions per minute was set as
the load rate for this study. To further explore the fatigue life under varying conditions,
additional load frequencies of 80 and 140 compressions per minute were also examined,
diverging from the guideline’s recommended range. The other load conditions, such as
load magnitude and load site, followed the guideline’s recommendation, applying a load
of 500 N and a load site at the center of the sternum.
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2.4. Comprehensive Influence Analysis
2.4.1. Sensitivity of Load Condition Parameters and Correlations across Age Groups

To investigate the impact of variations in bone properties and load condition param-
eters (magnitude, site, and rate) on fatigue life across different age groups, each load
condition was individually altered while applying guideline-recommended values for the
remaining conditions. However, in actual CPR situations, it is not possible to independently
control each load condition. Therefore, to analyze various possible scenarios during CPR
and enhance the similarity with real-life situations, load conditions were cross-examined
under combined load circumstances. This approach aimed to investigate the age-specific
fatigue life outcomes and to analyze the sensitivity of fatigue life to load condition pa-
rameters and the interrelation between these parameters across different age groups. The
analysis was conducted using PIAnO 2024 software (PIDOTECH Inc., Seoul, Republic
of Korea).

Considering that chest compression depth and location are relatively easy for the
practitioner to adjust according to guidelines during CPR, the variability of the chest com-
pression rate, which lacks a method for self-verification by the practitioner and can be
subject to biases in emergency situations, was deemed to potentially have a broader range
in actual CPR. The compression rate, recommended to be between 100 to 120 compres-
sions per minute according to guidelines, was explored within this range (100, 110, and
120 compressions per minute) and extended beyond to include rates considered outside
the recommended range (80 and 140 compressions per minute).

2.4.2. Metamodel Construction for Fatigue Life Prediction across All Conditions

The defined analysis cases for the age-specific combined load conditions are listed in
Appendix A, comprising a total of 135 scenarios.

In this study, orthogonal array testing, a design of experiments method, was applied
to analyze fatigue life under various complex load conditions across age groups. Due to
the absence of an appropriate orthogonal array for each of the 45 cases per age group, a
total of 135 cases were required to cover all analysis scenarios. However, conducting finite
element analysis for all cases was deemed time-consuming and costly. To circumvent this, a
metamodel was constructed using selected data to predict fatigue life. The selection process,
facilitated by PIAnO 2024 software (PIDOTECH Inc., Seoul, Republic of Korea), yielded
45 analysis cases that satisfied orthogonality across all scenarios [44]. These selected cases,
detailed in Appendix B, were then subjected to fatigue analysis.

Based on the finite element analysis results of the selected 45 cases, a deep learning-
based metamodel was constructed using PIAnO 2024 Metamodeler software (PIDOTECH
Inc., Seoul, Republic of Korea). This metamodel enabled the prediction of fatigue life for
all 135 cases, aiming to analyze the sensitivity of fatigue life to load condition parameters
and interrelation between load condition parameters across different ages. This approach
was predicated on the assumption that performing CPR in areas of lower sensitivity to
load condition parameters could potentially be safer from secondary injuries such as
fatigue fractures. The PIAnO 2024 Metamodeler software, by analyzing data types and
forms, recommends the optimal metamodel, automatically setting the hyperparameters
and architecture. In the case of this study, among various models, deep learning models
were given priority. The hyperparameters for the optimized deep learning model, as
determined after a thorough analysis, are outlined in Table 5. Following the assessment of
reliability based on the predicted values from the deep learning-based metamodel trained
on 45 analysis cases, this metamodel was used to investigate the sensitivity of fatigue
life to load condition parameters across different ages and the interrelation between load
condition parameters on age-specific fatigue life, based on the fatigue life predictions for
all 135 cases.
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Table 5. The hyperparameters for the optimized deep learning model.

Hyperparameter Setting

Activation Function ReLU
Optimization Method Stochastic Gradient Descent

Tolerance for Optimization 0.0001
Momentum 0.9
Batch Size Default

Learning Rate 0.01
Maximum Number of Iterations 200

3. Results

During cardiopulmonary resuscitation (CPR), the rib cage model was subjected to
fatigue analysis using age-specific bone properties and three load conditions (load site,
magnitude, and rate) as parameters, simulating adult CPR as per the American Heart
Association (AHA) guidelines. To assess fatigue life under standard adult CPR conditions,
the load magnitude, site, and rate were set to 500 N, midline at the lower half of the sternum,
and 110 compressions/min, respectively. Under these load conditions, the Young, Middle,
and Old groups exhibited fatigue life values of 3172, 1729, and 788 cycles, respectively.
Compared to the fatigue life of 3172 cycles for the Young group, the Middle group showed
a reduction of about 54%, and the Old group showed a reduction of about 45% compared
to the Middle group.

3.1. Fatigue Life

The fatigue life values of rib cage models with age-specific bone properties were
investigated for the three load conditions (load magnitude, site, and rate) set as parameters
(Figure 5). The fatigue analysis results, based on changes in load magnitude, revealed that
fatigue life increased at a load magnitude of 450 N and decreased at 550 N, compared to
the recommended 500 N load for adult CPR guidelines, across all groups. Fatigue life for
each age group, relative to the 500 N recommended condition, increased by factors of 1.20,
1.24, and 1.27 at 450 N for the Young, Middle, and Old groups, respectively, and decreased
by factors of 0.82, 0.64, and 0.71 at 550 N (Figure 5a). The increase in fatigue life for a
450 N load magnitude was similar across all age groups, but the reduction in fatigue life at
550 N differed by age group. The Middle group exhibited the greatest decrease in both the
numerical value and percentage of fatigue life with a 550 N load magnitude.

Second, the fatigue life values of rib cage models with age-specific bone material prop-
erties were evaluated by varying the load site, using the recommended chest compression
point in the AHA adult CPR guidelines as a reference (Figure 5b). Fatigue life decreased as
the load application point moved away from the center of the sternum, but the extent of
reduction varied by age group and was not linearly proportional to changes in load site.
Compared to the fatigue life at the recommended load site, the fatigue life decreased by
factors of 0.92, 0.77, and 0.81 at −2.5 cm, and by 0.81, 0.68, and 0.58 at −5 cm, for the Young,
Middle, and Old groups, respectively. The greater decrease percentage in fatigue life for the
Middle and Old groups compared to the Young group indicates that the load site parameter
has a larger impact on fatigue life in these groups. The Middle group experienced a sharp
reduction in fatigue life at −2.5 cm, likely due to different sensitivities to parameter changes
in different regions.

Lastly, the fatigue life values of rib cage models with age-specific bone properties
were assessed by varying the load rate, using the average recommended compression rate
of 110 compressions/min from the AHA adult CPR guidelines (Figure 5c). Compared to
the fatigue life at this load rate, the fatigue life increased by factors of 1.04, 1.10, and 1.33
at 80 compressions/min, and decreased by 0.94, 0.86, and 0.48 at 140 compressions/min,
for the Young, Middle, and Old groups, respectively. The largest variation in fatigue
life occurred in the Old group, which showed a 52% decrease at 140 compressions/min,
indicating that this group was the most sensitive to changes in load rate.
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following load conditions, except for the respective load magnitude, load site, and load rate values:
the load magnitude is 500 N, which corresponds to the recommended chest compression depth from
the AHA adult CPR guidelines; the load site is the midpoint of the sternum’s lower half; and the
load rate is 110 compressions per minute, which is the average value of the recommended chest
compression rate of 100–120 compressions per minute.

3.2. Sensitivity of Fatigue Life

In independently controlled analysis conditions of load condition parameter val-
ues, the fatigue life of the rib cage model with age-specific bone properties was assessed.
However, in real CPR scenarios, chest compression conditions cannot be controlled inde-
pendently. To simulate more realistic scenarios, various load condition parameters were
cross-analyzed. Out of a total of 135 analysis cases, 45 were chosen via the orthogonal
array method, and a deep learning-based metamodel was used to predict fatigue life values
for all 135 cases. With an R2 value of 0.999999977, the metamodel was deemed reliable.
Based on predicted fatigue life values, its sensitivity to load condition parameters and their
correlations were analyzed by age group.

Figure 6 shows the sensitivity of fatigue life to each load condition parameter when the
influence of the three load conditions is normalized to 100%. In the Young group, fatigue
life sensitivity to load magnitude, load site, and load rate was 70.1%, 20.4%, and 9.50%,
respectively, showing the highest sensitivity to load magnitude (Figure 6a). In the Middle
group, fatigue life sensitivity was 59.0%, 19.7%, and 21.3%, respectively, indicating that
sensitivity to load magnitude is still the highest, similar to the Young group, although it is
relatively lower at 59.0%. A notable difference is that fatigue life sensitivity to load rate
is higher than sensitivity to load site. Finally, in the Old group, unlike the previous two
groups where sensitivity to load magnitude was the highest, sensitivity to load rate was
48.9%, showing that load rate has the greatest influence on fatigue life (Figure 6c).

By analyzing fatigue life for the rib cage model with age-specific bone properties,
independently controlling the values of load condition parameters (Figure 5), and investi-
gating the sensitivity of fatigue life to load condition parameters (Figure 6), we observed
trends but not complete numerical consistency. We analyzed the correlations between load
condition parameters to understand how their combined effects cause non-linear changes
in fatigue life with parameter variations (Figure 5).

To identify the correlation between two different load condition parameters, the
remaining load condition was fixed at the recommended setting from the AHA adult CPR
guidelines. We then analyzed the fatigue life values determined by changes in the other two
load conditions. Figure 7 shows the contour graph depicting fatigue life values influenced
by these two load condition parameters. The black lines connect points with identical
fatigue life values, while the red dashed line indicates the trend line on the contour graph.
The arrows represent the distance between contour lines, with shorter arrows implying
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greater sensitivity in fatigue life to changes in load condition parameters. The trend line
reveals the overall inclination of the contour graph, leaning towards the axis of the load
condition parameter that has a greater influence on fatigue life changes.
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Figure 7a–c are contour graphs that illustrate the correlation of different load condition
parameters in the young age group. Figure 7a shows the correlation between load site and
load rate. The trendline on the contour graph leans towards the load site, consistent with
Figure 6a, indicating a greater sensitivity to changes in load site. Near the recommended site
(0 cm), as load rate increases, sensitivity to both load site and load rate grows. At −2.5 cm
from the recommended site, sensitivity to load site increases significantly, but the sensitivity
to load rate remains relatively unchanged despite increases in load rate. At approximately
−5 cm, sensitivity to load site decreases, but is still higher than at 0 cm, and sensitivity to
load rate remains fairly constant regardless of load rate increases. Figure 7b displays the
correlation between load magnitude and load site in the Young age group. Sensitivity to
load magnitude is highest at 70.1%, as evidenced by the trend line sloping towards the
load magnitude axis, reflecting Figure 6a. When load magnitude remains constant, the
sensitivity to load site increases and then decreases as load site moves downward from the
recommended 0 cm site, while sensitivity to load magnitude remains fairly constant. With
constant load site, sensitivity to load magnitude increases and then decreases with rising
load magnitude.



Bioengineering 2024, 11, 491 13 of 19

Figure 7c illustrates the correlation between load magnitude and load rate in the Young
age group. The trend line slopes towards the load magnitude axis, indicating a greater
overall impact of load magnitude on fatigue life than load rate. When load magnitude is
less than 500 N (translated from the recommended chest compression depth), sensitivity
to load rate increases before stabilizing with rising load rate, while sensitivity to load
magnitude remains steady. Around 550 N, sensitivity to both load magnitude and load
rate remains consistent despite increasing load rate.

Figure 7d–f present the contour graphs that illustrate the correlation between different
load condition parameters for the Middle age group. Figure 7d focuses on the correlation
between load site and load rate. The sensitivity difference between load site and load rate
is only 1.7%, so the trendline slope is close to 1 (Figure 6b). When comparing different load
rates to the recommended rate of 110 compression/min, the trendlines for high and low
rates diverge, tilting towards the load rate axis. This shows that fatigue life sensitivity to
load rate is more pronounced at these levels. As the load site moves downward from 0 cm
(recommended site) at a rate of 80 compressions/min, sensitivity to the load site initially
increases but then decreases, while sensitivity to load rate remains fairly stable. Near the
recommended rate of 110 compressions/min, sensitivity to both load site and load rate
increases and then decreases. At 140 compressions/min, sensitivity to load rate remains
stable while sensitivity to load site decreases.

Figure 7e shows the contour graph indicating the correlation between load magnitude
and load site. The trendline tilts towards the load magnitude axis due to its highest
sensitivity (Figure 6b), implying that fatigue life is more sensitive to changes in magnitude.
When load magnitude is constant, moving the load site below 0 cm (recommended site)
reduces sensitivity to load magnitude, while sensitivity to load site first increases and then
decreases. When the load site is kept constant, sensitivity to load magnitude increases and
then decreases as magnitude increases.

Figure 7f illustrates the correlation between load magnitude and load rate in the
middle age group. Similar to Figure 7e, the trendline tilts towards the load magnitude
axis due to higher sensitivity to magnitude. When the load magnitude is around 450 N,
increasing load rate results in a slight increase in sensitivity to magnitude, while sensitivity
to load rate remains constant. At a load magnitude of 550 N, sensitivity to load magnitude
shows a slight increase. In this region, increasing the load rate leads to a slight decrease in
sensitivity to both load site and rate, but both remain largely constant. Similar to Figure 7e,
sensitivity to load magnitude increases and then decreases as magnitude increases when
the load site is kept constant.

Figure 7g–i show the contour graphs illustrating the correlation between different load
condition parameters for the Old age group. Unlike other age groups, the Old age group
shows the highest fatigue life sensitivity to load rate (Figure 6c), which influences the shape
of its contour graph. Figure 7g depicts the correlation between load site and load rate. As
indicated in Figure 6c, with fatigue life sensitivity to load rate at 48.9%, the trendline tilts
towards the load rate axis, indicating that fatigue life changes are most sensitive to load rate
variations. When load rate remains constant, as the load site moves down from 0 cm (the
recommended site), sensitivity to load rate remains high and fairly stable, while sensitivity
to load site initially increases and then decreases.

Figure 7h depicts the contour graph showing the correlation between load magnitude
and load site for the Old age group. These two load condition parameters have the smallest
difference in sensitivity in the Old group (Figure 6c), which makes the overall trendline
almost level, indicating that fatigue life is equally influenced by both parameters. In regions
where load magnitude and load site have constant values, sensitivity to the other load
condition parameter first increases and then decreases.

Figure 7i shows the correlation between load magnitude and load rate for the Old age
group. Similar to Figure 7g, the trendline tilts towards the load rate axis due to the highest
fatigue life sensitivity. When load rate remains constant, increasing load magnitude leads
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to a decrease in sensitivity to load rate around 140 compressions/min, while sensitivity to
load magnitude first increases and then decreases.

4. Discussion

In this study, we developed a model capable of predicting rib fatigue fractures across
different age groups during CPR situations, applying age-specific bone property data. To
simulate real-life emergency scenarios, the fatigue life values of the rib cage model under
various load conditions were examined, and based on the resultant data, we identified
the load conditions that predominantly affect the fatigue life across different age groups,
namely, the sensitivity of fatigue life parameters. Additionally, through analyzing the
fatigue life variation trend lines against two other load condition parameters, we were able
to determine the interrelations between load condition parameters.

To examine the patterns of fatigue fractures according to age-specific bone density,
the analysis under condition 1, applying load conditions specified in the American Heart
Association (AHA) CPR guidelines, was segmented into three groups based on changes in
trabecular bone properties: Young, Middle, and Old. The analysis revealed fatigue fractures
occurring at 3172, 1729, and 788 repetitions of load application, respectively. Given that
acute cardiac arrest significantly impacts age and is prevalently observed in the elderly, they
can be considered a primary target group for adult CPR. Although individual variations
exist, the fatigue life in the Old group showed a significant decrease to about 0.25 times
that of the Young group, indicating the need for further research to develop age-specific
guidelines considering the safety from fatigue fractures.

In the analysis of conditions 2 to 4, applying varied load magnitude, load site, and
load rate, the maximum fatigue life appeared at the recommended load site (center of
the sternum), the minimum load magnitude, and the minimum load rate. By crossing
various load condition parameters to simulate situations akin to actual CPR in the analysis
condition of combined load conditions, all groups uniformly showed the highest fatigue
life under conditions of minimum load magnitude, recommended load site (center of the
sternum), and minimum load rate. While the condition inducing the least fatigue life for the
maximum fatigue life is predictably result-oriented, the analysis of fatigue life parameter
sensitivity and the interrelation between load condition parameters based on the fatigue
life data from each analysis condition yielded significant findings. Though the optimal load
conditions for maximum fatigue life were the same across all groups, differences existed in
the dominant load conditions (load magnitude, load site, and load rate) affecting the fatigue
life and their impact levels. In the Young and Middle groups, the rib cage model’s fatigue
life showed the highest sensitivity to changes in load magnitude, with the sensitivity level
in the Young group being approximately 11.1% higher than in the Middle group. Contrarily,
the Old group displayed the highest sensitivity to the load rate condition, suggesting that
for elderly subjects undergoing CPR, reducing compression rate might be more meaningful
than decreasing compression magnitude to avoid fatigue fractures.

To prevent rib fractures effectively, it is not only the most sensitive load condition
parameters that should be considered but also the interplay among them. The three load
conditions do not independently influence fatigue life; the impact of one load condition’s
variation on fatigue life depends on the settings of the other load conditions. According
to the analysis of the correlation between load condition parameters, the sensitivity of
fatigue life to each load condition parameter was not consistent across all points. In
particular, in the contour graph illustrating the correlation between load site and load rate
in the Middle group, the trend lines for regions of high and low load rate, based on the
recommended chest compression rate of 110 compressions/min, differ significantly from
the overall trend line of the contour graph. This highlights how the sensitivity of fatigue life
to load condition parameters can vary significantly depending on the combination of load
conditions. This implies that there are points where the impact of specific load condition
parameters is minimal. Therefore, in CPR studies focused on preventing fatigue fractures, it
is essential to consider the interactions between different load conditions, rather than solely
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considering load conditions in the order of parameter sensitivity, to derive the optimal
method. For instance, in all three age groups, the sensitivity of fatigue life to load site
and magnitude generally increased and then decreased with changes in the values of load
condition parameters. To clinically apply these trends when developing age-specific CPR
guidelines, it is suggested that chest compression conditions should be determined within
the range where sensitivity to the respective load condition parameter reaches its peak.

This study has several limitations. Firstly, it relies solely on a 3D model constructed
from a CT scan of a single male in his forties, which restricts the generalizability of the
results. Age-related changes in thoracic structure, such as the barrel chest phenomenon,
can significantly affect rib fatigue life and should undoubtedly be considered in the fatigue
analysis of the ribs. Additionally, considering that the average age for rib fractures resulting
from out-of-hospital cardiac arrest CPR is 66 years, using a model of only a middle-aged
man may not accurately reflect real-world conditions. Obtaining imaging data to verify
changes in thoracic structure due to aging is challenging, and variations such as rib angle
alterations are influenced by a wide range of genetic and environmental factors, making
generalization difficult. The primary aim of this research was to analyze the impact of age-
related changes in bone material properties on the fatigue life of the rib cage under various
chest compression parameters. Therefore, no statistical generalization was performed.
Fractures from manual cardiopulmonary resuscitation out of hospital typically occur in
older populations; however, the study utilized a model that reflected changes in bone
properties across different ages, opting for a model representing a middle age range. This
choice was made because focusing solely on older age groups could significantly differ
from younger thoracic structures, complicating the analysis based solely on changes in
bone properties. Therefore, to design safer age-specific CPR methods that prevent rib
fractures, it is necessary to develop a rib cage structural model that incorporates changes in
thoracic morphology across different ages, warranting further research.

Second, it is essential to demonstrate that conditions identified as significant for pre-
venting rib fractures do not impede the primary objective of CPR, which is to artificially
circulate blood when the heart stops. Rib fractures are a secondary issue that may arise
during CPR; thus, proposed methods for preventing them should not result in a decreased
efficiency of cardiac resuscitation. This research did not evaluate the changes in blood cir-
culation efficiency under load conditions optimized for maximum fatigue life. Subsequent
studies must verify that methods proposed for safer CPR can achieve the same level of
resuscitation efficiency as when CPR is performed according to existing guidelines.

Lastly, when setting the load site parameter, only vertical displacement was considered
with reference to the adult CPR guidelines. In reality, the chest compression location may
shift laterally during CPR, but in our fatigue analysis, we only varied the location along the
midline of the breastbone, which may differ from actual scenarios. However, in this study,
we attempted to address this limitation by applying the load in the form of a distributed
load, considering the contact area of the palm during chest compression.

5. Conclusions

In this study, rib cage models were designed by applying age-specific bone material
properties, dividing the subjects into Young, Middle, and Old groups, and analyzing the
fatigue life under various load conditions. It was found that fatigue life markedly decreased
in the older age groups when compared across ages. While the tendency for higher fatigue
life under conditions that induce less fatigue life was consistent across all age groups, there
was a notable age-specific difference in the sensitivity of fatigue life to each load condition
parameter and the interplay among load condition parameters. In the Young and Middle
groups, fatigue life showed high sensitivity to the magnitude of chest compression and
was most influenced by this parameter. Conversely, in the Old group, fatigue life was most
sensitive to the rate of chest compressions and was significantly influenced by the interplay
of load condition parameters.
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From the perspective of preventing rib fractures induced by CPR, it is crucial to con-
sider the effects among different load conditions. However, it appears that for the younger
and middle-aged groups, the magnitude of chest compressions should be a focal point,
while for the older age group, attention should be given to the rate of chest compressions
when performing CPR. Future research incorporating clinical considerations of age-related
changes in thoracic structure and the efficiency of blood circulation is warranted to propose
effective and safe age-specific CPR methods.
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Appendix A

Table A1. All 135 analysis cases for age-specific combined load conditions.

Age Load Magnitude Load Site Load Rate
[Compressions/min]

Young

450 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

500 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

550 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

Middle

450 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

500 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

550 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140
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Table A1. Cont.

Age Load Magnitude Load Site Load Rate
[Compressions/min]

Old

450 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

500 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

550 N
Recommended site 80, 100, 110, 120, 140

Below 2.5 cm 80, 100, 110, 120, 140
Below 5 cm 80, 100, 110, 120, 140

Appendix B

Table A2. Orthogonal array of 45 analysis cases.

Age Load Magnitude Load Site Load Rate
[Compressions/min]

Young

450 N
Recommended site 80, 100

Below 2.5 cm 110, 120
Below 5 cm 140

500 N
Recommended site 80, 100

Below 2.5 cm 110
Below 5 cm 120, 140

550 N
Recommended site 80

Below 2.5 cm 100, 110
Below 5 cm 120, 140

Middle

450 N
Recommended site 120, 140

Below 2.5 cm 80
Below 5 cm 100, 110

500 N
Recommended site 140

Below 2.5 cm 80, 100
Below 5 cm 110, 120

550 N
Recommended site 120, 140

Below 2.5 cm 80, 100
Below 5 cm 110

Old

450 N
Recommended site 110

Below 2.5 cm 120, 140
Below 5 cm 80, 100

500 N
Recommended site 100, 110

Below 2.5 cm 120, 140
Below 5 cm 80

550 N
Recommended site 110, 120

Below 2.5 cm 140
Below 5 cm 80, 100

References
1. Bush, C.M.; Jones, J.S.; Cohle, S.D.; Johnson, H. Pediatric injuries from cardiopulmonary resuscitation. Ann. Emerg. Med. 1996, 28,

40–44. [CrossRef]
2. Cloete, G.; Dellimore, K.H.; Scheffer, C.; Smuts, M.S.; Wallis, L.A. The impact of backboard size and orientation on sternum-to-

spine compression depth and compression stiffness in a manikin study of CPR using two mattress types. Resuscitation 2011, 82,
1064–1070. [CrossRef]

https://doi.org/10.1016/S0196-0644(96)70137-3
https://doi.org/10.1016/j.resuscitation.2011.04.003


Bioengineering 2024, 11, 491 18 of 19

3. Wang, J.P.; Zhang, Y.M.; Yang, R.J.; Zhang, K.; Chai, M.M.; Zhou, D.C. Efficacy and safety of active abdominal compression-
decompression versus standard CPR for cardiac arrests: A systematic review and meta-analysis of 17 RCTs. Int. J. Surg. 2019, 71,
132–139. [CrossRef] [PubMed]

4. Baubin, M.; Rabl, W.; Pfeiffer, K.P.; Benzer, A.; Gilly, H. Chest injuries after active compression-decompression cardiopulmonary
resuscitation (ACD-CPR) in cadavers. Resuscitation 1999, 43, 9–15. [CrossRef]

5. Deliliga, A.; Chatzinikolaou, F.; Koutsoukis, D.; Chrysovergis, I.; Voultsos, P. Cardiopulmonary resuscitation (CPR) complications
encountered in forensic autopsy cases. BMC Emerg. Med. 2019, 19, 23. [CrossRef] [PubMed]

6. Suazo, M.; Herrero, J.; Fortuny, G.; Puigjaner, D.; López, J.M. Biomechanical response of human rib cage to cardiopulmonary
resuscitation maneuvers: Effects of the compression location. Int. J. Numer. Methods Biomed. Eng. 2022, 38, e3585. [CrossRef]

7. Azeli, Y.; Barbería, E.; Jiménez-Herrera, M.; Ameijide, A.; Axelsson, C.; Bardají, A. Serious injuries secondary to cardiopulmonary
resuscitation: Incidence and associated factors. Emergencias 2019, 31, 327–334.

8. Jackson, C.T.; Greendyke, R.M. Pulmonary and cerebral fat embolism after closed-chest cardiac massage. Surg. Gynecol. Obstet.
1965, 120, 25–27. [PubMed]

9. Henriksen, H. Rib fractures following external cardiac massage. Acta Anaesthesiol. Scand. 1967, 11, 57–64. [CrossRef]
10. Kim, M.J.; Park, Y.S.; Kim, S.W.; Yoon, Y.S.; Lee, K.R.; Lim, T.H.; Lim, H.; Park, H.Y.; Park, J.M.; Chung, S.P. Chest injury following

cardiopulmonary resuscitation: A prospective computed tomography evaluation. Resuscitation 2013, 84, 361–364. [CrossRef]
11. Kloss, T.; Püschel, K.; Wischhusen, F.; Welk, I.; Roewer, N.; Jungck, E. Resuscitation injuries. Anasth. Intensivther. Notfallmedizin

1983, 18, 199–203.
12. Saternus, K. Direkte und indirekte Traumatisierung bei der Reanimation. Z. Rechtsmed. 1981, 86, 58. [CrossRef] [PubMed]
13. Van Wijck, S.F.M.; Prins, J.T.H.; Verhofstad, M.H.J.; Wijffels, M.M.E.; Van Lieshout, E.M.M. Rib fractures and other injuries after

cardiopulmonary resuscitation for non-traumatic cardiac arrest: A systematic review and meta-analysis. Eur. J. Trauma Emerg.
Surg. 2024, 1–16. [CrossRef] [PubMed]

14. Curtis, E.; Litwic, A.; Cooper, C.; Dennison, E. Determinants of Muscle and Bone Aging. J. Cell. Physiol. 2015, 230, 2618–2625.
[CrossRef] [PubMed]

15. Schuit, S.C.E.; Van der Klift, M.; Weel, A.E.A.M.; De Laet, C.E.D.H.; Burger, H.; Seeman, E.; Hofman, A.; Uitterlinden, A.G.; van
Leeuwen, J.P.T.M.; Pols, H.A.P. Fracture incidence and association with bone mineral density in elderly men and women: The
Rotterdam Study. Bone 2004, 34, 195–202. [CrossRef] [PubMed]

16. Bae, J.H.; Cho, J.H.; Shin, M.C.; Choi, H.Y.; Park, C.W.; Lee, H.Y.; Won, M.H. The study of the changes of chest wall shape and
chest compression site according to increasing age. J. Korean Soc. Emerg. Med. 2014, 25, 440–446.

17. Berg, K.M.; Soar, J.; Andersen, L.W.; Böttiger, B.W.; Cacciola, S.; Callaway, C.W.; Couper, K.; Cronberg, T.; D’Arrigo, S.; Deakin,
C.D.; et al. Adult Advanced Life Support: 2020 International Consensus on Cardiopulmonary Resuscitation and Emergency
Cardiovascular Care Science With Treatment Recommendations. Circulation 2020, 142 (Suppl. S1), S92–S139. [CrossRef]

18. Nolan, J.P.; Maconochie, I.; Soar, J.; Olasveengen, T.M.; Greif, R.; Wyckoff, M.H.; Singletary, E.M.; Aickin, R.; Berg, K.M.; Mancini,
M.E.; et al. Executive summary: 2020 international consensus on cardiopulmonary resuscitation and emergency cardiovascular
care science with treatment recommendations. Circulation 2020, 142 (Suppl. S1), S2–S27. [CrossRef]

19. Kimpara, H.; Lee, J.B.; Yang, K.H.; King, A.I.; Iwamoto, M.; Watanabe, I.; Miki, K. Development of a Three-Dimensional Finite Element
Chest Model for the 5th Percentile Female; SAE Technical Paper; SAE: Warrendale, PA, USA, 2005.

20. Kitagawa, Y.; Yasuki, T. Correlation among seatbelt load, chest deflection, rib fracture and internal organ strain in frontal collisions
with human body finite element models. In Proceedings of the IRCOBI Conference, Gothenburg, Sweden, 11–13 September 2013.

21. Iraeus, J.; Brolin, K.; Pipkorn, B. Generic finite element models of human ribs, developed and validated for stiffness and strain
prediction—To be used in rib fracture risk evaluation for the human population in vehicle crashes. J. Mech. Behav. Biomed. Mater.
2020, 106, 103742. [CrossRef]

22. Vavalle, N.A.; Davis, M.L.; Stitzel, J.D.; Gayzik, F.S. Quantitative Validation of a Human Body Finite Element Model Using Rigid
Body Impacts. Ann. Biomed. Eng. 2015, 43, 2163–2174. [CrossRef]

23. Hardy, R.; Watson, J.; Howard, M. Developments in the simulation of real world car to pedestrian accidents using a pedestrian
humanoid finite element model. Int. J. Crashworthiness 2000, 5, 103–118. [CrossRef]

24. Huang, G.; Wan, Y.; Chen, K.; Yin, Z.; Song, Q.; Xu, Y.; Guo, X. Finite element analysis of posterior acetabular column plate
and posterior acetabular wall prostheses in treating posterior acetabular fractures. J. Orthop. Surg. Res. 2023, 18, 94. [CrossRef]
[PubMed]

25. Larsson, K.J.; Blennow, A.; Iraeus, J.; Pipkorn, B.; Lubbe, N. Rib Cortical Bone Fracture Risk as a Function of Age and Rib Strain:
Updated Injury Prediction Using Finite Element Human Body Models. Front. Bioeng. Biotechnol. 2021, 9, 677768. [CrossRef]
[PubMed]

26. Liu, W.; Zhao, H.; Li, K.; Su, S.; Fan, X.; Yin, Z. Study on pedestrian thorax injury in vehicle-to-pedestrian collisions using finite
element analysis. Chin. J. Traumatol. 2015, 18, 74–80. [CrossRef] [PubMed]

27. Lord, M.J.; Ha, K.I.; Song, K.S. Stress fractures of the ribs in golfers. Am. J. Sports Med. 1996, 24, 118–122. [CrossRef]
28. Nishida, N.; Ohgi, J.; Jiang, F.; Ito, S.; Imajo, Y.; Suzuki, H.; Funaba, M.; Nakashima, D.; Sakai, T.; Chen, X. Finite Element

Method Analysis of Compression Fractures on Whole-Spine Models Including the Rib Cage. Comput. Math. Methods Med. 2019,
2019, 8348631. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ijsu.2019.09.026
https://www.ncbi.nlm.nih.gov/pubmed/31561009
https://doi.org/10.1016/S0300-9572(99)00110-0
https://doi.org/10.1186/s12873-019-0234-5
https://www.ncbi.nlm.nih.gov/pubmed/30819095
https://doi.org/10.1002/cnm.3585
https://www.ncbi.nlm.nih.gov/pubmed/14259781
https://doi.org/10.1111/j.1399-6576.1967.tb00368.x
https://doi.org/10.1016/j.resuscitation.2012.07.011
https://doi.org/10.1007/BF00203793
https://www.ncbi.nlm.nih.gov/pubmed/7234133
https://doi.org/10.1007/s00068-023-02421-7
https://www.ncbi.nlm.nih.gov/pubmed/38206442
https://doi.org/10.1002/jcp.25001
https://www.ncbi.nlm.nih.gov/pubmed/25820482
https://doi.org/10.1016/j.bone.2003.10.001
https://www.ncbi.nlm.nih.gov/pubmed/14751578
https://doi.org/10.1161/CIR.0000000000000893
https://doi.org/10.1161/CIR.0000000000000890
https://doi.org/10.1016/j.jmbbm.2020.103742
https://doi.org/10.1007/s10439-015-1286-7
https://doi.org/10.1533/cras.2000.0127
https://doi.org/10.1186/s13018-023-03535-9
https://www.ncbi.nlm.nih.gov/pubmed/36774499
https://doi.org/10.3389/fbioe.2021.677768
https://www.ncbi.nlm.nih.gov/pubmed/34109166
https://doi.org/10.1016/j.cjtee.2015.03.003
https://www.ncbi.nlm.nih.gov/pubmed/26511297
https://doi.org/10.1177/036354659602400121
https://doi.org/10.1155/2019/8348631
https://www.ncbi.nlm.nih.gov/pubmed/31191711


Bioengineering 2024, 11, 491 19 of 19

29. Yoshida, S. Simulation of car-pedestrian accident. In Proceedings of the 16th International Technical Conference on the Enhanced
Safety of VehiclesNational Highway Traffic Safety AdministrationTransport CanadaTransport Canada, Windsor, ON, Canada,
31 May–4 June 1998.

30. Holcombe, S.A.; Hwang, E.; Derstine, B.A.; Wang, S.C. Measuring rib cortical bone thickness and cross section from CT. Med.
Image Anal. 2018, 49, 27–34. [CrossRef] [PubMed]

31. Li, Z.; Kindig, M.W.; Kerrigan, J.R.; Untaroiu, C.D.; Subit, D.; Crandall, J.R.; Kent, R.W. Rib fractures under anterior-posterior
dynamic loads: Experimental and finite-element study. J. Biomech. 2010, 43, 228–234. [CrossRef]

32. Li, Z.; Kindig, M.W.; Subit, D.; Kent, R.W. Influence of mesh density, cortical thickness and material properties on human rib
fracture prediction. Med. Eng. Phys. 2010, 32, 998–1008. [CrossRef]

33. Poulard, D.; Kent, R.W.; Kindig, M.; Li, Z.; Subit, D. Thoracic response targets for a computational model: A hierarchical approach
to assess the biofidelity of a 50th-percentile occupant male finite element model. J. Mech. Behav. Biomed. Mater. 2015, 45, 45–64.
[CrossRef]

34. Merchant, R.M.; Topjian, A.A.; Panchal, A.R.; Cheng, A.; Aziz, K.; Berg, K.M.; Lavonas, E.J.; Magid, D.J.; Adult Basic and
Advanced Life Support, Pediatric Basic and Advanced Life Support, Neonatal Life Support, Resuscitation Education Science, and
Systems of Care Writing Groups. Part 1: Executive Summary: 2020 American Heart Association Guidelines for Cardiopulmonary
Resuscitation and Emergency Cardiovascular Care. Circulation 2020, 142 (Suppl. S2), S337–S357. [CrossRef] [PubMed]

35. Panchal, A.R.; Bartos, J.A.; Cabañas, J.G.; Donnino, M.W.; Drennan, I.R.; Hirsch, K.G.; Kudenchuk, P.J.; Kurz, M.C.; Lavonas,
E.J.; Morley, P.T.; et al. Part 3: Adult Basic and Advanced Life Support: 2020 American Heart Association Guidelines for
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circulation 2020, 142 (Suppl. S2), S366–S468. [CrossRef]
[PubMed]

36. Harlow, D.G. Low cycle fatigue: Probability and statistical modeling of fatigue life. In Proceedings of the Pressure Vessels and
Piping Conference, Anaheim, CA, USA, 20–24 July 2014; American Society of Mechanical Engineers: New York, NY, USA, 2014.

37. Wang, J.; Ren, L.; Xie, L.Z.; Xie, H.P.; Ai, T. Maximum mean principal stress criterion for three-dimensional brittle fracture. Int. J.
Solids Struct. 2016, 102, 142–154. [CrossRef]

38. Carrion, P.E.; Shamsaei, N.; Daniewicz, S.R.; Moser, R.D. Fatigue behavior of Ti-6Al-4V ELI including mean stress effects. Int. J.
Fatigue 2017, 99, 87–100. [CrossRef]
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