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ABSTRACT 

Motor vehicle crashes (MVCs) are the leading cause of blunt chest trauma, and 

pulmonary contusion (PC) is a common injury following this type of insult.  Over 38% of 

the Abbreviated Injury Scale (AIS) 3+ thoracic injuries were identified as some form of 

PC in a recent National Automotive Sampling System (NASS) study.  In 2009, 33,808 

Americans were killed in a MVC and 2.22 million more were injured resulting in a large 

number of occupants exposed to these traumatic events with the potential for pulmonary 

contusion.  Even non-fatal occurrences of this injury can result in long term diminished 

respiratory function and an increased risk of complications.  If 20% of the lung volume is 

injured, the patient has a significantly higher risk of developing Acute Respiratory 

Distress Syndrome (ARDS).  Therefore, volumetric measurement of pulmonary 

contusion can predict possible clinical outcomes to appropriately plan treatment for 

these patients.  The purpose of this dissertation research was to better understand crash 

parameters that may be predictive of this injury and develop finite element metrics to 

create an injury risk criterion for pulmonary contusion. 

The first aspect of this research was an initial investigation to improve understanding of 

the relationship between insult and outcome by relating PC severity to crash, occupant, 

and injury parameters in MVCs.  Thirty-one subjects with PC were selected from the 

Crash Injury Research and Engineering Network (CIREN) database, which contains 

detailed crash and medical information on MVC occupants.  Computed tomography (CT) 

scans of these subjects were segmented using a semi-automated protocol to quantify 

the volumetric percentage of injured tissue in each lung.  Techniques were used to 

quantify the geometry and location of PC, as well as the location of rib fractures.  Injury 

extent including PC volume and the number of rib fractures was analyzed and its relation 

to crash and occupant characteristics was explored. 
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Frontal and near-side crashes composed 71% of the dataset and the near-side door was 

the component most often associated with PC causation.  The number of rib fractures 

increased with age and fracture patterns varied with crash type.  In near-side crashes, 

occupant weight and BMI were positively correlated with PC volume and the number of 

rib fractures, and the impact severity was positively correlated with PC volume in the 

lung nearest the impact. 

The next study expanded on this initial patient dataset and extended the crash and 

occupant parameters of interest to correlate PC volume with crash parameters.  CIREN 

data from 2005 to 2010 was analyzed to focus on occupants sustaining PC in a near-

side crash.  Cases involving a roll-over or without a thorax CT uploaded to the database 

were excluded.  After all cases had been examined the study had 64 occupants with 

varying volumes of PC.  Specific crash characteristics compiled included change in 

velocity due to the impact (Delta-V or DV), energy, occupant characteristics, side airbag 

deployment, and crush profile measurements.  Crush metrics quantifying the area of the 

crush profile and the location of the crush relative to the occupant were calculated.  The 

thoracic CT scans from these cases were downloaded and segmented to determine the 

percent volume of high attenuation lung and PC as compared to the total volume of the 

lung.  The results of the general linear model analysis suggest that maximum crush was 

the best predictor of high attenuation lung and lung location relative to maximum crush 

best predicted PC.  An analysis of NASS and CIREN demonstrated that crashes with PC 

tended to have crash parameters that indicated higher severity.  

Following the analysis of crash parameters and PC volume, a study was conducted to 

develop a pulmonary surrogate.  Current Anthropomorphic Test Devices (ATDs) 

measure chest acceleration and deflection to assess risk of injury to the thorax.  Chapter 

3 presents a lung surrogate prototype designed to expand the injury assessment 
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capabilities of ATDs to include a risk measure for PC.  The surrogate augments these 

existing measures by providing pressure data specific to the lung and its lobes.  The 

prototype was created from a rendering of a 50th percentile male lung inflated to normal 

inspiration, obtained from clinical CT data.  Surrogate size, lobe volume, and airway 

cross sections were selected to match the morphology of the lung.  Elastomeric 

urethane was molded via rapid prototyping to create a functional prototype.  Pressure 

sensors in each of the five terminal airways independently monitored pressure traces in 

the lobes during impacts to the surrogate.  Software was created to analyze the 

surrogate impact pressure data, determine the lobe with the greatest pressure rise for a 

particular impact, and estimate the initial speed of surface deformation.  Characterization 

testing indicates an approximately linear relationship between peak lobe pressure and 

surface impact speed, with no type I or II errors demonstrated during lobe detection 

testing.  During repeatability testing, the standard deviation was between 2% and 4% of 

the mean peak pressure.  Ongoing research will focus on correlating surrogate data, 

pressure pulses or surface deformation, to risk functions for PC. 

In addition to evaluating the volume of pulmonary contusion, the ability to quantify the 

location and distribution of pulmonary contusion following a crash was a necessary 

component of assessing pulmonary contusion.  The focus of Chapter 4 was to develop a 

method of lung lobe registration for pulmonary contusion.  This technique uses 

advanced registration techniques to transform CIREN occupant lungs to an atlas-based 

coordinate system from custom pulmonary atlases developed for this study.  The 

registration protocol places all occupant lungs in the same coordinate system to facilitate 

comparisons between individuals.  Future applications of this work will be to quantify the 

PC locations for additional analysis of PC with respect to crash parameters. 
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The final chapter describes matched computer simulation to selected CIREN cases from 

the previous dataset.  The simulations utilize an occupied full-vehicle model struck by 

another full vehicle model.  The crash configuration was based on CIREN database 

parameters and iteratively modified to optimize struck vehicle maximum crush and 

maximum crush location.  Following the simulation phase of this study, the elements 

within the occupant lung were analyzed for a variety of stress and strain metrics to 

determine the FE metric that resulted in an injury distribution most like the CIREN 

occupant segmentation results.  The metric selected from this work will be used in future 

development of an injury criterion. 
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INTRODUCTION 

Motor Vehicle Crashes (MVCs) are a significant public health problem in the United 

States and around the world.  In 2009, 33,808 Americans were killed in a MVC and 2.22 

million more were injured.1  MVCs are the leading cause of blunt chest trauma,4  with 

pulmonary contusion (PC) as a common injury following this type of insult.2, 3  The 

associated mortality rate for this injury ranges from 10% to 20% of individuals.5  

Additionally, even non-fatal occurrences of this injury can result in long term diminished 

respiratory function.6  Miller et al. correlated the percent injured lung to the possibility of 

developing Acute Respiratory Distress Syndrome (ARDS).  In this study, patients with 

isolated pulmonary contusion were evaluated, and the percent pulmonary contusion was 

calculated from computed tomography (CT) scans.  The results indicated that if 20% of 

the lung was injured, the incidence of ARDS sharply increased.  Seventy-eight percent 

of the patients with PC volume above 20% developed ARDS.7  The significance of these 

findings is that the volumetric measurement of pulmonary contusion can predict possible 

clinical outcomes to appropriately plan treatment for these patients. 

Pulmonary contusion is not a well understood injury.  In MVC impact scenarios, the initial 

injury mechanism is a mechanical insult to the chest. This results in stress waves that 

injure the alveoli in the lungs.8  There are three postulated mechanisms for injury to 

these structures: a spalling effect at the air/tissue interface, an inertial effect, and an 

implosion effect.9  Spalling occurs due to a shearing or bursting at the air/tissue 

interface.  The inertial effect is when the low density lung material is stripped from 

attached vessels through relative motion within the lung.  The implosion effect is the 

overexpansion of the gas in the alveoli as the stress wave passes.  While the injury is 

initiated by a mechanical insult, the inflammatory response of the lungs also determines 

the extent of the injury.10, 11  Due to this secondary response, the ultimate size of the 
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lesion is not maximal until 24 to 48 hours after the impact.9  Understanding the effect of 

the initial response as well as the following inflammatory response is critical in the 

identification of risk factors that would pre-dispose an individual to this injury.  The 

research proposed for this study will address the initial mechanical insult for this injury. 

I.1. Predicting Injury Following Chest Trauma 

There have been previous studies correlating crash parameters to the possibility of 

pulmonary contusion.  These studies have demonstrated that higher severity crashes 

and crashes involving near-side impact, impact to the side closest to the occupant, were 

more likely to result in pulmonary contusion.12  The CIREN database was studied by 

Gayzik et al. to determine impact velocities for an animal model study.  The purpose of 

the study was to elucidate potential factors that would predispose a patient to pulmonary 

contusion.  This study found that while the number of side impact cases that resulted in 

pulmonary contusion was similar to the number of frontal cases that resulted in 

pulmonary contusion, the total number of frontal crashes, with or without pulmonary 

contusion, was much higher.  Therefore, the number of side impact crashes resulting in 

pulmonary contusion was disproportionately high.  Also, this study found that the injured 

lung was correlated to the side of the vehicle impacted.  Because this lesion has a 

delayed onset, knowing these crash factors that can predispose a patient to pulmonary 

contusion could allow physicians to develop methods to treat the disease before it is fully 

developed.13   

I.1.1. Existing Finite Element Models of the Lung 

There are two primary types of FEMs used to evaluate potential injury to a specific organ 

produced by impact.  The first is a total body model with organ specific characteristics.  

This type of model allows for a gross estimation of the whole body response and can 

quantify organ level injury.  An example of a whole body model is the Total Human 
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Model for Safety (THUMS).14, 15  This model has recently been improved with the 

addition of organs that are more biofidelic in their geometric and material properties.  For 

example, in earlier versions of THUMS, the lungs and heart were represented by a 

homogenous viscous mass.  In the updated model, internal organs have been added.16  

In contrast, there are also an increased number of models that isolate the organ or 

region of interest.17-19  These latter models are useful tools for injury prediction when the 

boundary conditions on the model are accurately applied.  One of the advantages of 

regional models is a shorter run time because there are fewer elements.  Additionally 

there are fewer errors, because it is less likely the model will prematurely terminate due 

an error in an element that is not in the organ or region of interest.  At Wake Forest 

University, there is an existing FEM of the isolated rat lung.20  This model has the correct 

geometry for the rat lung and was developed to test blunt loading similar to that 

encountered in a MVC. 

Because pulmonary contusion and other types of lung injury can also be the result of 

blast injury, several FEMs of the lung exist for blast loading applications.  Some of the 

initial models for blast studies were developed to mirror the larger animals commonly 

used in experiments, such a caprine model.21  Roberts et al. developed a FEM of the 

human lung for use in blast loading studies.  This model includes material properties of 

human lung tissue.22  While there are numerous models that have been described in the 

literature to model the lung, there are still improvements that can be made to these 

existing models.21, 22, 24  These models are most useful to model the species they have 

been developed from.  While the lung geometry of these models is similar to the human, 

an accurate human lung model would be more accurate in predicting human injury.  

Additionally, the blast loading models have not all been validated for slow loading rates, 

such as those seen in MVC. 
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I.1.2. Existing Rodent Pulmonary Contusion Studies 

Extensive work has been performed correlating impact data from a rat animal model and 

a rat lung FEM at Wake Forest University.  Hoth et al. developed an open chest model of 

blunt impact to the rat lung.23  The rodent model was selected due to its anatomical 

similarity and well understood physiology.  Additionally, the size of the animal is optimal 

for larger cohort studies, and rats are large enough to maintain fair resolution in CT 

scans.  Stitzel et al. developed a FEM of the lung to develop an injury metric utilizing 

volume of lung injured as measured from Positron Emission Tomography (PET).20  This 

work was followed by a study by Gayzik et al. that combined the rat open chest model 

utilized by Hoth and the finite element modeling process described by Stitzel.24  The 

result was an injury metric for pulmonary contusion based on strain values in individual 

elements of a lung FEM.  Additionally, the FEM model analysis was based on CT scans, 

a more common imaging modality used for diagnosis of traumatic injury, rather than PET 

scans.  In Gayzik’s study, the exposed rat lung was impacted using an electronically 

driven piston (model eCCI; Custom Design and Fabrication, Richmond, VA) fitted with 

an anvil.  The force and deflection characteristics of the anvil were recording during the 

injurious events.  The subjects underwent CT scans at 24 and 48 hours post-impact to 

determine the extent of radio-opaque lung tissue indicative of pulmonary contusion.  An 

additional scan was performed on a group of rats one month later to evaluate residual 

lung injury.24 

Once the animal studies were completed, the displacement characteristics of the anvil 

were used as inputs for an FEM of the rat lung.  The FEM then was optimized so the 

FEM results had the same force-time history for impact to the lung tissue as the 

experimental results.  Additionally, the strain data from the FEM was analyzed to 

determine the best injury metric to predict the percent volume of pulmonary contusion.  
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This injury metric was selected by comparing the regions of high strain values for a 

variety of strain metrics to the actual location of radio-opaque lung tissue in the 

experimental model.  The metric that best correlated to injury location was determined to 

be a combination of maximum principal strain and strain rate.24  The results from this 

study provide a methodology to correlate occupant lung injury data to FEM results and 

the determination of an injury metric for pulmonary contusion. 

I.2. Lung Anatomy 

 

Figure I.1-1:  Lobes of the lung shown from the right (A.), front (C.), left (D.) and isometric view (B.).  
The lobe colors are: right upper- brown, right middle- yellow, right lower- green, left upper- red, and 

left lower- blue. 

The lungs are composed of five lobes, three in the right lung and two in the left lung, and 

surrounded by the pleura within the chest wall.  Figure I.1-1 illustrates these lobar 

divisions of the lung.  The trachea connects the lungs to the nose and mouth.  This 

airway splits into two bronchi which then continue into each lung further splitting to 

provide air to each lobe of the lung.  The lobar bronchi divide into the tertiary bronchi.  
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Each of these structures provides air to a broncho-pulmonary segment.  There are ten 

segments on the right lung and eight in the left.  At the level of the tertiary bronchi, the 

walls of the structure can still be visualized on a high resolution Computed Tomography 

(CT) scan.  The tertiary bronchi continue to divide into the primary, terminal, and then 

respiratory bronchioles.  The respiratory bronchioles divide into alveolar ducts which 

provide airflow to alveolar sacs, the functional level of the lung where gas exchange 

occurs.25 

I.3. Overall Objective and Approach 

The overall goal of this research was to develop analysis tools and an injury metric for 

the long term development of a finite element based PC injury risk.  To accomplish this, 

an extensive analysis of the case occupants in the CIREN database that sustained a PC 

was conducted.  For these occupants, the volume, location and distribution of their PC 

were quantified.  The correlation between the volume of PC and crash parameters was 

completed.  Finite element simulations of a subset of these occupants allowed for 

comparison of finite element metrics to occupant outcome.  

Chapter 1 describes the initial semi-automated method of high attenuation lung 

selection performed on a group of motor vehicle crash occupants.  The volume of 

contusion was then correlated to various vehicle parameters to evaluate their 

relationship to lesion severity.  

In Chapter 2 a similar analysis of pulmonary contusion volume correlated to crash 

parameters was performed; however, the crash modality is focused on side impact crash 

and there were more occupants analyzed.  The volumetric analysis of the injured tissue 

was further refined to include a broad high attenuation lung volume as well as an 

isolated PC volume.  Once the volumetric analysis was complete, the severity of the PC 
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was correlated to crash parameters to determine the variables that most influence the 

volume of injury. 

A method of lung CAD development and the development of a pulmonary surrogate for 

use in experimentation is described in Chapter 3.  A urethane lung prototype was built 

using CAD developed from CT data.  The prototype was characterized to calculate 

speed of impact on the lung and lobe location from pressure sensor data collected 

during an impact event. 

Chapter 4 describes the development of a pulmonary atlas and the registration of 

CIREN case occupants to this atlas.  The atlas-based registration technique allows for a 

comparison of the location and distribution of PC between individuals.  Future work will 

use this location data for correlation with vehicle parameters and to assess the similarity 

between FEM simulation results and occupant outcomes. 

The final chapter, Chapter 5, describes matched simulation of 15 CIREN cases to 

assess finite element metrics for PC prediction.  The simulations were matched to the 

CIREN cases based on maximum crush and maximum crush location.  Following the 

simulations, the lung parts of the occupant model were evaluated over a range of stress 

and strain metrics to determine the metric that resulted in the best prediction of PC 

location and distribution. 

The Summary describes the findings of this work and application of these findings in 

future work.  The results of these studies will be combined to develop a PC injury 

criterion based on FE metrics.  
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Abstract 

Background: Pulmonary contusion (PC) is the leading injury in blunt chest trauma and 

is most commonly caused by motor vehicle crashes (MVC).  To improve understanding 

of the relationship between insult and outcome, this study relates PC severity to crash, 

occupant, and injury parameters in MVCs. 

Methods: Thirty-one subjects with PC were selected from the Crash Injury Research 

and Engineering Network (CIREN) database, which contains detailed crash and medical 

information on MVC occupants.  Computed tomography scans of these subjects were 

segmented using a semi-automated protocol to quantify the volumetric percentage of 

injured tissue in each lung.  Techniques were used to quantify the geometry and location 

of PC, as well as the location of rib fractures.  Injury extent including PC volume and the 

number of rib fractures was analyzed and its relation to crash and occupant 

characteristics was explored. 

Results: Frontal and near-side crashes composed 71% of the dataset and the near-side 

door was the component most often associated with PC causation.  The number of rib 

fractures increased with age and fracture patterns varied with crash type.  In near-side 

crashes, occupant weight and BMI were positively correlated with PC volume and the 

number of rib fractures, and the impact severity was positively correlated with PC 

volume in the lung nearest the impact.      

Conclusions: This study quantified PC morphology in 31 MVC occupants and 

examined the relationship between injury severity and crash and occupant parameters to 

better characterize the mechanism of injury.  The results of this study may contribute to 

the prevention, mitigation, and treatment of PC. 
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1.1 Introduction 

Pulmonary contusion (PC) is a common injury following blunt chest trauma and is seen 

in 10-17% of all trauma admissions [1].  Mortality due to PC is difficult to determine due 

to concomitant injuries but has been reported to be between 10-25% [2].  PC is the 

leading thoracic injury encountered in non-penetrating chest trauma and has been 

shown to be an independent predictor of required ventilation support and the 

development of serious complications such as acute respiratory distress syndrome 

(ARDS) and pneumonia [2-4].  One study correlating the volume of lung contusion with 

the risk of developing ARDS showed that the risk of ARDS is 82% for a patient whose 

lungs have more than 20% contusion volume versus 22% for a patient whose lungs 

have less than 20% contusion volume[3]. 

Motor vehicle crashes (MVCs) are associated with approximately 60-70% of all blunt 

chest trauma and are the most common cause of PC [1, 2].  PC is a frequent injury and 

accounts for 38% of serious thoracic injuries according to a recent survey of thoracic 

injuries ranked 3+ on the Abbreviated Injury Scale (AIS) using the National Automotive 

Sampling System Crashworthiness Data System (NASS CDS) [5]. 

Although PC is a commonly encountered injury in blunt thoracic trauma, the relationship 

between insult and outcome is not fully understood.  PC volume is difficult to assess 

from experiments with postmortem human subjects because the lung tissue response is 

significantly different in nonliving subjects.  The inflammatory response that 

accompanies PC has been studied in animal models and matched finite element models 

have developed PC injury metrics [6-9].  Anthropomorphic Test Devices (ATDs) are 

used to measure chest acceleration and deflection and predict thoracic injury following 

impact, but these devices do not provide specific information on lung loading.  Recently, 

a lung surrogate prototype was developed to provide pressure data specific to the five 
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lung lobes in an effort to expand the injury assessment capabilities of ATDs to include a 

PC risk measure [10].  In living human subjects, controlled, mechanical impacts to the 

lungs are not possible due to risk of injury to the test subject.  However, PC in MVC 

occupants can be studied using radiological scans, medical data, and crash 

characteristics to better understand how these injuries occur.  The Crash Injury 

Research and Engineering Network (CIREN) is a valuable database that collects 

detailed information on MVC occupants.  Through the CIREN program, detailed vehicle, 

crash, and medical information is collected for each patient and presented at a 

multidisciplinary case review.  The goal of each case review is to bring together 

engineering and medical knowledge to assess the crash mechanics, biomechanics, and 

clinical aspects of an injury.     

Prior research has utilized the CIREN database to study PC in MVC occupants [11, 12].  

O’Connor et al. found that an increasing vehicle delta-v, near-side lateral deformation, 

and fixed object frontal collisions were significantly associated with PC [11].  In frontal 

collisions, one or more longitudinal intrusions increased the chance of sustaining PC by 

50%.  In near-side lateral impacts, there was a greatly increased risk of PC regardless of 

intrusion or the type of object struck.  This suggests that occupant proximity to the near-

side door in lateral impacts may be a driving factor in PC injuries.  Gayzik et al. also 

noted that lateral impacts were more common among patients sustaining PC (48%) 

versus a control group with no chest injury (27%), and mortality and Injury Severity 

Score (ISS) were significantly greater for occupants sustaining a PC [12].  The 

aforementioned study also compared CIREN occupant chest injuries in real-world 

crashes with ATD measurements in near-side impact crash tests with similar loading 

configurations. 
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The injury mechanism for PC involves an initial mechanical insult to the chest followed 

by a secondary inflammatory response that further affects the extent of the injury.  

Identification of crash parameters and other factors associated with higher PC volumes 

and increased risk of serious complications is important clinically since the PC lesion 

size is not maximal until 24 to 48 hours following insult [1].  The purpose of the current 

study was to relate PC volume to crash and occupant parameters in real-world MVCs.  

1.2 Materials and Methods 

1.2.1 Subject Selection 

The CIREN database was selected as the data source for this study because it contains 

extensive vehicle, crash, and medical data on injured MVC occupants.  MVC occupants 

admitted to a level 1 trauma center at an enrolling CIREN center are eligible for 

enrollment in the database if they meet certain inclusion criteria.  Adult case occupants 

must sustain an AIS 3 or higher injury, with limited exceptions for AIS 2 injuries in 

multiple body regions or injuries of special interest to the National Highway Traffic Safety 

Administration (NHTSA).  The model year of the vehicle of the case occupant must also 

be within six years of the time of enrollment unless NHTSA approves enrollment of an 

older vehicle.  Cases of catastrophic impacts, collisions with more than one severe 

impact, large vertical or extended gradient changes, fire damage, and occupant ejection 

are also excluded [13].   

Subjects selected for this analysis sustained a PC injury and were enrolled at the Toyota 

- Wake Forest University School of Medicine CIREN center between January 2006 and 

June 2009.  Detailed vehicle, crash, occupant, and injury data was collected from the 

CIREN database for the 31 selected subjects.  Vehicle and crash data collected 

included: the make, model and year of the vehicle; energy absorbed; maximum crush; 

object struck; occupant seating location; belted status; and airbag deployment.  Crash 
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type, delta-v, and barrier estimate speed (BES) were collected for the highest severity 

impact.  Occupant and injury data collected included: height, weight, age, gender, ISS, 

and the involved physical component(s) in the vehicle attributed to causing the PC injury 

[14].  Data was collected on July 13, 2011 using the CIREN SQL interface and SQL 

developer (Oracle, Redwood Shores, CA).  All cases selected have undergone a full 

case review with medical, engineering, and crash reconstruction specialists to determine 

injury causation.  Quality control checks have been undertaken and the cases are 

designated as “complete” in the database. 

1.2.2 Lung Segmentation 

For each of the 31 subjects, the first chest computed tomography (CT) scan taken 

following the crash was segmented in Mimics (v12.3, Materialise, Ann Arbor, MI).  A 

semi-automated method of lung segmentation to quantify lung volumes developed by 

the Virginia Tech-Wake Forest University Center for Injury Biomechanics has been 

previously reported [15, 16].  Using this method, attenuation-defined masks were 

created to represent the volumes of the total chest cavity (total chest cavity volume), 

trapped air (low attenuation volume), injured lung tissue (high attenuation volume, HA), 

healthy lung tissue (lung attenuation volume), and the total lung (total lung volume).  

Volumes were measured with respect to each individual lung to discern the extent of 

injured tissue in the left and right lungs.  The low attenuation volume represents 

pneumothorax, while the HA volume includes PC, as well as other lung pathologies such 

as aspiration, atelectasis, pleural effusion, and hemothorax [2, 15].  Voxels within the HA 

and lung attenuation volumes were included in the total lung volume and voxels within 

the low attenuation volume were excluded.  The percent volume of HA lung was 

calculated based on the ratio of HA lung volume to total lung volume.  Figure 1-1: 

illustrates the medical images and resulting lung segmentation results for a PC subject.  
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A. B. 

C. D. 
 

Figure 1-1:  Medical images and lung segmentation results for a 20-year-old male subject diagnosed 
with PC following a near-side MVC.  A. Axial chest CT image.  B. Three-dimensional (3D) lung 

rendering with darker areas indicating HA tissue (posterior view).  C. Segmentation results for the 
axial image shown in A.  The pneumothorax (P), lung attenuation (LA), and high attenuation (HA) 

volumes are labeled.  D. 3D segmentation results with darker areas indicating HA tissue (posterior 
view). 

The lung segmentation method uses attenuation thresholds, dilatation and erosion 

operations, and minimal manual editing. In the segmentation process, the total chest 

cavity was first isolated, followed by the volumes of low attenuation, HA, lung 

attenuation, and total lung tissue.  Detailed steps of the lung segmentation process are 

as follows:  

1. A voxel within normal lung tissue was chosen and voxels within 200 Hounsfield 

Units (HU) of this chosen voxel were selected.   
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2. Dilatation and subsequent erosion by 10 voxels was performed to enclose small 

cavities.   

3. Manual editing to ensure the entire chest cavity was selected was the final step 

in creating the total chest cavity volume. 

4. Voxels of -1024 HU within the chest cavity were selected to create the low 

attenuation volume. 

5. The low attenuation volume was subtracted from the total chest cavity to create 

the total lung volume. 

6. Creation of the HA volume began with selection of voxels between -562 to 3071 

HU within the total lung volume. 

7. Erosion and subsequent dilatation by one voxel was performed to remove 

isolated voxels.   

8. Dilatation and subsequent erosion by one voxel was used to enclose small 

cavities.   

9. Manual editing to remove non-pathological tissue such as blood vessels was the 

final step in creating the HA volume.   

10. The HA volume was subtracted from the total lung volume to create the lung 

attenuation volume. 

1.2.3 Contusion Characterization 

The centroid and bounding box of the total volume and HA volume of each lung were 

computed to characterize the size and location of HA tissue in relation to the total lung.  

Voxel coordinates from the total lung volume and HA lung volume were exported from 

the segmentations and custom Matlab code (MathWorks, Natick, MA) was used to 

calculate the centroids and bounding boxes [7].  The dimensions of the bounding box 

are the right-left, anterior-posterior, inferior-superior lengths that are necessary to fully 

contain the volume (total lung volume or HA lung volume).  A LPS coordinate system 
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(positive axes point in the Left, Posterior, Superior directions) was defined for all 

subjects in the study (Figure 1-2).  The four bounding boxes and four centroids for the 

left and right total lung and HA lung volumes from one subject are depicted in Figure 1-2. 

A. B. C. 
Figure 1-2. A sample case where the darker volume is the HA lung volume depicted within the lighter 
colored total lung volume.  A. Illustration of bounding boxes surrounding the total lung volume (light 
color) and HA lung volume (darker color) in the left and right lungs. B. Left-side view of the left lung 
depicting the total lung volume centroid (white circle) and HA lung volume centroid (black circle).  C. 
Right-side view of the right lung depicting the total lung volume centroid (white circle) and HA lung 

volume centroid (black circle). 

1.2.4 Rib Fracture Location 

Location of rib fractures were documented for all PC subjects.  The chest CT scans were 

aligned using medical imaging software (AquariusNET Server ver 4.4.5.49; TeraRecon, 

Inc., San Mateo, CA).  Scrolling axially, an axial view was selected at the vertical mid-

level of the spinous process of the sixth thoracic vertebrae (T6).  In this view, the 

anterior-posterior axis was rotated to pass through the spinous process of T6 and the 

sternum (Figure 1-3A).  The right-left axis was then translated to intersect the most 

lateral aspects of the rib cage when scrolling axially through the CT scan.  Following the 

alignment, a screenshot was taken of the axial slice of the CT scan where the rib 

fracture was located, a grid was overlaid, and ImageJ (National Institutes of Health, 

USA) was used to measure the polar angle defining the rib fracture location (Figure 
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1-3B).  Angles were measured relative to the sternum (0 degrees) in a counterclockwise 

direction and rounded to the nearest degree.  Right-side rib fractures correspond to 

angles in the range of 0 to 180 degrees and left-side rib fractures correspond to angles 

in the range of 180 to 360 degrees. 

A. B. 
Figure 1-3. A. Rotation of the anterior-posterior axis with T6 and the sternum (curved double arrow) 

and translation of the right-left axis with the lateral-most points on the rib cage (straight double 
arrow).  B. Measurement of the polar angle defining rib fracture location.  For this subject, a fracture 

was located on the right, sixth rib at an angle of 80 degrees.  

1.2.5 Statistical Analysis 

Wilcoxon signed-rank tests were used to test if the mean difference was significantly 

different from zero between the right versus left percent HA lung volume in frontal, far-

side, and rollover crashes, and the ipsilateral versus the contralateral percent HA lung 

volume in near-side crashes.  Throughout this paper, ipsilateral lung volumes and rib 

fractures refer to the lung and ribs nearest to the impact source.  Similarly, contralateral 

refers to the lung volumes and rib fractures on the side opposite the impact.  Spearman 

rank-order correlations and the associated p-values were calculated to relate the injury, 

crash, and occupant variables for the PC subjects.  Dependent variables in this analysis 

were the bilateral, left, and right percent HA lung volumes, the total number of rib 

fractures, the number of left and right rib fractures, and ISS.  Independent variables were 
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maximum crush, delta-v/BES, energy absorbed, occupant age, height, weight, and body 

mass index (BMI).  The bilateral, left, and right percent HA lung volumes were also 

correlated with the total number of rib fractures, the number of left rib fractures, and the 

number of right rib fractures, respectively.  Spearman rank-order correlations were 

computed for the near-side crashes only using the same independent variables.  

Dependent variables for the near-side analysis were the bilateral, ipsilateral, and 

contralateral percent HA lung volumes, the total number of rib fractures, the number of 

ipsilateral and contralateral rib fractures, and ISS. The bilateral, ipsilateral, and 

contralateral percent HA lung volumes were also correlated with the total number of rib 

fractures, the number of ipsilateral rib fractures, and the number of contralateral rib 

fractures, respectively. Wilcoxon rank-sum tests were used to compare bilateral percent 

HA lung volume, total number of rib fractures, and ISS for different crash types, genders, 

and belt use.  Similarly, Wilcoxon rank-sum tests were used to compare bilateral percent 

HA lung volume, total number of rib fractures, and ISS for different genders and belt use 

for the near-side crashes.  Multivariate statistical analyses were not explored due to the 

small sample size, wide variety of crash types, and the large number of crash and 

occupant variables. 

1.3 Results 

1.3.1 All Cases 

Two of the subjects had CT scans that were taken over 24 hours following the crash and 

these subjects were excluded from the statistical tests and the contusion 

characterization results due to the known increase in lesion size 24 to 48 hours following 

insult [1].  All other subjects in the study had CT scans taken within 14 hours of the 

crash.  A summary of the crash, occupant, and injury data collected in this study is 

provided in Table 1-I.  Age, gender, crash type, delta-v/BES, energy absorbed, 



23 
 

maximum crush, object struck, occupant seating position, belted status, airbag 

deployment, involved physical component, BMI, ISS, and percent HA values are 

provided for each subject, along with the mean, median, and standard deviation where 

applicable.  A substantial proportion of the occupants were drivers (71%), were belted 

(65%), and had frontal airbags deploy during the crash (60%). 

Table 1-I: Summary of the crash, occupant, and injury data collected for the 31 PC subjects.  
Subjects are labeled by their age and gender in the first column and subjects of the same age and 

gender also have a numerical label.  Patients excluded due to delayed scan time are italicized.  
Abbreviations were used for consolidation and are defined below the table.   
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16F NS 37 65 34 Vehicle LRP UB None NS door 23 25 
10

,
14

, 6

18F R     20 Ditch RFP B None NS door 19 26 
14

, 4,
2
4

18M F 41 102 49 Vehicle RFP B FAB Belt 26 59 
19

, 3,
3
6

20M NS 37 65 34 Vehicle D UB None NS door 18 16 4, 7, 1
22M-
1 FS 53 175 83 Tree D B FAB 

Center 
console 32 29 

27
,

22
,

3
2

22M-
2 R       Ground RFP B FAB 

B-pillar, 
NS door 24 14 7, 3,

1
1

23M R     20 Ditch D UB None
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26
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,

4
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FAB, 
SAB 

NS door, 
Occupan
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, 9,

3
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,
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,
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B-pillar, 
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,
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2

32M R     0 Ground D UB FAB NS door 23 14 
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,
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,
1
0
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36M FS 29 80 54 Tree D UB FAB 
Center 
console 49 29 

15
,

11
,

1
9

37M F 37 143 55 Tree D B FAB 

Steering 
wheel, 
Belt 25 26 

17
,

15
,

1
8

38F F 65 214 66 Vehicle D B FAB 
Steering 
wheel 33 27 

21
,

27
,

1
6

42F F 48 106 57 Vehicle D UB FAB 
Steering 
wheel 25 26 5, 5, 5

43F F     32 Tree D B FAB 
IP, 
Airbag 22 29 

24
,
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,

3
6

44M F 30 63 41 Vehicle RFP UB FAB IP 46 22 
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,
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,
1
3

46M R       Ground D B None NS door 22 57 
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,
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, 3

47F NS 41 100 53 Vehicle D B None NS door 32 41 
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,
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,
2
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49M F 51   85 Tree D B FAB Belt 20 21 4, 4, 4

50F NS 30 100 42 Vehicle RFP B None Seatback 23 29 
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,
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, 9
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1 NS 21 30 33 Vehicle D B None B-pillar 31 36 
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,

19
, 4
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,
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,
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,
1
5

62F NS 50   43 Vehicle D B 
FAB, 
SAB NS door 39 48 
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,
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,

2
4

73F FS 32 57 48 Vehicle D B FAB Seatback 32 14 8, 3,
1
2

75F F 68 269 77 Vehicle D B FAB 
Steering 
wheel 28 29 

16
,

15
,

1
6

79F F 25   33 Pole D B None Belt 27 34 
41

,
35

,
4
5

40   39 105 44 < Mean > 27 30 
21

,
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,
2
2

37  37 100 42 < Median > 25 29 
18

,
15

,
1
8

18   12 60 20 < Standard Deviation > 8 14 
14

,
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,
1
6

Crash Type: NS – near-side, FS – far-side, F – frontal, R – rollover; Occupant Seating Position (Seat 
Pos.): D – driver, RFP – right front passenger, LRP – left rear passenger; Belt: B – belted, UB – 
unbelted; Airbag Deployment (AB Deploy): FAB – frontal airbag deployed, SAB – side airbag 
deployed, None – no airbags deployed; Involved Physical Component: NS – near-side, IP – 

instrument panel, FS – far-side; % HA (Percent HA lung tissue in bilateral, left, and right lungs). 



25 
 

A wide range of crash types were observed, but frontal and near-side crashes were the 

most common.  Although frontal impacts occur twice as often in the population as side 

impacts, there was an increased incidence of near-side crashes in these patients that 

presented with PC [17].  Averages for the bilateral, left, and right percent HA lung 

volumes of the 29 PC cases included in the statistical analysis are provided in Figure 1-4 

grouped by crash type.  Near-side crashes resulted in the highest bilateral percent HA 

lung volumes, followed by frontal, rollover, and far-side crashes.  Results of the Wilcoxon 

signed-rank test on the difference between the ipsilateral and contralateral lung, showed 

greater percent HA lung volumes in the ipsilateral lung (p-value=0.027).  The Wilcoxon 

signed-rank tests on the difference between the right and left lung revealed no significant 

differences in frontal, far-side, or rollover impacts. 

 
Figure 1-4. Percentage of HA lung tissue in bilateral, left, and right lungs grouped by crash type for 

the 29 crashes included in the statistical analysis. 
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Table 1-II. Statistically significant and mildly significant results for the Spearman rank-order 

correlation analysis of the 29 PC cases. 

Variable By Variable Correlation p-value 
Total number of rib fractures Age (yrs) 0.61 0.001 
Number of left rib fractures Age (yrs) 0.64 <0.001 
Right lung %HA Weight (kg) 0.37 0.047 

Energy (kJ) 0.43 0.058 
Age (yrs) -0.31 0.097 

ISS Energy (kJ) 0.44 0.054 
Maximum crush (cm) 0.34 0.085 

 

The majority of the results of the Spearman rank-order correlation analysis for the 29 

cases were not statistically significant.  Statistically significant results (p-value < 0.05) 

and mildly significant (p-value < 0.10) are reported in Table 1-II.  These results show 

increases in the number of rib fractures with age. The right percent HA lung volume was 

positively correlated with weight and energy absorbed and negatively correlated with 

age.  Energy absorbed and maximum crush were positively correlated with ISS. 

Wilcoxon rank-sum test results showed no statistically significant differences in percent 

HA volume, number of rib fractures, or ISS between crash types, genders, or belt use 

groups. 

Table 1-III. Involved physical components associated with PC causation for subjects in the study.  

Involved Physical 
Component 

Number of 
Subjects 

Percent of 
Subjects (%) 

Near-side door 13 42 
Steering wheel 5 16 
Belt 4 13 
B-pillar 3 10 
Instrument Panel 3 10 
Seatback 3 10 
Center console 2 6 
Other occupant 2 6 
Airbag 1 3 
Far-side door 1 3 
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In all the cases in this study, the most common physical component associated with PC 

causation was the near-side door (Table 1-III).  In the near-side crashes alone, the near-

side door was identified as a component contributing to PC in 82% of the study patients. 

1.3.2 Near-side Crashes 

Near-side crashes were not only a frequent source of PC, but also resulted in higher 

average percent HA volumes compared to all other crash configurations (27% in near-

side crashes versus 17% in other crash types).  Statistically significant (p-value < 0.05) 

and mildly significant (p-value < 0.10) results for the Spearman rank-order correlation 

analysis of the near-side crashes are reported in Table 1-IV.   

Table 1-IV. Statistically significant and mildly significant results for the Spearman rank-order 
correlation analysis of the near-side crashes. 

Variable By Variable Correlation p-value 
Bilateral %HA Weight (kg) 0.71 0.021 

BMI (kg/m2) 0.70 0.025 
Ipsilateral lung % HA BMI (kg/m2) 0.67 0.033 

Weight (kg) 0.64 0.047 
Delta-v/BES (kph) 0.60 0.066 

Contralateral lung %HA Weight (kg) 0.74 0.015 
BMI (kg/m2) 0.67 0.033 

ISS Maximum Crush (cm) 0.73 0.018 
Delta-v/BES (kph) 0.71 0.022 
Energy (kJ) 0.70 0.037 

Total number of rib fractures Age (yrs) 0.87 0.001 
Weight (kg) 0.80 0.005 
Bilateral %HA 0.63 0.051 
BMI (kg/m2) 0.57 0.082 

Number of ipsilateral rib fractures Age (yrs) 0.88 0.001 
Weight (kg) 0.75 0.013 
Ipsilateral lung %HA 0.59 0.071 

Number of contralateral rib 
fractures 

Weight (kg) 0.72 0.018 
BMI (kg/m2) 0.66 0.037 
Age (yrs) 0.55 0.097 

Weight and BMI were correlated with the bilateral, ipsilateral, and contralateral percent 

HA lung volumes, the total number of rib fractures, and the number of contralateral rib 

fractures. Weight was also correlated with the number of ipsilateral rib fractures. Age 
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was correlated with the total number of rib fractures and the number of ipsilateral and 

contralateral rib fractures.  Maximum crush, delta-V/BES, and energy absorbed were 

correlated with ISS, but delta-v/BES was the only crash parameter correlated with PC 

volume.  Figure 1-5 shows an increase in percent HA volume in the ipsilateral lung with 

an increase in delta-v/BES (p-value=0.066).  The Wilcoxon rank-sum test results showed 

an increase in the total number of rib fractures (p-value=0.0250) in the belted versus 

unbelted near-side occupants.  However, there were only three unbelted occupants 

compared in this analysis.  No other statistically significant differences were seen in 

percent HA volume, number of rib fractures, or ISS between genders or belt use groups. 

 

Figure 1-5. Linear fit with 95% confidence intervals illustrating the relationship between percent HA 
lung volume in the ipsilateral lung in near-side crashes versus delta-v/BES. 

1.3.3 Contusion Characterization 

The difference between the total lung and HA lung centroids was computed in the right-

left, anterior-posterior, and inferior-superior directions.  Results showed the centroid of 

the HA lung volume was located more medial, posterior, and inferior to the total lung 

centroid on average.  In the left lungs, the HA centroid was located an average 9 mm 

medial, 35 mm posterior, and 14 mm inferior to the total lung centroid.  In the right lungs, 

the HA centroid was located an average 3 mm medial, 39 mm posterior, and 11 mm 

inferior to the total lung centroid. 
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Table 1-V.  Comparison of PC dimensions, volumes, and diffusivity. 

Parameter Direction Lung Mean ± S.D. Range 

Bounding box dimension 
percent ratio (HA:Total lung) 

Left-Right 
Left 85 ± 12 54 - 99 

Right 85 ±  9 
63 - 
100 

Anterior-
Posterior 

Left 63 ± 22 
16 - 
100 

Right 76 ± 21 
28 - 
100 

Superior-Inferior Left 86 ± 12 
56 - 
100 

Right 90 ± 11 
55 - 
100 

Bounding box volume 
percent ratio (HA:Total lung) 

  Left 48 ± 21 7 - 86 
  Right 59 ± 21 16 - 95 

Percent volume ratio of HA 
lung to HA bounding box 

  Left 11 ±  7 1 - 27 
  Right 10 ±  6 1 - 24 

Percent volume of HA lung 
  Left 20 ± 19 3 - 69 
  Right 21 ± 15 1 - 72 

Several parameters were developed from the bounding box dimensions allowing for 

comparison of contusion dimensions, volumes, and diffusivity (Table 1-V).  The percent 

ratio of the HA lung and total lung bounding box dimensions, termed “Bounding box 

dimension percent ratio (HA:Total lung)”, was computed in the right-left, anterior-

posterior, and inferior-superior directions to compare the contusion dimensions to overall 

lung dimensions.  On average, the ratio of the HA lung to total lung bounding box 

dimensions was 85% to 90% in the right-left and inferior-superior directions and 63% to 

76% in the anterior-posterior direction.  The bounding box volumes were computed and 

the percent volume ratio of the HA lung and total lung bounding boxes, termed 

“Bounding box volume percent ratio (HA:Total lung),” was calculated.  The HA lung 

bounding boxes occupied an average of 48% and 59% of the left and right total lung 

bounding boxes, respectively.  The HA lung volume was divided by the volume of the HA 

lung bounding box to compute a percent volume ratio, termed “Percent volume ratio of 

HA lung to HA bounding box,” that characterizes the diffusivity of the contusion.  This 

measurement ranged from 1% to 27% with a mean of 11% in the left lung and 10% in 
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the right lung.  Lower values indicate the contusion was spread diffusely throughout the 

HA lung bounding box, whereas higher values indicate increased consolidation of the 

contusion within the HA lung bounding box.  The percent volume of HA lung is also 

reported in Table 1-V for reference. 

1.3.4 Rib Fracture Location 

Rib fractures accompanied PC in 77% of the patients in the study.  Among these 

patients, the number of rib fractures ranged from 1 to 19, with an average of 7 rib 

fractures.   The rib fracture locations of these patients are reported in Figure 1-6 

according to crash type.  In this figure, the radius indicates the fractured rib (where rib 1 

is the inner-most circle and rib 12 is the outer-most circle).  The polar angle corresponds 

to the location on the rib where the fracture occurred. 

1.4 Discussion 

This study correlated PC volumes and geometry with crash, occupant and other injury 

characteristics in MVC occupants.  Methodology presented in this paper can be used to 

quantify PC volume and geometry, as well as the spatial location of PC and rib fractures 

in trauma patients.  Average percent HA lung volume for the 29 PC subjects with scans 

taken within 14 hours post-crash was 21% and was above thresholds associated with 

increased risk of assisted ventilation and complications [3, 4].  The AIS 1990 (update 

1998) version was used for injury coding in this study, but updates to the CIREN 

database were implemented in 2010 to begin using the AIS 2005 (update 2008) version 

which accounts for the number of lobes affected in PC injuries [13].  This has the 

potential to reduce PC severity in the CIREN database from an AIS coding standpoint.  

The current study quantifies volume and location of PC and may also aid in the 

determination of additional crash factors to classify true PC severity. 
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Figure 1-6. Location of rib fractures in PC subjects grouped by crash type.  The legend indicates the 
age and gender of the subject.  Locations of fractures are depicted with the polar angle.  The radius 
of the plot goes from rib 1 (interior-most circle) to rib 12 (outer-most circle) indicating which rib was 
fractured. A. Near-side crashes with legend indicating whether the impact was to the left (L) or right 

(R) side of the vehicle.  B. Frontal crashes. C. Far-side crashes. D. Rollover crashes. 

 

A. B. 

C. D. 
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Geometric characterization revealed HA lung tissue was located medial, posterior, and 

inferior relative to the total lung.  The patient’s supine position on the CT scanner may 

explain some of the posterior shifting of the HA volumes due to the possibility of fluid 

pooling in the posterior lungs.  The shift in the inferior direction could possibly be 

explained by increased protective effects of the upper ribs and clavicle in preventing PC 

in the superior regions of the lung.  Bounding box analysis showed that HA lung tissue 

was widely distributed across the right-left and inferior-superior axes of the lung, but was 

less distributed in the anterior-posterior direction.  Percent volume ratios indicated HA 

lung tissue occupied 1% to 27% of the HA bounding box, indicating variation in PC 

diffusivity among the subjects.  Some subjects had an isolated lesion within the lung, 

whereas other subjects had several regions of contusion widely spread throughout the 

lung. 

Although drivers and belted occupants with frontal airbag deployment were common in 

this dataset, the crash type and other crash parameters varied among the occupants.  

Near-side and frontal crashes were common and an increased incidence of fixed object 

collisions (55%) were observed among the frontal crashes, which was similar to findings 

by O’Connor et al.  Occupant age ranged from 16 to 79 years, but trended towards the 

younger population which agrees with previous studies on PC incidence in MVCs [11]. 

1.4.1 Near-side crashes 

Although results were not significant, higher HA lung volumes were observed in near-

side crashes compared to frontal, far-side, and rollover crashes.  Furthermore, the 

ipsilateral lung had significantly higher HA volumes compared to the contralateral lung in 

near-side crashes.  The near-side door was the component associated with causing PC 

in 82% of the subjects involved in near-side crashes.  This supports the notion that 

proximity of the occupant to the door and impact source plays a significant role in 
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thoracic injury.  Maximum door velocity and maximum door crush have been shown to 

be significant predictors in thoracic injury measures [18].  Although only maximum crush 

of the vehicle was investigated for the current dataset, a larger study of near-side 

crashes analyzed entire crush profiles to correlate other crush measures to PC volume 

[19].  The only crash parameter in the current study that was predictive of HA volume 

was delta-v/BES for the ipsilateral lung; however maximum crush, delta-v/BES, and 

energy absorbed were predictive of ISS.  Occupant weight and BMI were predictors for 

percent HA lung volumes and the number of rib fractures, suggesting these factors also 

play a role in injury extent in near-side crashes. 

Side airbag deployment has been associated with a 14% decrease in PC incidence in a 

NASS CDS 2000-2008 analysis of near-side crashes with delta-v’s near the New Car 

Assessment Program (NCAP) testing speeds (43 to 63 kph) [19].  A recent study of 

paired real-world near-side crashes with similar vehicle, crash, and occupant 

characteristics and differing side airbag deployment showed a reduction in maximum 

AIS (MAIS), ISS, and the occurrence and severity of head, face, neck, and thoracic 

injuries in crashes with side airbag deployment [20].  Only two of the near-side cases 

analyzed in the current study had a side airbag deployment during the crash.  This small 

sample size did not allow for a robust statistical analysis of the effect of side airbag 

deployment.  The side airbag deployment cases had the highest delta-v’s of all the near-

side crashes and inspection of these cases showed a 32.3% average reduction in the 

percent HA lung tissue in the contralateral lung compared to the ipsilateral lung in these 

occupants.  A lower average reduction (7.47%) in percent HA lung tissue in the 

contralateral lung was observed in the cases without side airbag deployment.  This 

suggests the side airbags may have resulted in reduced PC volumes in the contralateral 

lung in these two high-severity crashes, but more analysis with a larger dataset is 



34 
 

needed to determine how side airbag deployment and other crash and occupant factors 

affect PC volumes.  One study on rib cage strain patterns showed more distributed 

loading across both sides of the rib cage with side airbag as opposed to impactor 

loading in 60 and 90 degree impacts [21].  Perhaps more distributed rib cage loading 

with side airbags assists with decreasing PC extent in the contralateral lung. 

1.4.2 Rib Fractures 

A significant increase in the number of rib fractures was observed with age in the PC 

subjects.  An analysis of the NASS CDS 2000-2006 database also showed an increase 

with age in the percentage of occupants with rib fractures in low, moderate, and high-

severity crashes for the following age groups: younger than 40, 40-65, and older than 

65.  Changes in the material properties and geometry of the rib cage are likely 

responsible for this decline in skeletal resilience with age [22, 23].  Previous studies 

have shown the incidence of PC increases as the number of rib fractures increases [24].  

The current study found that the percent volume of PC rises with an increase in the 

number of rib fractures. 

Inspection of the rib fracture location plots revealed clustering of rib fractures on the side 

of the rib cage nearest the impact in near-side crashes.  Four of the nine near-side 

occupants with rib fractures received bilateral fractures.  Some posterior fractures were 

documented in these subjects, but the majority of the fractures were located laterally on 

the rib cage.  Rib fracture patterns in near-side impacts have been shown to vary with 

intrusion, arm positioning, and side airbag deployment [18, 21, 25].  In frontal crashes, 

many lateral and posterior fractures were observed with half of the subjects having 

bilateral fractures.  Different rib fracture patterns have been documented for frontal 

crashes, with belt loading producing fractures along the path of the belt and combined 

loading of the airbag and belt producing more distributed posterolateral fracture patterns 
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[26].  In the current study, four of the frontal occupants were unbelted and fractured ribs 

by loading the steering wheel or instrument panel through the airbag.  Only unilateral, 

laterally-located rib fractures were observed in the far-side crashes.  Rollover crashes 

had a combination of anterior, lateral, and posterior rib fractures with only one occupant 

sustaining bilateral fractures.   

1.4.3 Limitations 

The CIREN database contains the detailed radiology, medical record, and injury 

causation data that was necessary for this investigation of PC extent and its correlation 

to vehicle, crash, and occupant characteristics.  However, the CIREN database is biased 

because it captures only severely injured vehicle occupants and does not represent a 

population-based sample.  There is also some subjectivity in the crash parameter data 

collected from vehicle and scene inspections, but this variation is mitigated through the 

standardized data collection and crash reconstruction methods.   

The manual component of the segmentation protocol is a limitation of the study that 

could introduce variability into the volume data.  To eliminate inter-observer variability, all 

scans were segmented by a single researcher.  The segmentations were also visually 

inspected by a second researcher.  The intra-observer variability associated with the 

segmentation protocol was previously quantified for three scans repeated after a time 

interval of two weeks [19].  Expressed as a percentage of the volumes from the first 

segmentation, the total lung volume difference was 1.7 ± 2.5% and the HA volume 

difference was 4.3 ± 1.6%. 

The centroids and bounding boxes computed for characterization of the contusion were 

calculated in reference to the medical image coordinate system, which presents a 

limitation.  All subjects were supine when scanned, but there is the possibility of 
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variations in patient positioning. 

Regrettably, the small sample size in this study limited the statistical comparisons that 

could be made between PC extent and crash, occupant, and injury characteristics.  

However, this study presents a unique summary of these characteristics including PC 

geometry, volume, and location for MVC occupants.  Some statistical comparisons were 

made and trends can be deduced from the data presented, shedding some light on the 

relationship between insult and outcome in PC injuries. 

1.4.4 Future work 

In the future, further characterization of the PC location could be accomplished using a 

lung atlas for co-registration.  Using this technique, location of the lesion within the 

different lobes and broncho-pulmonary segments could be defined.  Future studies could 

examine more crash characteristics and patient demographics in a larger dataset to 

develop more relationships between the injury insult and contusion severity.  A larger 

study has gathered cases from several CIREN centers to analyze PC severity in near-

side crashes, and similar studies could be undertaken for other crash types [19].  Follow-

up CT scans could also be used to study the change in lesion size over time and the 

development of complications in these PC patients.  The pairing of volumetric 

characterization of PC with the details CIREN provides on the crash mechanics and 

biomechanics could be used in finite element modeling to generate PC injury metrics.  

Animal studies have developed finite element metrics to predict PC and these efforts 

could be extended to the human population to predict location and volume of PC [6, 7, 

9]. 

The methods and results of this research could be used by clinicians to identify PC 

patients with increased risk of serious complications.  The correlations presented 
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between crash characteristics, occupant demographics, pulmonary contusion severity, 

and other injury measures are data that may contribute to future regulatory standards 

and the design of improved safety systems.   
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Abstract  

Pulmonary contusion (PC) is a common injury following blunt thoracic trauma with an 

associated mortality of 10% to 20%.  The purpose of this study is to determine how 

crash parameters correlate to the volume of pulmonary contusion.  The Crash Injury 

Research Engineering and Network (CIREN) database was queried to extract data on all 

occupants sustaining PC in a near-side crash.  The selected CIREN data included all 

completed cases from 2005 through 2010.  Cases involving a roll-over or without a 

thorax CT uploaded to the database were excluded.  After all cases had been examined 

the study had 64 occupants with varying volumes of PC.  Specific crash characteristics 

compiled included change in velocity due to the impact, energy, occupant 

characteristics, side airbag deployment, and crush profile measurements.  Crush metrics 

quantifying the area of the crush profile and the location of the crush relative to the 

occupant were calculated.  The thoracic CT scans from these cases were downloaded 

and segmented to determine the percent volume of high attenuation lung and PC as 

compared to the total volume of the lung.  The results of the general linear model 

analysis suggest that maximum crush was the best predictor of high attenuation lung 

and lung location best predicted PC.  An analysis of NASS and CIREN demonstrated 

that crashes with PC tended to have crash parameters that indicated higher severity. 

These correlations can be used in the future to develop an injury criterion for PC using 

finite element metrics. 
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2.1 Introduction 

Motor vehicle crashes (MVCs) are the leading cause of blunt chest trauma [Shorr, 

Crittenden, Indeck et al., 1987], and pulmonary contusion (PC) is a common injury 

following this type of insult [Clark, Schecter and Trunkey, 1988; Allen and Coates, 1996].  

Over 38% of the Abbreviated Injury Scale (AIS) 3+ thoracic injuries were identified as 

some form of PC in a recent National Automotive Sampling System (NASS) study 

[Stitzel, Kilgo, Weaver et al., 2010].  The associated mortality rate for this injury ranges 

from 10% to 20% of affected individuals [Hoff, Shotts, Eddy et al., 1994].  Additionally, 

even non-fatal occurrences of this injury can result in long-term diminished respiratory 

function [Kishikawa, Yoshioka, Shimazu et al., 1991].  Miller et al. correlated the percent 

injured lung to the possibility of developing acute respiratory distress syndrome (ARDS) 

[2001].  In this study, patients with isolated PC were evaluated, and the percent PC was 

calculated from computed tomography (CT) scans.  The results indicated that if 20% of 

the lung was injured, the incidence of ARDS sharply increased with 82% of these 

patients developing ARDS [Miller, Croce, Bee et al., 2001].  The significance of these 

findings is that the volumetric measurement of PC can predict possible clinical 

outcomes. 

PC is not a well-understood injury.  In MVC impact scenarios, the initial injury 

mechanism is a mechanical insult to the chest.  The inflammatory response of the lungs 

also determines the extent of the injury [Windsor, Mullen and Fowler, 1993; Marshall, 

2001].  Due to this secondary response, the ultimate size of the lesion is not maximal 

until 24 to 48 hours after the impact [Cohn, 1997].  Understanding the effect of the initial 

response as well as the subsequent inflammatory response is critical in the identification 

of risk factors that predispose an individual to PC. 
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Previous studies correlating crash parameters to the possibility of PC have 

demonstrated that higher severity crashes and crashes involving near-side impact, 

defined as an impact to the side closest to the occupant, were more likely to result in PC 

[O'Connor, Kufera, Kerns et al., 2009].  Because this lesion has a delayed onset, 

knowing which crash factors can predispose a patient to higher volumes of PC could be 

clinically relevant.  The purpose of this study was to correlate the volume of PC to crash 

parameters using real-world crash data. 

2.2 Methods 

The Crash Injury Research and Engineering Network (CIREN) database was selected 

as the data source for this study because it contains extensive medical data in addition 

to the crash data.  CIREN cases are selected from MVC occupants who were admitted 

to a level 1 trauma center at an enrolling CIREN center.  Adult case occupants must 

sustain an AIS 3 or higher injury to be considered for the study, with limited exceptions 

for AIS 2 injuries in multiple body regions or injuries of interest to the National Highway 

Traffic Safety Administration (NHTSA).  The focus is on newer model-year vehicles; 

therefore, the model year must be within six years unless NHTSA grants approval of an 

older vehicle.  Extreme cases with catastrophic impacts, collisions with two severe 

impacts, large vertical or extended gradient changes, and fire damage are excluded.  

Different inclusion criteria apply for case occupants 12 years old or younger [NHTSA, 

2010]. 

All cases selected for this study have undergone a full case review with medical, 

engineering, and crash reconstruction specialists to determine injury causation.  

Additionally, these cases have medical imaging studies (Digital Imaging and 

Communications in Medicine, DICOM, data) uploaded to the database.  The selection 

parameters for study inclusion were the presence of PC, a left or right side impact, and 
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the impact on the same side as the occupant (a near-side impact).   Near-side impacts 

were selected because previous studies have found higher instances of PC in side 

impact and a correlation between the side impacted and the location of the injury 

[Gayzik, Martin, Gabler et al., 2009].   

2.2.1 Subject Identification 

CIREN cases between 2005 and 2011 were selected for this analysis and downloaded 

on January 3rd, 2011.  This narrowing by year was necessary because DICOM images 

were only available for 2005 and later.  There were 1657 available cases in this time 

frame. 

Cases with PC were identified by the AIS code.  AIS codes used for this include codes 

from the 1998 and 2008 updates because recent CIREN cases used the new injury 

coding manual [AAAM, 1998; AAAM, 2008].  The PC codes selected from the 1998 

manual were: contusion not further specified (NFS)- 4414023, unilateral PC- 4414063, 

bilateral PC- 4414104, and flail chest with PC- 4502644.  The codes from the 2008 

manual were:  unilateral PC NFS- 4414062, unilateral minor PC with <1 lobe- 4414072, 

unilateral major PC with ≥ 1 lobe- 4414083, bilateral PC NFS- 4414103, bilateral minor 

PC with <1 lobe - 4414113, and bilateral major PC with ≥ 1 lobe in at least one lung- 

4414124.  Of the 1657 cases, there were 526 PC codes; however, some cases had 

repeated codes, so the number of cases is lower than the number of PC codes. 

Once all PC codes were identified, the next step was determining the location of the 

impact relative to the occupant.  The occupant seat location was compared to the impact 

location to determine if it was a near-side impact.  Only near-side cases (both vehicle-to-

vehicle and pole-type impacts) were used for this analysis; this comparison further 

reduced the number of PC codes to 252.  Cases with multiple PC codes were counted 
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as a single case to yield a total of 136 cases of PC in near-side impacts.  Incomplete 

cases in the database were discarded for a total of 104 complete, near-side, PC cases.   

Once all cases were identified, the DICOM data were downloaded from the CIREN 

database and cases without thorax chest CTs were excluded.  Additionally, all cases 

were examined to discard rollovers, cases where the near-side impact was not the 

cause of the PC, and cases that did not have a “complete” status in the database.  The 

final dataset had 64 cases.  All data selection and statistical analysis was performed 

using JMP software (Version 8, SAS Institute Inc., Cary, NC). 

2.2.2 Lung Segmentation 

Using the radiologic studies from CIREN case occupants, the percent volume of high 

attenuation lung was quantified in Mimics (Materialise, Leuven, Belgium) using the 

method developed by the Virginia Tech / Wake Forest University Center for Injury 

Biomechanics and described by Weaver et al. [Weaver, Gayzik and Stitzel, 2009].  This 

semi-automated method of segmentation relies on the difference in Hounsfield units 

(HU) between air in the lungs and high attenuation injured tissue.  Uninjured tissue was 

clearly delineated, with HU values between -1024 and -562 HU.  High attenuation tissue 

had a HU value greater than -562 and could be caused by various pathologic conditions, 

including atelectasis, aspiration, or PC.  Figure 2-1, Figure 2-2, and Figure 2-3 illustrate 

the lung as seen on medical imaging, a sample slice of a lung segmentation, and the 

final three-dimensional reconstruction of the segmentation process.  Figure 2-1 and 

Figure 2-3 show similar areas of high attenuation lung tissue. 
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Figure 2-1: Three-
dimensional 

reconstruction from 
medical images (oblique 

view) where the high 
attenuation tissue is the 
darker areas within the 

lung. 

Figure 2-2: Sample segmentation of 
the lung tissue on one transverse slice 
of the CT scan.  The area marked A is 
pneumothorax, B is the healthy lung 
area, and C is high attenuation lung.  
The areas highlighted for B and C are 
also included in the total lung area. 

Figure 2-3: Three-
dimensional 

reconstruction (oblique 
view) of the same 

segmentation as Figure 2 
with areas of high 

attenuation shown as 
darker areas within the 

lung. 

The first step in this process was the selection of pneumothorax and air trapped in the 

chest wall, when present.  This area was automatically selected based on the low HU 

value of air outside of tissue (HU values -1064 to -855).  Next, all lung tissue was 

selected using the automatic thresholding command in the software.  A pixel with HU 

value of   -562 was selected from the healthy lung tissue.  This selection was expanded 

by including all adjacent pixels, starting from the original pixel, with a range of values 

from -452 to -352 HU.  Areas of pneumothorax and trapped air were subtracted from the 

total lung area.  The total lung was manually adjusted to remove areas that were not 

lung parenchyma, such as large bronchioles and blood vessels at the lung hilum.  

Additionally, areas of high attenuation tissue within the lung were manually added into 

the total lung.  During this phase of manual segmentation, fluid trapped outside of the 

lung but within the pleural space was not considered part of the total lung area.  Next, 

the areas of high attenuation lung were identified in a similar fashion, through automatic 

segmentation followed by manual editing. The automatic range for the high attenuation 

lung was -562 to 3071 HU.  Areas of high attenuation lung within the total lung area were 

selected and then manually edited to remove blood vessels.  The final result was three 
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areas (total lung, healthy lung, and high attenuation lung) on each of the two-

dimensional slices of the CT scan (Figure 2).  The percent volume of PC was calculated 

based on the ratio of high attenuation lung to total lung.  These volumes can be three-

dimensionally displayed, as shown in Figure 3. 

Once the initial segmentation was complete, the scans were examined to locate 

probable locations of PC.  A thoracic radiologist evaluated each subject and identified 

areas of probable PC.  While some individuals had areas that could not be positively 

identified as PC, most had CT evidence that the high attenuation tissue was PC.  The 

evidence considered in identification of PC were the presence of pneumatoceles, high 

attenuation tissue near rib or spinal fractures, high attenuation tissue that crossed 

interlobar fissures, and high attenuation tissue along the periphery of lung or in the 

apical regions [Wagner, Crawford and Schimpf, 1988].  After the areas of PC were 

identified there were two groups: cases with isolated PC and cases with PC mixed with 

other lung pathologies.  The time from the impact to the CT was considered in the 

analysis.  For this data set, 60 of 64 cases had the scan within the first hospital day.   

2.2.3 Crash Parameter Selection and Calculation 

All crash parameters were obtained from the CIREN database using the CIREN SQL 

interface and SQL developer (Oracle, Redwood Shores, CA).  The data fields extracted 

from CIREN that described crash severity were: change in velocity (delta-V), average 

crush profile values (C1 to C6), average maximum crush, side airbag  deployment, 

energy absorbed, and barrier equivalent speed.   

Database parameters that described the occupant and were potential contributing 

factors to the analysis were: height, weight, gender, age, Injury Severity Score (ISS), 

and number of rib fractures.  In the cases with no delta-V calculation available, the 
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barrier estimate speed was used [NHTSA, 2010]. 

 

Figure 2-4: A sample illustration of the crush metrics.  The occupant location is denoted with a grey 
circle.  The black section is the area of the crush as defined by the crush profile data. The gray arrow 

with the single head is the measured maximum crush.  The double headed arrow is the distance 
from the occupant to the maximum crush location.   

The calculated parameters from the database fields are the area of crush and the 

location of the max crush relative to the occupant.  Area of crush was based on the 

shape of the crush profile and was calculating by summing the area under the profile.  In 

addition to the area of the crush, the location of the lung in relation to the maximum 

crush was calculated (Figure 2-4).   

First, the lung location in relation to the vehicle frame of reference was determined.  

From an existing dataset of Faro arm measurements, point locations bounding the 

ribcage of six subjects, 3 male and 3 female, selected as representative of the 5th, 50th 

and 95th percentile individuals were recorded.  The points used for this analysis were the 

suprasternal notch, the bottom of the sternum below the xiphoid process, the spinous 

process of C7 and the spinous process of T12 as shown in Figure 2-5 and Figure 2-6.  

The points were taken in a driving position and placed in the H-point coordinate system 

[Moreno, Gayzik, Danelson et al., 2009].  From these data points, a linear regression of 

x- and z-axis location as a function of occupant height was calculated.  Using the linear 

regression results, these point locations were calculated for the occupants in the study, 
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and the centroid of the occupant lung in the x-z plane was selected as the occupant lung 

location point.  

  

Figure 2-5: The location of the points selected on a model of the 
average male.  The inset box illustrates how these bony structure 

points bound the lung. 

Figure 2-6: The point locations 
for the 5th (triangle), 50th (circle) 
and 95th (square) male subjects. 

Vehicle test reports and measurements from crush profile pictures were used to 

determine the location of the maximum crush on the vehicle.  For each vehicle, a vehicle 

test report was downloaded from the NHTSA Vehicle Crash Test Database [NHTSA, 

2011].  When the vehicle model  or model year was not available, an equivalent model 

or year was selected using the Sisters and Clones List [Anderson, 2008].  The data 

recorded from the vehicle test report were: PHX (distance from the occupant H-point to 

the b-pillar striker), level 1 (vertical distance from the ground to the sill), and level 2 

(vertical distance from the ground to the H-point).  Level 1 was subtracted from level 2 to 

get a value for a sill to H-point measurement (Sill H).  The relationship between all of 

these variables is illustrated in Figure 7. 
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Figure 2-7: Illustration of the measurements taken to calculate the occupant’s lung position (triangle, 
Lung) relative to the maximum crush (star, Crush).  The H-point of the occupant is shown with a 

circle. 

Given the relationship between the occupant H-point, sill, and B-pillar, measurements 

from these vehicle components to the maximum crush location were related to the 

occupant H-point.  For each case, the pictures that visualized the crushed side plane 

were selected.  When possible, the photograph that was perpendicular to the impacted 

surface was used for the measurements.  Using known distances, such as the 

alternating colors on the c-measurement sticks or the distance between measurements, 

a cm to pixel ratio was calculated for each picture (ImageJ, Bethesda, MD).  Then, the 

maximum crush location was measured from the B-pillar (Crush X measurement) and 

the sill (Crush Z measurement).  If the impact occurred on a location with a known 

measurement, such as on the B-pillar or at a scaled location, these known 

measurements were used instead of the picture measurement technique.  Finally, the 

crush measurement was converted to an x- and z-coordinate in the occupant H-point 

frame of reference from the known measurements of PHX and Sill H locations.  Using 

the variables from Figure 2-7, the x-distance from the H-point to the crush was Crush X 

minus PHX and the z-distance was Crush Z minus Sill H. The Euclidean distance 

between maximum crush and the centroid of the lung was calculated and recorded as 
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the maximum crush location from the occupant.  In the illustration, this distance is the 

dashed line between the star and the triangle. 

Side airbag deployment, occupant age, height, weight, gender, rib fracture, and ISS 

were included in the analysis because they are postulated to be covariates in the 

relationship of crash severity and the extent of PC.  An analysis of side airbags from 

NASS was conducted to quantify the possible relationship between air bag deployment 

and PC incidence.  NASS data from 2000 to 2008 was downloaded from the NASS 

CDS.  Near-side cases with a delta-V close to NCAP testing speeds (43 to 63 kph) were 

selected for analysis.  In cases without airbag deployment, the incidence of PC was 

2.52%.  In comparison, cases with airbag deployment had a PC rate of 2.22%, a 14% 

decrease.  This difference is small; however, the deployment of a side airbag was 

considered during this analysis.   

Height and weight were used to calculate the occupant BMI instead of using height and 

weight separately in the analysis.  The BMI, age, and gender values were used because 

they can account for some of the variability in chest wall response.  The number of rib 

fractures and ISS data document the overall severity of the occupant’s other injuries. 

2.2.4 Statistical Analysis 

There were several statistical methods used to fully quantify the results of this study. The 

first was a general linear model analysis used to develop models that predicted the 

volume of high attenuation lung or PC based on a crash parameter of interest and a 

number of contributing variables that described the crash and the occupant.  An ANOVA 

was used to further quantify the relationship between age and the number of rib 

fractures seen in the study case occupants.  Finally, to evaluate how crashes with PC 

may be different then other crashes, a larger group of near-side crashes from CIREN 
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and NASS were analyzed.  Using an ANOVA and a chi-square analysis, CIREN and 

NASS occupants were split into groups based on PC and chest injury status to compare 

crash and occupant parameters.  

2.2.4.1 Case Distribution 

Histograms of the age of the occupants and delta-V of the crash were plotted to illustrate 

the distribution of the cases.   

2.2.4.2 General Linear Model 

Analysis was done using eight general linear models to predict high attenuation lung 

(four models) and pulmonary contusion (four models), given a specific crash parameter 

while adjusting for age, side air bag deployment, BMI, gender, rib fractures, and ISS. Of 

the variables chosen for this analysis, there were four highly correlated independent 

variables describing crash severity (maximum crush, total area, crush location and 

energy) that were regressed in separate models.  These variables, which will be 

described as the crash parameter of interest, would have described much of the same 

variability if included in the same model; therefore, to isolate their effect they were 

regressed separately.  For each model, the independent variables consisted of the crash 

parameter of interest and all of the contributing variables.  For brevity, the model name 

was based on the crash parameter of interest because this was the only independent 

variable that changed between the models.  For example, the high attenuation lung 

maximum crush model predicted high attenuation lung percent (%HA) based on 

maximum crush (Cmax), age (A), side air bag deployment (noSAB), BMI (BMI), gender 

(F), rib fractures (noRFx), and ISS (ISS).  A sample equation for this model, using the 

variable names in parenthesis and C1-8 as the coefficients derived from the analysis, is 

shown in equation 1. 
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Models with the same independent variables were created separately for high 

attenuation lung and pulmonary contusion as the dependent variables.  The significance 

of the overall model was assessed using an F-statistic; however, this method did not 

fully capture the contribution of each of the independent variables.  To determine the 

effect of each variable, a type III sum of squares analysis was completed.  This process 

iteratively assesses each independent variable in the model by removing each 

parameter then comparing the predictive ability of the reduced model to the full model.  

A p-value of 0.05 was considered significant.   

The total area of crush, crush location (distance from the lung to maximum crush), and 

age variables were not normally distributed so they were divided into categorical 

variables based on their distribution.  Stem and leaf plots were used to evaluate 

appropriate ranges for the categories [Altman, 1997].  Other categorical variables, based 

on the type of data they represent, were: side airbag deployment (yes or no), gender 

(male or female), and rib fracture (yes or no). 

2.2.4.3 Further Rib Fracture Analysis 

The relationship between rib fractures and occupant age was further quantified with an 

analysis of variance (ANOVA) between rib fracture groups.  Age was divided into two 

groups (<55 and ≥55) and the number of rib fractures for each group was compared. 

2.2.5 CIREN and NASS Analysis 

Finally, a CIREN and NASS analysis was performed to determine if near-side impact 

cases with PC have significantly different values for the parameters of interest in this 

study when compared to cases without PC.  For the NASS and CIREN analysis, all 
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complete CIREN cases from the data download described previously and NASS cases 

from 2000 to 2009 were studied.  Only near-side crash occupants were included in the 

analysis.  The crash parameters available in both the CIREN and NASS databases were 

compared across three groups: no chest injury and no PC (chest -, PC -), chest injury 

and no PC (chest +, PC -), and chest injury and PC (chest +, PC +).  There was no 

group that had no chest injury and PC because PC was a chest injury.  The variables 

selected that were present in both databases were: maximum crush, crush area, delta-V 

or BES, energy, age, BMI, ISS, and gender.  A one-way ANOVA was used to compare 

the group means.  Multiple comparisons between the groups were made using a 

Bonferroni correction if the ANOVA results were statistically significant.  Gender 

comparisons between groups were performed using a chi-square test. 

2.3 Results 

2.3.1 Case Distribution 

Figure 2-8: Age histogram of the subjects. Figure 2-9: Delta-V distribution of the selected 
crashes. 

There were 64 CIREN cases that met the inclusion criteria for this study.  Of these, 12 

cases had side airbags that deployed as a result of the crash.  Individuals in the dataset 

tended to be younger, with 50 of the 64 individuals under the age of 55 (Figure 2-8).  

The case Delta-V’s covered a wide range of values; however, most were below the 

range of the NCAP testing speeds (45/64 below 43 kph, with two cases missing a value), 

as shown in Figure 2-9. 
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2.3.2 Regression Analysis 

2.3.2.1 Categorical Variables 

The initial analysis of the variable distribution indicated total area, crush location and age 

were not normally distributed.  Therefore, these variables were converted to categorical 

variables with cutoffs based on their distribution.  Crush location was divided into two 

groups: <90 cm and ≥90 cm.  Total area and age were each divided into three groups: 

<5000 cm2, 5000-8000 cm2, >8000 cm2 and <30 years, 30-55 years, >55 years. The 

reference groups for these variables are: age >55 years, crush area >8000 cm2, and 

crush location ≥90 cm.  In addition, side airbag deployment, male, and rib fracture are 

also reference groups. 

2.3.2.2 High Attenuation Lung Results 

Table 2-I: Crash parameter significance results from the general linear model analysis.  The type III 
sum of squares analysis evaluates the full model with the crash variable of interest (annotated as the 
model name) then re-evaluates the model without this variable to determine the effect of adding the 

parameter. 

 High Attenuation Lung Models Pulmonary Contusion Models 

Model 
Name 

Overall 
model, p-

value 

Model 
R2 

value 

Type III 
sum of 

squares, p-
value 

Overall 
model, p-

value 

Model 
R2 

value 

Type III 
sum of 

squares, p-
value 

Maximum 
Crush 0.012 0.347 0.052 0.011 0.526 0.383 

Crush 
Area 0.034 0.323 0.277 0.021 0.527 0.676 

Crush 
Location 0.050 0.287 0.947 0.004 0.568 0.086 

Energy 0.017 0.333 0.091 0.008 0.542 0.210 
 

To evaluate how the crash parameter of interest (maximum crush, total area, crush 

location and energy) influenced the overall model, the type III sum of squares analysis 

was used.  The results of the regression analysis demonstrated that maximum crush 

was the only crash parameter that approached significance as a predictor of the percent 

of high attenuation lung as part of the model.  For this model, the maximum crush 
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variable had a p-value of 0.052 from the type III sum of squares analysis.  The overall 

model significance of the maximum crush model, while adjusting for all occupant 

parameters, was 0.012.  Table 2-I lists the overall model p-value, the R2 value and the 

type III sum of squares p-value for the crash parameters of interest within the regression 

models.  This table has data for both the high attenuation lung and pulmonary contusion 

results.  

The contributing variables assessed in all of the multiple regression models had few 

cases with statistical significance from the sum of squares analysis.  The only one that 

achieved significance was ISS in the models for the crush area and crush location crash 

parameters.  The R2 values for the overall multiple regression models ranged from 0.28 

to 0.34.  To illustrate the resulting model, equation 2 is the model with the coefficient 

values calculated for the maximum crush model (as shown in equation 1.).  Additionally, 

equation 3 is a sample solution for the model with data from one of the cases in the 

dataset: maximum crush = 31, age = 48 (A1 = 0, A2 = 1), side airbag = No (noSAB = 1), 

BMI = 23, female = yes (F=1), rib fracture = yes (noRFx = 0), ISS = 22.  The calculated 

percent of high attenuation lung for this occupant is 0.13 and the actual value was 0.11.  

The overall model p-values, model R2 values, and variable p-values are in the Appendix 

in Table A1. The variable coefficients are listed in Table A2. 

HAISSnoRFx
FBMInoSAB

AAC

%002.0*003.0*044.0
*005.0*004.0*037.0

*084.0*115.0*003.0 21max

=++−+
−++−+

−+−+

    Eqn 2. 

13.0002.022*003.00*044.0
1*005.023*004.01*037.0

1*084.00*115.031*003.0

=++−+
−++−+
−+−+

                  Eqn 3. 
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2.3.2.3 Pulmonary Contusion Results 

The resulting dataset for the pulmonary contusion analysis was smaller than the high 

attenuation lung analysis.  After a careful review, 42 of the 64 cases were considered to 

have isolated PC.  The rest of the cases had PC potentially masked by overlapping fluid 

from other pathologies.  From the type III sum of squares analysis of the individual crash 

parameters, no crash parameter variable approached statistical significance in the 

prediction of the percent of pulmonary contusion.  The crash variable with the lowest p-

value was crush location with a value of 0.086.  The overall significance of this model 

was 0.0042.  The p-values and R2 results for the pulmonary contusion cases are also 

listed in Table 1.   

Of the contributing variables, only BMI had significant p-values from the sum of squares 

analysis.  This variable was significant for all crash parameter models.  The R2 values of 

the overall models for pulmonary contusion were higher than the high attenuation lung 

models with a range 0.53 to 0.56.  The complete model results are included in the 

Appendix as Table A3. The variable coefficients are listed in Table A4. 

2.3.2.4 Rib Fracture Analysis 

Individuals without rib fractures had a mean age of 28.15 ± 15.55 compared to the mean 

age of occupants with rib fractures of 39.32 ± 18.72.  These means were significantly 

different with a p-value of 0.0165.  Using an age cut-off of 55 years, occupants below 

this age had 2.77 ± 3.01 fractures.  The mean number of rib fractures in occupants 

above this age was 6.5 ± 4.19 and was significantly different with a p-value of 0.0115.  

2.3.2.5 CIREN Analysis 

The CIREN ANOVA results had significant differences between the variable means for 

all of the analyzed variables except energy. Because energy had no significant 
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difference from the ANOVA, an analysis of group mean differences was not conducted.  

The resulting means and group comparison p-values are listed in Table 2-II and Table 

2-III, respectively.  The chi-square test indicated no significant difference in the number 

of males and females. 

2.3.2.5.1 Chest (-) to Chest (+), PC (-) 

For the comparison of the no chest injury to the chest injury with no PC group, there 

were significant differences in the mean values for age, BMI and ISS.   

2.3.2.5.2 Chest (-) to Chest (+), PC (+) 

For the comparison of no injury to PC, there were significant differences between the 

groups for the crush area, delta-V or barrier equivalent speed, and ISS. 

Table 2-II: P-Values for PC group comparisons using the CIREN and NASS databases. 

 CIREN P-values NASS P-values 

 Overall 

chest (-) 
to 

chest(+), 
PC(-) 

chest (-) 
to  

chest(+), 
PC(+) 

chest(+), 
PC(-) 

 to  
chest 
(+), 

PC(+) 

Overall

chest (-) 
to 

chest(+), 
PC(-) 

chest (-) 
to  

chest(+), 
PC(+) 

chest(+), 
PC(-) 

 to  
chest 
(+), 

PC(+) 
Cmax 0.020 1 0.067 0.036 <0.001 <0.001 <0.001 <0.001 
Crush 
area 0.002 1 0.002 0.027 <0.001 <0.001 <0.001 <0.001 

DV/BES 0.004 1 0.008 0.026 <0.001 <0.001 <0.001 <0.001 
Energy 0.091    <0.001 <0.001 <0.001 <0.001 

Age <0.001 <0.001 1 <0.001 <0.001 <0.001 0.161 0.006 
BMI 0.0187 0.0147 0.508 0.386 0.008 0.006 1 0.968 
ISS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
 

2.3.2.5.3 Chest (+), PC (-) to Chest (+), PC (+) 

In the comparison of chest injury cases with and without PC, all variables were 

significantly different except BMI. 



60 
 

 

2.3.2.6 NASS Analysis 

There were significant differences between the means of all NASS variables analyzed 

using ANOVA.  The between group means also demonstrated significant difference 

between all variables and all groups except age and BMI in the Chest (-) to Chest (+), 

PC (+) groups and BMI in the Chest (+), PC (-) to Chest (+), PC (+) groups.  All group 

means, overall p-values and group comparison p-values are listed in Table 3 and 4.  

From the chi-square test, there were significantly more males in the NASS database.   

Table 2-III: Mean values for the three chest injury groups from the NASS database. 

 PC- and Chest 
Injury- 

PC- and Chest 
Injury+ 

PC+ and Chest 
Injury+ 

Maximum Crush 20.38 cm 30.22 cm 47.45 cm 
Crush Area 1885.37 cm2 3564.34 cm2 6448.19 cm2 

DV/BES 16.35 kph 23.30 kph 35.43 kph 
Energy 26.28 kJ 50.96 kJ 107.77 kJ 

Age 33.67 years 42.76 years 37.03 years 
BMI 26 kg/m2 26 kg/m2 26 kg/m2 
ISS 0.82 7.24 25.66 

Male : Female 1.13:1 1.03:1 1.572:1 

2.4 Discussion 

This study correlated vehicle crash data from the CIREN database to the quantified 

volume of injury calculated from medical imaging studies.  The maximum crush on the 

vehicle was the best predictor of the volume of high attenuation lung.  The crush location 

was the best predictor of the volume of isolated pulmonary contusion. 

Average maximum crush was selected as a measure of door intrusion.  This variable 

was correlated to the incidence of PC in previous studies [Tencer, Kaufman, Mack et al., 

2005].  Intrusions into the occupant compartment in a pole impact can cause antero-

lateral loading of the chest resulting in frequent unilateral chest injuries, including PC 

[Pintar, Maiman and Yoganandan, 2007].  That study also demonstrated that the 
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proximity of the occupant relative to crush was correlated to a high rate of thoracic 

trauma in side pole crashes.  This measure is similar to the crush location metric 

presented in the current study that showed the best predictive ability for isolated 

pulmonary contusion volume.   

The PC cases selected for this analysis were generally younger, which agrees with 

previous findings [O'Connor et al., 2009].  Compared to occupants without chest injury, 

PC cases were slightly older in the NASS and CIREN databases.  This comparison 

includes the chest injury and PC group individuals with rib fractures and PC.  This 

difference in age could reflect elderly individuals who were involved in severe side 

crashes that sustained a large number of injuries.  In contrast, the cases with thoracic 

injury and no PC had a higher mean age than with PC.  This comparison supports 

previous studies that have shown that younger individuals get pulmonary contusion 

more often than older individuals.     

The rib fracture analysis demonstrated that occupants with rib fractures were older and 

older occupants had more fractures.  Stitzel et al. identified age thresholds associated 

with increased mortality of PC [2010].  Other studies have also demonstrated the 

increased likelihood of injuries in older individuals [Kent, Trowbridge, Lopez-Valdes et 

al., 2009].  There is also evidence that older individuals have a different ribcage 

geometry [Gayzik, Yu, Danelson et al., 2008] and bone material properties [Burstein, 

Reilly and Martens, 1976; Zioupos and Currey, 1998].  All of these findings illustrate how 

an elderly occupant is pre-disposed to rib fractures in a severe MVC. 

The CIREN and NASS analysis evaluated how the parameters examined in this study 

could differ in cases without PC.  Overall, the higher mean values and significant 

differences between these means suggest that cases with pulmonary contusion were 
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more severe than cases without PC or chest injury.  There were fewer differences 

between the means of occupant characteristics suggesting that measures of crash 

severity would be the best way to evaluate an occupant’s risk of PC. 

One of the limitations of this study is the manual component of the segmentation 

process that could introduce variability into the volume data.  For this analysis, three 

individuals conducted all segmentation. Two researchers completed 58 of the scans and 

one researcher completed six scans; however, the same individual checked and 

modified all completed segmentations prior to volume data collection.  Therefore, there 

is limited inter-observer variability in this study.  An intra-observer study was conducted 

with three scans repeated after a time interval of two weeks.  Selection of the higher 

attenuation tissue demonstrated more variability than the total lung area.  The difference 

between the total lung volumes, expressed as a percentage of the first lung 

segmentation volume, was 1.7 ± 2.5%.  The difference between the high attenuation 

tissue segmentations, as a percent of the first total lung volume, was 4.3 ± 1.6%. 

Similarly, the manual identification of pulmonary contusion introduced some subjectivity 

into the results of the study.  To mitigate this variation, an experienced radiologist 

specializing in thoracic CT identified the areas of pulmonary contusion.  This individual 

reviewed all of the scans for this study, so there was no inter-observer variability.  Also, 

the areas of high attenuation lung identified with automatic thresholding techniques were 

used as the basis for the segmentation.  Additional areas were added to the mask in 2 of 

the 64 cases.  Cases with extensive aspiration and atelectasis were excluded to prevent 

masking of the PC by other fluid within the lung. 

Another limitation was the method to determine the distance between the occupant and 

the maximum crush.  The location of the lung was approximated based on the 
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occupant’s height, a standard sitting position was assumed, and measurements were 

made on a vehicle after deformation during a crash.  All of these assumptions and 

measurements introduced some error into the distance calculation.  However, the crush 

on these vehicles was extensive, with an average Field-L value of 233.6 ± 61 cm.  In 

comparison, a small distance between the occupant and the crush ranged from 15 to 30 

cm, approximately 2% to 13% of the total Field-L.  While there was a single maximum 

crush location recorded, often that depth of crush was distributed over a wide area.  Due 

to these distributed impact forces, the distance calculation described here is a good 

estimate of the occupant location in relation to the crush.  Very large values indicated 

that the impacting object was striking far to the front or rear of the occupant.  These 

locations would have limited the occupant interaction with intruding components.  In 

contrast, a small crush location would indicate the occupant would have been exposed 

to an intruding component close to the thorax.  Therefore, even though the 

measurement techniques introduced some error into locating the crush in relation to the 

occupant, the error is small when compared to the overall magnitude of the crush on 

these vehicles. 

There are limitations for both the NASS and CIREN databases used in this analysis.  

The weighted NASS data represents a population-based sample; however, it lacks the 

detailed injury information necessary for this analysis.  The CIREN database has the 

injury information needed; however, it is skewed because it captures only severely 

injured vehicle occupants.  Additionally, some subjectivity was introduced into the crash 

parameter data collected during crash reconstruction measurements.  This variation was 

mitigated through the standardized data collection methods described in the CIREN 

manual.  Neither database has extensive physiological data describing the inflammatory 

responses following PC. 
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Future work will determine the location of PC in these patients, using a lung atlas for co-

registration.  To put the segmented trauma scans in the same coordinate system as the 

atlas, rigid and affine registration transformations will be used to morph the trauma scan 

to the atlas space.  This morphing will allow better comparisons of lesion location among 

individuals in the study.  

With a well-quantified mechanical insult and a volumetric analysis of the resulting injury, 

these cases can be implemented in future studies to better predict PC following MVC.  

Previous studies on simulating side impact have demonstrated the applicability of this 

methodology to determine finite element metrics for aortic injury [Siegel, Belwadi, Smith 

et al., 2010].  The impact parameters, such as PDOF and delta-V, will be used as model 

inputs in future studies.  The crush metrics investigated and developed for this study will 

be used to verify the impact crush of the vehicle models in the simulation.  The model 

occupant’s lungs can be investigated to determine finite element metrics that would 

accurately predict the location and distribution of PC.  Previous studies have 

demonstrated the ability of finite element metrics to predict lesion location in animal 

models of injury [Stitzel, Gayzik, Hoth et al., 2005; Gayzik, Hoth, Daly et al., 2007; 

Gayzik, Hoth and Stitzel, 2011].  A finite element approach to understanding this injury 

could yield a model-based injury criterion for PC.  This model would facilitate the 

identification of the types of crashes that could result in high volumes of PC. 

2.5 Conclusion 

In this study, crash parameters from near-side impacts were correlated with the resulting 

percent volume of high attenuation lung and PC in vehicle occupants.  As part of a 

general linear model analysis, maximum crush was the best predictor of the volume of 

high attenuation lung.  Crush location best predicted PC volume.  This study developed 

a methodology to examine crush parameters and correlate them to the extent of 
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pulmonary contusion in real-world cases.  Future work will apply these techniques to 

finite element modeling of CIREN cases. 
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2.6.1 Appendix 

Table A1: Model results for predicting the volume of high attenuation lung tissue.  Significant results 
(p-value < 0.05) are highlighted in light gray. 

Model 
Name 

Overall 
Model  

P-
value 

R2 

P-values 

Crush 
Variable Age SAB Gender BMI Rib 

Fracture ISS 

Maximum 
Crush 0.012 0.347 0.052 0.111 0.434 0.893 0.299 0.336 0.127 

Crush 
Area 0.034 0.323 0.277 0.333 0.676 0.632 0.149 0.650 0.039 

Crush 
Location 0.050 0.287 0.978 0.391 0.676 0.951 0.192 0.713 0.026 

Energy 0.017 0.333 0.091 0.192 0.881 0.710 0.131 0.378 0.080 
 

Table A2: Model coefficients for the high attenuation lung regressions with the following groups 
(grp.) with reference groups annotated with (R): age1, <30 years; age 2, 30-55 years; age 3, >55 years 

(R); crush area 1, <5000 cm2; crush area 2, 5000-8000 cm2; crush area 3, >8000 cm2 (R); crush 
location 1, <90 cm; crush location 2, ≥90 cm (R).  In addition, side airbag deployment (SAB), male, 

and rib fracture are also reference groups.  These groups all have a coefficient of zero.  Energy was 
divided by 100,000 for the analysis. Inter is the intercept. 

 Crush Variable Age No 
SAB Female BMI No Rib ISS Inter. Model Grp. 1 Grp.2 Grp. 1 Grp. 2 

Max. 
Crush 0.003  -0.115 -0.084 -0.037 -0.005 0.004 -0.044 0.003 0.002 

Crush  
Area -0.083 -0.093 -0.082 -0.048 -0.020 -0.019 0.005 -0.021 0.004 0.101 

Crush 
Location 0.001  -0.074 -0.043 -0.020 -0.002 0.005 -0.017 0.004 0.015 

Energy 0.064  -0.093 -0.077 -0.007 -0.014 0.005 -0.041 0.003 -0.008 
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Table A3: Model results for predicting the volume of high pulmonary contusion.  Significant results 

(p-value < 0.05) are highlighted in light gray. 

Model 
Name 

Overall 
Model  

P-
value 

R2 

P-values 

Crush 
Variable Age SAB Gender BMI Rib 

Fracture ISS 

Maximum 
Crush 0.011 0.526 0.383 0.967 0.876 0.481 0.036 0.333 0.250 

Crush 
Area 0.021 0.527 0.676 0.915 0.914 0.464 0.027 0.465 0.347 

Crush 
Location 0.004 0.568 0.086 0.933 0.800 0.436 0.014 0.262 0.144 

Energy 0.008 0.542 0.210 0.982 0.900 0.439 0.033 0.312 0.191 
Table A4: Model coefficients for the high attenuation lung regressions with the following groups 
(grp.) with reference groups annotated with (R): age 1, <30 years; age 2, 30-55 years; age 3, >55 

years (R); crush area 1, <5000 cm2; crush area 2, 5000-8000 cm2; crush area 3, >8000 cm2 (R); crush 
location 1, <90 cm; crush location 2, ≥90 cm (R).  In addition, side airbag deployment (SAB), male, 

and rib fracture are also reference groups.  These groups all have a coefficient of zero.  Energy was 
divided by 100,000 for the analysis. Inter is the intercept. 

 Crush Variable Age No 
SAB Female BMI No 

Rib ISS Inter. 
Model Grp. 1 Grp.2 Grp. 1 Grp. 2 
Max. 
Crush 0.001  0.009 0.014 0.008 -0.025 0.009 -

0.047 0.002 -
0.246 

Crush  
Area -0.034 0.0002 0.003 0.018 0.006 -0.027 0.010 -

0.036 0.002 -
0.204 

Crush 
Location 0.073  0.018 0.019 0.013 -0.026 0.010 -

0.051 0.002 -
0.296 

Energy 0.043  0.004 0.009 0.007 -0.027 0.009 -
0.047 0.002 -

0.230 
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Abstract 

Current Anthropomorphic Test Devices (ATDs) measure chest acceleration and 

deflection to assess risk of injury to the thorax.  This study presents a lung surrogate 

prototype designed to expand the injury assessment capabilities of ATDs to include a 

risk measure for pulmonary contusion (PC).  The surrogate augments these existing 

measures by providing pressure data specific to the lung and its lobes.  The prototype 

was created from a rendering of a 50th percentile male lung inflated to normal inspiration, 

obtained from clinical CT data.  Surrogate size, lobe volume, and airway cross sections 

were selected to match the morphology of the lung.  Elastomeric urethane was molded 

via rapid prototyping to create a functional prototype.  Pressure sensors in each of the 

five terminal airways independently monitored pressure traces in the lobes during 

impacts to the surrogate.  Software was created to analyze the surrogate impact 

pressure data, determine the lobe with the greatest pressure rise for a particular impact, 

and estimate the initial speed of surface deformation.  Characterization testing indicates 

an approximately linear relationship between peak lobe pressure and surface impact 

speed, with no type I or II errors demonstrated during lobe detection testing.  During 

repeatability testing, the standard deviation was between 2% and 4% of the mean peak 

pressure.  Ongoing research will focus on correlating surrogate data, pressure pulses or 

surface deformation, to risk functions for PC. 
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3.1 Introduction 

Pulmonary contusion (PC) commonly occurs following blunt chest trauma.31  The lung, 

like other air filled organs, is particularly vulnerable to injury from high-rate, or “viscous” 

loading on the order of 2 to 15 m/s.30  Initial damage can lead to ventilation perfusion 

mismatch, elevated pulmonary shunt, loss of lung compliance and edema.  Long term 

respiratory dysfunction is found in a majority of patients1 and severe cases may 

culminate in respiratory failure.   

In civilian trauma, the predominant cause of PC is motor vehicle crash (MVC).  In 2009 

there were over 5 million police reported crashes in the United States, resulting in over 2 

million injuries and 33,808 fatalities.19  Thoracic trauma is second only to head trauma.  

PC is the most common thoracic injury following blunt chest trauma and comprises 10-

17% of all trauma admissions.3, 5, 6  In the military theater, accounts of 20th and 21st 

century conflicts show that pulmonary contusion (PC) has been a persistent threat to 

war-fighters.7  Pulmonary contusion sustained due to military operations has two 

different loading mechanisms: blast loading of the lung or blunt chest loading from 

protective equipment.  Blast injury to the lung was first described by Hooker13 as severe 

lung injury without a penetrating chest wound.  In recent military conflicts, where soldiers 

have advanced armor systems, pulmonary contusion has been identified as Behind 

Armor Blunt Trauma (BABT).4  The Johns Hopkins Applied Physics Laboratory (APL) 

has developed the Human Surrogate Torso Model (HSTM) with internal thoracic organs 

to evaluate thoracic response to BABT.  This surrogate utilizes solid bio-simulant 

materials for all internal organs, including the lungs.17, 22-24 

Recent research using a rodent model has demonstrated that after a controlled impact, 

the volume of PC may be quantified in a laboratory setting.14, 29  Under these conditions, 

an impact with known impact velocity and penetration depth was correlated to volume of 
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contused lung tissue.  These studies have also shown a repeatable volume of contusion 

given similar impact characteristics. 

Research conducted by Stitzel and Gayzik has developed predictive metrics for PC by 

correlating impact parameters to injury outcome in the rodent model and in Crash Injury 

Research and Engineering Network (CIREN) case occupants.9, 10, 29  CIREN is a 

database maintained by the National Highway Traffic Safety Administration that collects 

extensive data on MVC occupants and vehicles.  Experimental and real-world data can 

be used to develop a pulmonary surrogate for injury prediction.  Region specific 

surrogates have been developed in the past, such as the rate-sensitive abdomen for the 

Hybrid III Anthropomorphic Test Devices (ATDs).25  The purpose of this work is to 

describe the design, development, and preliminary assessment of a human lung 

surrogate intended to estimate lung injury severity. 

3.2 Methods 

The development of the pulmonary surrogate is reviewed here, beginning with subject 

identification, and continuing through surrogate design, prototype fabrication, and 

product characterization.   

3.2.1 Prototype Development 

Figure 3-1shows the steps taken to create a functional prototype based on the lung 

geometry of an average male subject.  The surrogate geometry was derived from 

Computed Tomography (CT) images of an approximately 50th percentile, male subject 

(46 years, height = 179 cm, weight = 87.5 kg) with no signs of thoracic pathology.  The 

CT data had a slice thickness 1.25 mm, an image size of 512 x 512 pixels, and a 

resolution of 0.825 pixels/mm.  The scan was taken during normal quiet breathing; so 

the lung volume is representative of normal inspiration.  The subject’s lung anatomy was 
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typical and Institutional Review Board (IRB) approval was obtained.   Segmentation of 

CT data into the surrogate geometry was accomplished using a semi-automated, 

attenuation-defined approach using image processing software (Mimics v. 10.01, 

Materialise, Lueven, Belgium).  

 

Figure 3-1: Flow chart describing design, development, and evaluation of the pulmonary surrogate. 

The total lung volume was determined by first isolating the lung tissue.  The lung lobes 

were partitioned along the fissures to create three right lobes and two left lobes.  Lobe 

masks were eroded and subtracted from the whole lung leaving 5 chambers of 1 cm wall 

thickness.  Volume-conserving smoothing algorithms were applied.  A literature review 

was conducted to ensure that the volumes of the resulting cavities in the right and left 

lungs were representative of a 50th percentile male.  A recent study on segmentation 

algorithms reported the lobe-to-lung volume ratios for left upper lobe, left lower lobe, 

right upper lobe, right middle lobes, and right lower lobe.33  The lobe-to-lung volume 
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ratios for the surrogate lungs fabricated in this study are in close agreement, with an 

average difference of 2.5% between the surrogate lung and the reported values (Table 

3-I).  The total airspace of the surrogate (the sum of all lobe cavities) is 2050 mL, which 

is within the range of the volume of air in the lungs during quiet breathing (typically 2000-

2500 mL).  While it is clear that the five large cavities of the surrogate are a simplification 

of how air is actually contained in human lungs, this validation demonstrates that the 

volume of air in the surrogate lung is representative of the average male. 

Table 3-I: Lobe-to-lung volume ratios for the surrogate lungs, compared to reported values in the 
literature. 

 Lobe Cavity Volume 
(mL) 

Lobe-to-Lung Volume Ratio 

 Surrogate Surrogate Zhang et al.33  % 
Difference 

Left Upper 
Lobe 453.7 0.48 0.46 -2.6% 

Left Lower 
Lobe 499.5 0.52 0.54 2.2% 

Right Upper 
and Middle 

Lobe 
549.7 0.50 0.49 -2.7% 

Right Lower 
Lobe 546.7 0.50 0.51 2.6% 

Total Volume 2050 
 

The surrogate was partitioned into four portions for fabrication.  This enabled 

preservation of the inner cavities (Figure 3-2).  A casting method was used to construct 

the lung surrogate out of a durable and flexible elastomeric urethane (Solid Concepts, 

Valencia, CA).  The hardness of the urethane was selected to optimize flexibility and 

repeatability.  If the surrogate material was selected based on actual lung tissue material 

properties, it would not be useful in impact testing because it would not support its own 

weight.  Conversely, a very rigid urethane would not allow for deflection of the outer 

surface of the lung and there would be minimal pressure changes.  Once molded, all 
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parts were bonded with liquid urethane (Figure 3-3).  Bulkhead connections for flexible 

soft tubing were inserted into the mediastinal aspect of the surrogate for airway 

connections.  The airway size at the primary, secondary, and tertiary bifurcation levels 

were determined using image analysis software (TeraRecon, San Mateo, CA).  The 

selected airway tubing matched the observed values for the tertiary bronchioles (9.5 mm 

inner diameter), and the trachea (19 mm inner diameter tubing). 

  

Figure 3-2: Partitioned right and left lung masks: (A) Assembled pulmonary surrogate, (B) Lateral 
and (C) Medial side of the right lung, (D) Isometric view, (E) Inferior and (E) Superior portion of the 

left lung. 

 

Figure 3-3: Urethane surrogate lungs (A). Bulkhead airway connections (B). 
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Pressure signatures were used to determine the magnitude and lobe location of the 

impact.  Endevco (San Juan Capistrano, CA) pressure transducers (model 8510C – 15) 

with a maximum range of 103.4 kPa (15 psig) were used to instrument the prototype.  

The transducers were placed in line with the airways, 2.5 cm from the bulkhead mount to 

prevent intrusion into the lung surrogate.  Threaded metal fittings with interrupted 

threads in the shape of two diametrically opposed flat surfaces were designed to allow 

the pressure sensor to press-fit into the bronchial tubing, while also allowing air to pass 

in or out of the surrogate lobes. 

3.2.2 Surrogate Characterization 

Preliminary laboratory testing of the surrogate used an instrumented pendulum impactor 

to characterize the surrogate.  For these tests, a testing base was constructed using 

liquid 4 lb/ft3 expanding urethane foam (US Composites, West Palm Beach, FL).  The 

foam was poured around the isolated surrogate, and allowed to expand around the 

contours of the surrogate.  Foam was also poured in the mediastinal area to partially fill 

the space between the surrogate lungs.  Once the foam cured, it was sculpted to allow 

for lateral impacts.  The resulting testing base had foam that surrounded the surrogate 

for one quarter of its height.  This covered approximately 5 cm of the outer surface of the 

surrogate.  In the mediastinal portion, posterior to the airway tubing, the foam expanded 

to one half of the surrogate’s height, to the level of the bifurcation of the trachea.  The 

outer portions were not covered by the foam to facilitate striking the lower lobes in the 

center of the cavity and to avoid strikes on the between-lobe material. 

Energy delivered to the surrogate was estimated assuming zero friction, a point mass at 

the radius (r = 343 mm) of the pendulum equal to the mass of impacting hammer (2.1 

kg), and minimal post-impact vertical motion.  A piezo-electric load cell (PCB 

Peizotronics, Depew, NY) on the impactor triggered data acquisition.  All 5 pressure 
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traces were then recorded during the impact.  An 8 channel strain gage module (Model 

WBK16/SSH, Iotech, Cleveland, OH), was used to acquire data in conjunction with a 16-

bit data acquisition system (model WBK 516E, Iotech) and a PC laptop (Pentium M, 1.6 

GHz, 512 MB).  Data was acquired at a rate of 2000 samples per second for 0.3 

seconds for a total of 600 data points.  Forty-five impacts were used to characterize the 

surrogate.  Table 3-II describes the test matrix with the initial angle of the impactor prior 

to release. The impact velocity of the impactor was calculated from the mass of the 

impactor and the angle of release using an equation describing pendulum motion: 

2 1     (1) 

where “v” = velocity, “g” is acceleration due to gravity, “r” is the radius of the pendulum, 

and “θ” is the initial angle of the pendulum arm.   

Table 3-II: Test matrix for characterization of the pulmonary surrogate.  Each impact below was 
performed on each of the lobes of the surrogate.  The initial impact angle was the angle of the 

hammer shaft prior to release. 

Initial Impactor Angle 
(degrees) 10 20 30 40 50 60 70 80 90 

Calculated Impact Velocity 
(m/s) 

0.3
2 

0.6
4 

0.9
5 

1.2
5 

1.5
5 

1.8
3 

2.1
0 

2.3
6 

2.5
9 

Energy Estimate (Joules) 
0.1
1 

0.4
5 

0.9
9 

1.7
4 

2.6
5 

3.7
1 

4.8
9 

6.1
4 

7.4
3 

 

The surrogate was placed at the bottom of the pendulum swing so the impactor face was 

parallel to the outer surface of the surrogate at contact.  The location of impact was 

selected based on the interior lobe geometry and was not defined by anatomical planes.  

The load cell was mounted on the front of the pendulum; therefore, the impact area for 

the pendulum was the area of the load cell face, 126.68 mm2.  The surrogate was stiff 

enough and the impact energies low enough that the load cell face did not penetrate into 

the lobe face far enough for the hammer face to engage the surrogate.  This type of 
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impact would have rapidly changed the area of the striking surface.  Figure 3-4 illustrates 

the foam base with the black fabric covering, the adjustable steel frame, and the 

instrumented pendulum.  During all testing, the frame and surrogate base were secured 

to the table to prevent additional movement. 

 

Figure 3-4: Characterization testing configuration showing pendulum impact, steel frame, surrogate 
base and surrogate.  Both an overview picture (A.) and a close-up of the impactor to surrogate 

interface (B.) are shown. 

Pressure traces were filtered to the SAE J211 filter standard, with a cutoff frequency of 

180 Hz.  A repeatability test was also conducted by impacting a single location on one 

lobe on each side of the surrogate 8 times and recording the resulting peak pressure 

(tests 4 and 8).  Recent studies have shown the incidence of pulmonary contusion 

increases in side impact cases.  Therefore, the characterization system was configured 

to replicate this crash mode.  

After the impacted lobe was identified, the impact severity was determined through an 

inverse identification algorithm programmed in Matlab (The MathWorks, Natick, MA). 

The objective function to be minimized was the sum of squared difference between a 

given impact's pressure versus time history and a library of pressure versus time traces 
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acquired during surrogate characterization.  This library contained nine pressure traces 

per lobe.  Since a finite number of characterization traces were taken per lobe, the 

minimum of the objective function was readily identifiable as the minimum of the 5 sum 

of squared errors calculated.  Since each characterization trace was associated with a 

precisely known impact severity, by determining the minimum, the algorithm also 

quantified the impact. 

Following an impact to the surrogate, data collection was triggered by a rise in the force 

trace measured by a load cell on the impacting hammer.  Data were collected with the 

same parameters as the characterization testing.  The impacted lobe was identified by 

scanning all five traces with the assumption that the lobar trace with the highest pressure 

was the impacted lobe.  With the impacted lobe identified, the next step was to estimate 

the impact severity.  The pressure data from the impacted lobe test in this example is 

referred to as the P in Equation 2, which is at the core of the estimation process for the 

impact severity. 

∑ ,       (2) 

Here Ej is the jth error term calculated.  Since there were 9 characterization tests (See 

Table 2) per lobe there were nine values of E calculated.  For j = 1 to 9, the sum of 

squares difference between the P trace and the jth characterization trace (Cj) was taken 

at each time point (n).  Time shifting was not necessary due to a common trigger for all 

data collection.  The sum of squared error was used rather than simple subtraction so 

that negative values could not artificially lower the error value.  The final step was to 

select the value of Ej that was lowest.  This value corresponded to a characterization 

trace with known impact velocity, calculated from the initial hammer angle θ using 

equation 1.  This velocity was selected as the impact velocity with the best agreement 
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with the incident pressure data.  Impact energy was also estimated from the impact 

velocity.  After completing all characterization impacts in the test series, a linear 

regression analysis was performed to correlate pressure output to impact velocity for 

each lobe.  Figure 3-5: Flow chart describing the algorithm implemented in Matlab for 

selecting the impacted lobe and estimating impact angle, velocity, and energy.  

Variables are defined below and in Equation 2. illustrates the steps to identify the lobe 

impacted and compare characterization results to unknown impact severities and 

locations. 

 

Figure 3-5: Flow chart describing the algorithm implemented in Matlab for selecting the impacted 
lobe and estimating impact angle, velocity, and energy.  Variables are defined below and in Equation 

2. 
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3.3 Results 

 

Figure 3-6: Pressure signatures from a 1.25 m/s impact on the middle right lobe. 

The lung surrogate underwent all characterization impacts without damage to the 

prototype or sensors.  A sample of the pressure signatures from characterization from a 

1.25 m/s impact to the middle right lobe are shown in Figure 3-6.  All characterization 

tests are summarized in Figure 3-7 and Table 3-III.  The peak pressures increased 

roughly linearly with impact velocity (Figure 3-7).  Using the pressure traces, the 

accompanying software algorithm was able to correctly identify the impacted lobe in all 

characterization cases, demonstrating that the surrogate did not exhibit any type I or II 

error.  The slope of the peak pressure vs. impact speed is not uniform across all lobes.  

The average mean peak lobe pressures from the repeatability testing results, with one 

standard deviation annotated, are shown in Figure 3-8.  This testing demonstrated that 

the standard deviation is between 2% and 4% of the mean peak pressure.  Thus, lateral 

impacts to the surrogate demonstrate high repeatability.  Taken together, these data 

signify that for the laboratory test environment presented, the lung surrogate can be an 

effective tool for determining the velocity of impact from lobe pressure traces. 
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Figure 3-7: Summary of characterization testing, n = 45, 9 tests on each lobe, with increasing 
velocity. 

 

Figure 3-8: Repeatability test with one standard deviation error bars. 

 

Table 3-III: Linear regression results for characterization tests by lobe (Figure 5).  Intercepts are all 
zero, and values are for gage pressure. 

Lobe Upper Left Lower Left Upper Right Middle Right Lower Right 
Slope  

kPa •m-1 • s 6.7 4.3 2.1 6.9 1.5 

R2 0.99 0.94 0.96 0.98 0.99 
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3.4 Discussion 

The intended use of the pulmonary surrogate is as a tool to predict the risk of severe 

pulmonary injury in an impact scenario. Preliminary laboratory testing has demonstrated 

that the surrogate exhibits adequate sensitivity and repeatability to merit continued 

development.  Currently, the surrogate can estimate the impact velocity and energy; 

however, it is anticipated with continued testing, that penetration depth may also be 

estimated from the pressure traces.  This next step will allow for a more useful 

measurement tool because previous pulmonary contusion work has determined 

penetration depth to be a predictive metric.9, 11, 29  In addition to continued laboratory 

testing, the next stage in the surrogate’s development should focus on bridging the gap 

between the data output by the surrogate and biomechanically relevant indicators of PC 

such as contusion volume.   

The surrogate demonstrates good sensitivity and specificity, with the ability to detect the 

impacted lobe and sense velocity changes.  However, some lobes exhibited stiffening at 

high velocities.  This is likely due to geometry of the lobe cavities and variations in local 

wall thickness.  The implications of regional stiffening need to be examined in future 

designs of the pulmonary surrogate.  The material is ruggedized for testing 

environments, and therefore is stiffer than lung parenchyma.  This increased stiffness 

should not diminish the utility of the surrogate; however, optimization studies will be 

conducted to balance a rugged and repeatable surrogate with a realistic thoracic 

response.  Another consideration in the selection of the material for subsequent 

prototypes would be the response of the material with increased lobar pressures.  Other 

studies have demonstrated that the lung parenchyma has a decreased compliance with 

increased pressure.15  Like an ATD, the data the surrogate produces will be correlated to 

outcome measures of biomechanical testing of lung tissue obtained through other 
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means.9, 14, 21, 29  The purpose of the surrogate is not to replicate the response of the 

lung; instead, once it is characterized, it is a model system for use in determining risk of 

pulmonary contusion given pressure characteristics measured within the lung surrogate 

during an impact.   

The total volume of the lobes is slightly different than the values for a 50th percentile 

male reported in the literature.  This difference could be due to the lung anthropometry 

used to create the surrogate lung, which is based on a single 50th percentile male.  The 

Zhang et al.33 values were based on a set of 24 CT scans for both males and females, 

without stature reported.   

Much of the research on mechanisms and outcomes of PC has been conducted using 

small animal and finite element models.  These methods have been used due to the 

inflammatory response of this injury.  In an animal model, the impact can be well 

controlled and recorded.  Similarly, the resulting pulmonary contusion can be quantified.  

In contrast, there is a lack of this controlled and quantified data in humans.  The CIREN 

database, with detailed motor vehicle crash information and patient outcomes, will be 

used in the future to compare impact to outcome in human occupants that sustain 

pulmonary contusion.  The surrogate can be used in the future as a measurement tool to 

predict the risk of injury in a variety of situations.  

Further development of this prototype requires continued research in two areas.  The 

first is to develop an environment with more biofidelic boundary conditions for the 

surrogate.  The current study only characterized the surrogate with a focal load to 

evaluate the reproducibility and repeatability of the lobe response in a controlled 

environment.  The small impactor face is not representative of the rib loading on the 

lungs which causes pulmonary contusion.  Future studies will evaluate the response in a 
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condition more similar to the boundary conditions on the lungs inside the rib cage.  

During the characterization process, pressure data in all lobes were recorded during the 

course of each impact.  Because lobes were struck one at a time, the characterization 

data for the surrogate includes the correlation between pressures in non-struck lobes 

during an impact event.  During the characterization of the surrogate in a more realistic 

distributed loading condition, it will be critical to include the pressure interactions 

between the lobes during an impact event to determine pressure due to impact versus 

induced pressure. 

Another limitation of the surrogate is it does not capture the interaction between the 

lungs and ribs following rib fracture.  Rib fracture is another common chest injury that 

frequently occurs in combination with PC.8, 16, 27, 28  However, pulmonary contusion can 

occur without rib fracture.  Young people are more likely to have PC without rib fracture 

while older individuals are more likely to have fractures.12, 20  Future efforts with CIREN 

data will further examine the differences in the loading conditions at the lung between 

cases with isolated PC and those with concomitant rib fractures. 

The second, broader thrust will be to map human thoracic impacts to PC outcomes in 

load cases encountered in civilian and military populations.  Progress in these areas will 

be made through analysis of vehicle crash databases12, patient radiology18, and 

computational modeling32.  Additional lung injury assessment tools collected on the 

occupant after the crash, such as respiratory mechanical impedance and ultrasound 

techniques, can also be correlated to impact parameters.2, 26  
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Abstract  

The volume of Pulmonary Contusion (PC) has been significantly correlated to an 

increased risk of ARDS.  Previous work has developed a methodology for evaluating the 

volume of contusion; however, the distribution of the contusion has not been quantified.  

To determine the location of the contusion, custom pulmonary atlases to the level of the 

pulmonary lobes and broncho-pulmonary segments were created.  A registration 

protocol was developed to place volumetric segmentations of pulmonary contusion into 

the pulmonary atlas space.  Having contusion volumes in the same space allowed for 

the direct comparison of contusion location and distribution between individuals.  The 

results of this study demonstrate a robust registration method that successfully 

registered volumetric high attenuation lung and pulmonary contusion volumes to a 

pulmonary atlas for 64 case occupants with varying volumes of injured tissue.  There 

was some scan artifact introduced during the registration process; however, it minimally 

added to the volume of the lobe and only affected the outer surface.  Future applications 

of this technique will allow for comparison of high attenuation and PC volumes between 

individuals to assess the correlations between motor vehicle crash parameters and PC 

location.  Additionally, the relative location of injured tissue in case occupants can be 

compared to the location of high stress and strain elements following finite element 

simulations.  
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4.1 Introduction 

Subject registration to an atlas has been used extensively in brain analysis work1,4-6 and 

recently for rib shape analysis9.  The registration process in the brain automates the 

selection of brain regions by placing data from a subject brain scan into the coordinate 

system of an atlas with critical structures already identified.  The same approach can be 

applied to the lung to place pulmonary contusion location in an atlas to determine the 

location of the injury for comparison across subjects.  To further quantify the location and 

distribution of the pulmonary contusion within the CIREN cases, a registration of the 

subject lungs to a lung atlas was completed.  By registering the subjects to an atlas, the 

contusion location is placed in the same coordinate system for all subjects.  Therefore, 

they are effectively normalized across individuals.  This normalization step will allow for 

a direct comparison of lesion centroid location and characteristic lengths between 

subjects  The results of this analysis can be used in future work to future understand 

how vehicle crash parameters are related to the location and distribution of PC. 

4.2 Methods 

4.2.1 Preparation for Registration 

The subjects selected for this analysis were involved in a side impact motor vehicle 

crash and sustained PC.2  The medical images from these individuals were available in 

the Crash Injury Research and Engineering Network (CIREN).  Using Hounsfield Unit 

(HU) value thresholding, high attenuation lung was identified with a 2D area (mask) on 

each computed tomography (CT) slice.  With the help of a board certified radiologist that 

specialized in thoracic CT, isolated PC was also identified with a 2D area (mask).  The 

total lung and injured lung was further divided into the five lobes.  After initial 

registrations, it was determined that lobe level registration was more robust than 

complete right or left side lung registration.  Once the segmentations were complete, the 
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2D masks were exported as a binary stack of images.  This was accomplished by 

selecting the mask and exporting each slice as a “.bmp” file.  This format was selected 

because it isolated the lung masks as single colors on a black background; therefore, 

there is minimal segmentation required within the registration program.  The drawback to 

this form of image export is that the header information that would be available in a 

DICOM format, such as pixel size and voxel height, is lost.  Therefore, once these 

images are pulled in the registration program, this voxel dimension information was 

manually added back to the scan and was included in future DICOM exports.  The 

software selected for the registration was Slicer, a program developed for image 

segmentation and registration.3, 7, 8    

 

Figure 4-1: Lung atlas used for registration with each lobe a different color (Red- left upper, Blue- left 
lower, Brown- right upper, Yellow- right middle, Green- right lower). 

 

4.2.2 Lung Atlas Development 

The lung atlas was developed with the assistance of Zygote Media group.  The basic 

geometry of the lung was obtained on an approximately 50th percentile male subject.  

CAD of the exterior of the lung was created based on the segmentation of each side of 
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the lung.  The lobes were also segmented to create CAD for each lobe (upper right lobe, 

middle right lobe, lower right lobe, upper left lobe, lower left lobe).  The CAD for the 

lobes were imported into Amira and exported as a dicom.  These DICOMs became the 

atlases for the registration of the case occupants to atlas space (Figure 4-1).  

4.2.3 Fiducial Transformation 

Registration in Slicer transformed the segmented CIREN case occupants to atlas space.  

The registrations had three steps: fiducial transformation, surface registration, and non-

rigid surface registration to iterative improve the overlap between the registered images.  

The initial fiducial transform required the manual selection of 5 to 6 specified points on 

the lobe atlas and the CIREN case to be registered.  The outcome of this registration 

was a rough alignment of the two volumes to the same approximate orientation.  

Following this initial step, there was minimal overlap between the two subjects as shown 

in Figure 4-2. 

 

Figure 4-2: Results of a fiducial transform of the subject (brown) to the atlas (red). 

4.2.4 Surface Registration 

Following this rough alignment, a surface registration further deformed the CIREN output 

to better match the shape of the atlas.  In this step, some of the additional size and 

shape differences were removed to more closely match the atlas (Figure 4-3). 
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Figure 4-3: Surface Registration following the initial fiducial registration (subject = brown and grey, 
atlas = red image). 

4.2.5 Daemon warping 

The final step was a non-rigid transform of the surface transformed CIREN lobe to the 

atlas.  This step removed the remaining size and shape differences to fully place the 

CIREN case into the atlas space, Figure 4-4.  To assess how closely the CIREN lobe 

registered to the atlas lobe a deviation analysis was conducted on a sample of the data 

set.  The resulting visual output of one of these assessments is shown below.  The 

majority of the variation between the two subjects was below 1 mm, as shown in Figure 

4-5 the areas that exceeded this variation are highlighted in dark red and deep blue.  

The postulated source of the differences between the two is the CAD to CIREN interface 

and lobe line segmentation variability.  The CIREN cases tended to have relatively high 

slice intervals (the majority had 1.5 mm slice thickness or higher).  In comparison, the 

CAD used to create the atlas was smooth and the slice thickness selected for the atlas 

was thin.  This registration of the stepped to smooth atlas resulted in some of the areas 

that did not fit within the 1 mm variation.  The other source of variability was the manual 

segmentation of the lobe lines which resulted in variation along the ends of these 

structures. 
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Figure 4-4: Results of the non-rigid transform of 
the subject to the atlas. 

Figure 4-5: Deviation analysis of the 
transformation with areas with more than 1 mm 
deviation from each other in deep blue and red. 

The lobe level registration provided transforms to map the pulmonary contusion and high 

attenuation lung volumes within each lobe.  Therefore, after each step of the registration 

process, the same registration was applied to those two injury volumes.  The end result 

was a transformed injured volume that was contained within the lobe of interest.   

4.2.6 Sub-segment Registration 

The final step in the Slicer analysis was registration of the lobe segmentations to sub-

segment atlases.  These atlases were based on the same individuals CT data and 

segmentations as the lobe level atlases.  Unlike the lobe lines, this level of anatomic 

detail is not visible on CT scans; therefore, the sub-lobar atlases were based on the 

average shape of each segment.  Additionally, the tertiary bronchi supply air to each 

broncho-pulmonary segment.  The outer walls of these structures are visible on CT 

scans.  During the creation of the atlases, the average shape of the segment was slightly 

altered to accommodate the bronchial structure of the individual so that the airways did 

not cross into adjacent segments, Figure 4-6.  Once the CAD of the segments was done, 
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they were also converted into DICOM stacks for use in the registration analysis (Figure 

4-7 and Figure 4-8). 

 

Figure 4-6: Overlay of a single 
broncho-pulmonary segment 

with the subject airways. 

Figure 4-7: Right lung atlas with 
all broncho-pulmonary 

segments. 

Figure 4-8: Left lung atlas with 
all broncho-pulmonary 

segments. 
 

Given the segment atlases, the high attenuation lung and pulmonary contusion 

registrations were further divided into the broncho-pulmonary segments.  The division of 

the HA tissue into the segments is shown in Figure 4-9.  This rendering is of the upper 

left lobe of the lung, with the four segments included.  In the rendering, the divisions 

between the segments are shown in a slightly darker shade of yellow and one line is 

highlighted with a black arrow.  The HA tissue is shown inside of the segments and 

lobes.  HA volume in each segment is denoted with a different color- black or blue.  

Once divided, the volume, location and distribution of the high attenuation and contused 

lung can be calculated.   
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Figure 4-9: Upper left lobe overlay of a broncho-pulmonary segments (yellow volume) with the high 
attenuation masks of one occupant (blue and black volume). The upper left lobe atlas is shown in 

red on the right side.  The divisions between the segments can be seen with the darker yellow lines 
with one highlighted with a black arrow. 

4.3 Results and Discussion 

The lobe registration has been completed for all lobes of 64 individuals with pulmonary 

contusion.  There were two errors that occurred during the process: daemon warp 

registration failure resulting in collapse of the CAD and the addition of thin lines outside 

of the tissue for the lobes.  When lobes collapsed, the initial fiducial was repeated with a 

more accurate initial alignment.  Following this step, all of the remaining registration 

steps were also repeated.  In cases that resulted in an initial registration failure, the 

second attempt at registration was successful following the adjusted initial steps. 

The other error that occurred in some cases was the addition of lines outside of the lobe 

of interest.  This was most likely due to inconsistencies along the edge of the outer 

CIREN volume.  Because the segmentation had a manual component, the posterior 

aspect of many of the lungs had a stair-step appearance due to slight variations between 

the slices.  The result of a relatively large irregularity may have been these additional 

lines coming from the lung.  Figure 4-10 is a three-dimensional rendering of one case 
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following registration with this error.  These lines were very thin and homogenous with 

high attenuation or pulmonary contusion tissue.  Therefore, in the subsequent analysis 

of the broncho-pulmonary sections, any volume outside of the lobe was ignored.  

 

Figure 4-10: Sample registered lobe with the thin artifact lines shown coming perpendicularly from 
the lobe. Orientation of the lobes: A. Posterior, B. Posterior and Medial, C. Right Side. 

4.4 Future Work 

The application of this registration technique will allow for a further analysis of the 

relationship between pulmonary contusion and motor vehicle crash parameters.  In 

addition to the existing volumetric analysis, these registrations will allow for a spatial 

location and distribution analysis.  Also, the division of the lung into lobes and broncho-

pulmonary segments will further elucidate the distribution patterns of the injury with 

respect to these structures. 
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Abstract  

Pulmonary Contusion is the most common chest injury following motor vehicle crash 

(MVC).  Because the injury has an inflammatory component, studying PC in living 

subjects is essential.  To study pulmonary contusion in living human subjects, medical 

and vehicle data from MVC occupants from the CIREN database was utilized.  Using the 

extensive crash and vehicle data, the select CIREN cases were simulated with finite 

element models of the vehicles and the crash occupant.  Following the simulation, injury 

metrics that evaluated the occupant model response were compared to patient imaging 

data to determine the best finite element predictor of pulmonary contusion.  The THUMS 

version 4 finite element model was used as the occupant model due the inclusion of 

detailed internal thoracic organs, including the lung.  To match the CIREN crash 

parameters, the vehicle simulations were iteratively improved to optimize maximum 

crush and maximum crush location.  There were fifteen cases that were successfully 

modeled with the simulation crush matching the CIREN value to within 7%.  The sources 

of model instability in the higher severity and unstable cases were the case occupant’s 

lung tissue and the striking vehicle’s front bumper material.  These structures failed with 

negative volume errors due to the extreme distortion of some of the elements.  Once the 

simulations were complete, stress and strain metrics for the elements within the 

occupant’s lung were calculated.  This process evaluate high stress and strain elements 

in a matched volume comparison with the CIREN case occupants.  First principal strain 

was the metric with the least variation for the prediction of PC in the FEM, when the 

thresholds were evaluated using volumetric criteria.  Further investigation into the spatial 

distribution of the high strain elements this metric selected will be conducted prior to the 

development of an injury criterion. 
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5.1 Introduction 

Chapters 3 (Correlating the extent of pulmonary contusion to vehicle crash parameters 

in near-side impacts)4 and 4 (Pulmonary Contusion Location Correlated to Motor Vehicle 

Crash Parameters Using Lung Atlas Registration) have described an analysis of the 

volume and location of pulmonary contusion as related to crash parameters.  To further 

investigate the relationship between pulmonary contusion and crash parameters, a 

simulation study was conducted to evaluate injury metrics that could be used to develop 

an injury criterion.  These simulations used occupant and vehicle finite element models 

to simulate a CIREN crash with known pulmonary contusion.  Cases simulated were 

only near-side impact crash configurations because of the high incidence of pulmonary 

contusion following this crash configuration and were a subset of cases investigated in 

previous work.7  Therefore, the volume, location and extent of pulmonary contusion was 

quantified in these occupants.  Once the simulations were complete, different injury 

metrics based on strain and stress within the lung were evaluated for their ability to 

predict the same location and distribution of pulmonary contusion seen in the CIREN 

case.  Given an injury metric that can best predict pulmonary contusion, an injury 

criterion for pulmonary contusion prediction can be developed. 

The occupant model selected for this work was the Toyota Model for HUman Safety 

(THUMS) version 4 due to its enhanced biofidelity over previous versions of the THUMS.  

Specifically, THUMS version 4 has internal organs with both lungs and the heart located 

in the thoracic cavity.  THUMS has been validated against post mortem human subject 

(PMHS) tests.  Pulmonary contusion was correlated to pressure within the lung, based 

on work conducted by Schaefer et al. in a dog model that determined a pressure value 

that caused lung injury from diving decompression.10  One of the goals of this study was 

to evaluate the response of the lungs over a wider range of potential injury metrics.  The 
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overall thoracic response of the model was compared to testing by Kroell11, 12 using a 

frontal impactor and to belt loading tests conducted by Cesari et al3. 

Previous simulations of occupied vehicle to vehicle crashes to determine injury 

mechanisms are limited.  One study such study by Siegel et al. investigated aortic injury 

in motor vehicle crash.  Similar to the current study, cases were selected from the 

CIREN database in which occupants sustained an aortic injury.  The simulations were 

then evaluated for strain and pressure within the aorta.14  Some of the limitations of this 

study were the simplified human model used for analysis and the use of a 50th percentile 

male individual for all simulated occupants. 

5.2 Methods 

5.2.1 Case Selection 

The cases selected for the THUMS modeling were a subset of CIREN cases used in an 

analysis of crash parameters and the volume of pulmonary contusion in a near side 

crash occupant.  The vehicle selected for the simulations was a 2001 Ford Taurus 

because it had the most interior detail of the available FE models with a full seat and 

steering column.  This vehicle model was freely available for public use on the National 

Crash Analysis Center (NCAC) website.2  It has been validated in front impact and 

benchmarked in side impact by comparing the model crush post impact and acceleration 

traces to the matched crash test data.1  Due to the selection of the Taurus as the struck 

vehicle, only CIREN cases with the struck vehicle as a sedan were selected for 

simulation.  The striking vehicle was allowed to be another sedan (Ford Taurus 2001 

FEM), an SUV (Ford Explorer 2007 FEM), a truck (Chevrolet Silverado 2007 FEM), or a 

van (Dodge Caravan 2005 FEM).  Tree strikes were discarded because of the 

interaction between the ground and the tree over the course of the impact.  This yielding 

behavior would complicate the boundary conditions on the simulation.  To further reduce 
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complicated simulations, cases with a rollover at any point during the case were also 

discarded. 

To simulate the cases, the data from the CIREN cases used for preparing the simulation 

were: occupant height and weight, vehicle change in velocity (total, lateral and 

longitudinal), vehicle maximum crush, maximum crush location, and Principal Direction 

of Force (PDOF).  The occupant data was used to scale the THUMS model by size to a 

25th, 50th, and 75th percentile female and a 95th percentile male.  Some occupants were 

modeled with a 50th percentile male; however, no scaling was necessary for those 

individuals.  The anatomy and geometry of the model was the same for all scaled 

occupants.  The percentiles selected were based on grouping the occupant data and 

correlating those groupings to the nearest 25th percentile individual.  The real-world 

occupants were matched to these 5 sizes of individuals to be used in the crash 

simulation.  During this process, the Body Mass Index (BMI) of each occupant was 

determined and average BMI values were determined for the size groups.8  One 

occupant was discarded because she was more than two standard deviations from the 

average BMI of the group.  Scaling was achieved by scaling occupant size only, 

occupant mass was not adjusted other than the changes in mass that resulted from the 

change in THUMS size.  The crash data was used to configure the two vehicles for 

impact and this process will be described in more detail in the Vehicle Configuration 

section.  All cases were simulated for 200 milliseconds using LS-DYNA (MPP, Version 

971, LSTC, Livermore, CA). 

5.2.2 Occupant Positioning 

To seat the THUMS, a 500 millisecond gravity settling simulation was conducted.  The 

THUMS model did not initially fit in the Taurus model because of initial penetrations of 

the head, knees and feet.  Two steps were taken to resolve these penetrations: rotation 
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of the lower leg and foot, and gravity seat settling of the occupant.  The rotation of the 

lower leg was completed by simulating a prescribed rotation of the lower leg about the 

knee.  For this simulation, nodes were selected on the distal end of the tibia and fibula 

then given a rotation angle.  The foot rotation was completed in the same way with 

nodes on the distal tarsals given a prescribed rotation about the ankle.  For both of these 

simulations, there was no gravity applied and the only movement of the model was the 

prescribed rotation. Gravity settling runs were performed on a reduced vehicle model 

with only the seat, steering wheel and relevant floor components.  For the seat 

simulation, the THUMS was placed just above the seat cushions and gravity was applied 

using the “*LOAD_BODY_Z” command, which applies acceleration due to gravity to 

everything in the simulation along the z-axis.  The vehicle components were constrained 

to prevent any movement of these parts during the simulation.  The deformation of the 

THUMS and the seat cushions was used as input to future models. 

Following the seat settling simulations, the larger THUMS occupants still did not fit within 

the seat area of the vehicle due to penetration of the knee bolster by the occupant’s 

knees.  The seat was moved to a more rearward track position by translating the seat 

frame along the track.  In the Taurus model, the seat frame is constrained to move with 

the seat track with “*CONSTRAINED_NODAL_RIGID_BODY” commands as defined 

between nodes facing each other on the seat track and seat frame.  This command 

identifies nodes on deformable parts that are treated as a single rigid part; thus, this 

command prevents relative movement between the parts at those nodal locations.  The 

defined constrained nodal rigid bodies were adjusted by replacing the original seat frame 

nodes with new frame nodes that were closer to the seat track nodes following the 

movement of the seat.  Belt fitting was completed using the belt fitting interface in LS 

Prepost 3.2 (LSTC, Livermore, CA).  The belt material properties represented an 
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average vehicle belt.  Figure 5-1 illustrates the final seated posture and belt fit for the 

50th percentile male individual (unscaled THUMS). 

 

Figure 5-1: Seated 50th percentile male occupant with restraints fitted. 

5.2.3 Vehicle Configuration 

The vehicle configuration was iteratively improved to most closely simulate the real world 

event.  The initial striking vehicle location along the length of the struck car was based 

on the vehicle crush pictures and the crush profile.  The angle of the impact was 

simulated as the PDOF entered in the database.  Each vehicle was given an initial 

velocity that was originally set to the DV of the impact.  The location of the maximum 

crush was defined based on the data field in the CIREN database.  The crush location 

was measured relative to the front or rear axis of the vehicle.  This location was then 

mapped to a specific node based on this distance measurement which was used for all 

future measurements of maximum crush.  Figure 5-2 illustrates the sample occupant 

kinematic in a Taurus to Taurus side impact configuration.  Features of this crash mode 

to note are the proximity of the striking vehicle to the occupant and the severe 

deformation of the vehicle components around the b-pillar.  Figure 5-3 is an overview of 
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an SUV to Taurus impact with less intrusion and an impact closer to the A-pillar of the 

vehicle. 

  

Figure 5-2: Occupant kinematic in a side impact 
sedan to sedan simulation. 

Figure 5-3: Vehicle impact in an SUV to 
sedan impact. 

  

Once the first simulation was completed, the maximum crush and the DV was 

determined for the simulation.  The maximum crush was calculated by creating a plane 

based on three points on defined on the frame member of the opposite sill.  This 

structure was selected because it had minimal deformation during the course of the 

simulation.  From this plane, the perpendicular distance from the node at the maximum 

crush location to the plane was calculated for each time point in the simulation.  The 

crush in the CIREN database is a measure of the resulting static crush because it is 

taken following the impact.  In order to compare the simulation crush to the measured 

crush, the crush was measured as the difference in the distance from the crush node to 

the plane at the beginning and the end of the simulation.  This value is less than the 

difference between the initial distance and the minimum difference due to the 

contribution of dynamic crush during the impact.  Figure 5-4 is a plot of a sample point to 

plane plot as a function of time.  As shown in this figure, the maximum dynamic crush 

was 37.2 cm.  In comparison, the maximum crush used to compare the simulation to the 
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CIREN case was 33.6 cm at 0.2 s and was considered equal to the static crush 

measured on the vehicle. 

 

Figure 5-4: Crush as a function of time at the point of maximum crush on the vehicle. 

Following this simulation, the location of the maximum crush on the struck vehicle was 

compared to the specified crush location node, as described previously.  The crush 

calculation was performed and the DV of the vehicle was exported for analysis.  Using 

this simulation as a base, maximum crush and the location of crush were evaluated and 

used to adjust the simulation for the next run (Figure 5-5). 

 

Figure 5-5: Steps in the iterative improvement process to match the maximum crush between the 
simulation and the CIREN case. 
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Initially, gross adjustments of the location of the striking vehicle along the struck vehicle 

were necessary to match the maximum crush location between the case and the 

simulation.  Once the crush location matched, the simulation was adjusted to better 

match the crash maximum crush value.  The delta-V was evaluated but it was not used 

to adjust the simulations.  Simulations were iteratively improved until the maximum crush 

location and the maximum crush were matched to within 5% of the CIREN case.  Figure 

5-6 and Figure 5-7 are a view of the side crush on the CIREN case and the final 

matched simulation. 

Figure 5-6: CIREN case vehicle Figure 5-7: Resulting vehicle deformation of the 
matched simulation struck vehicle 

5.2.4 Simulation Post Processing 

Following the simulation, the strain in the lungs was evaluated using a custom Matlab 

code.  This analysis evaluated the following strain and stress metrics in each element in 

the lung: first principal strain, shear strain, octahedral shear stress, principal stress, and 

triaxial strain.  Additionally, strain rates and the products of strain and strain rate were 

calculated.  The thresholds for this metric were determined by evaluating the element 

threshold necessary to have the simulation “injured’ volume percent match the volume 

percent of injured CIREN lung.  By creating a volume cut point, the results were 

highlighted elements throughout the lung with a range of stress and strain values.  The 

stress and strain thresholds can be used in future work to determine the most effective 
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metric for predicting pulmonary contusion using THUMS version 4 and creating an injury 

risk criterion.   

5.3 Results and Discussion 

After the initial case selection based on the crash configuration criteria, there was one 

case where the occupant exceeded the standard body mass index measurements by 

more than two standard deviations.  That left 17 cases for simulation.  Of these cases 2 

cases were discarded because the crash simulations were not stable for a 200 

millisecond event at the severity necessary to replicate the CIREN crush.  One of these 

cases was a Taurus to Taurus impact that resulted in a crush of 53 cm in CIREN.  In the 

crash simulation, there were negative volume elements in the Taurus front bumper 

components.  The other simulation was a Dodge Caravan into a Ford Taurus.  The crush 

on the struck car in this case occurred to the rear passenger door and rear wheel area, 

Figure 5-8.  Due to the relatively high longitudinal change in velocity of this case, the 

striking vehicle needed a large initial velocity to achieve higher crush values on the 

struck vehicle.  The striking vehicle model became unstable with negative volume 

elements in the front bumper structure of the van at these higher initial impact speeds. 

 

Figure 5-8: Vehicle crush on the unstable case with high crush in a rearward portion of the vehicle. 
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The remaining 15 cases were stable over the entire crash simulation event.  Three 

cases were stable at speeds that resulted in crush that did not match the CIREN case 

maximum crush within 5%.  When the speed was increased for these cases, the models 

became unstable with negative volume errors in the THUMS lung tissue.  These cases 

had some of the highest crush maximum crush values of all of the simulations.  

Additionally, the impacts all occurred near the B-pillar of the struck vehicle resulting in 

high intrusions into the occupant compartment.  These three cases were kept to have a 

larger dataset and even though they were not within 5% of the CIREN crush, they were 

within 6% of the crush.  The CIREN crush values compared to simulation values of an 

Explorer to a Taurus were: 58.2 to 65, 60 to 64, and 63.4 to 67.  Table 5-I Is a 

comparison of the simulation (sim) to the database maximum (max) crush values. 

Table 5-I: Simulation matrix with the resulting maximum crush as compared to the measured values 
in the database.  The rows highlighted in light grey were below the CIREN maximum crush value by 

more than 5%. 

Sim Type Sim # 
Max Crush 

(cm) 
Sim Max Crush 

(cm) 
Crush Difference 

(% of CIREN) 
Taurus vs Taurus 1 33 33.33 1.00% 
Taurus vs Taurus 2 33 33.46 1.40% 
SUV vs Taurus 3 41 42.12 2.73% 
SUV vs Taurus 4 24 24.85 3.56% 
SUV vs Taurus 5 30 30.14 0.46% 
SUV vs Taurus 6 64 60.01 -6.24% 
SUV vs Taurus 7 34 33.24 -2.24% 
SUV vs Taurus 8 62 58.53 -5.59% 
SUV vs Taurus 9 60 61.04 1.74% 
SUV vs Taurus 10 67 63.41 -5.36% 
SUV vs Taurus 11 49 48.30 -1.42% 
Truck vs Taurus 12 59 58.28 -1.23% 
Truck vs Taurus 13 45 43.87 -2.52% 
Truck vs Taurus 14 29 29.97 3.35% 
Truck vs Taurus 15 58 55.86 -3.69% 
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In the simulations, the delta-V values and the crush values did not both match the 

CIREN dataset.  Maximum crush was selected as the parameter to evaluate how well 

the simulation matched the CIREN case because it was a directly measured value in the 

case compared to DV, a calculated variable based on the crush profile of the vehicle.  

Johnson and Gabler analyzed crash tests to compare WinSMASH calculated DV to 

recorded DV from vehicle instrumentation.  In these tests, the DV values calculated from 

WinSMASH were higher than the recorded DV values from the instrumentation.9  The 

resulting DVs from the crash simulations followed a trend consistent with this finding.  

Most simulation maximum crush values would match within 5% but the simulation DV 

values (comparable to the instrumentation measured DV in the crash tests) were lower 

than the calculated DV for the CIREN cases.  Table 5-II compares the CIREN to 

simulation DV with the total as well as longitudinal (long) and lateral (lat) components. 

Table 5-II: Simulation matrix with the resulting DV as compared to the WinSMASH calculated DV.  
The rows highlighted in light grey were below the CIREN maximum crush value by more than 5%. 

Sim Type Sim # 
Total DV 

(kph) 
Lat DV 
(kph) 

Long DV 
(kph) 

Sim  
Total DV 

(kph) 

Sim  
Lat DV 
(kph) 

Sim  
Long DV 

(kph) 
Taurus vs Taurus 1 28 18 21 35.98 26.80 29.53 
Taurus vs Taurus 2 21 18 11 17.11 22.21 17.72 
SUV vs Taurus 3 42 41 7 26.14 33.96 9.49 
SUV vs Taurus 4 27 27 5 14.30 26.16 15.89 
SUV vs Taurus 5 24 24 4 18.40 33.08 17.35 
SUV vs Taurus 6 51 50 9 35.75 50.54 19.14 
SUV vs Taurus 7 37 36 6 19.53 35.58 21.47 
SUV vs Taurus 8 43 40 15 22.56 34.80 24.89 
SUV vs Taurus 9 55 52 19 31.94 47.31 32.96 
SUV vs Taurus 10 23 23 4 56.32 57.32 14.13 
SUV vs Taurus 11 37 35 13 22.72 30.56 17.18 
Truck vs Taurus 12 38 36 13 24.56 31.93 19.61 
Truck vs Taurus 13 35 33 12 17.87 26.18 17.64 
Truck vs Taurus 14 29 29 5 13.98 17.64 8.44 
Truck vs Taurus 15 52 52 0 33.46 37.48 14.22 
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5.3.1 Lung High Strain Distribution 

In the higher severity cases, the lung elements were commonly the source of model 

instability with negative volumes occurring within the tissue.  The lung tissue in THUMS 

version 4 used the LSDYNA *MAT_ELASTIC_FLUID material model.13  In this material 

type, the material was defined with the density, bulk modulus, tensor viscosity 

coefficient, and cavitation pressure.  In contrast, Gayzik et al used a 

*MAT_LUNG_TISSUE material model type.13  That material behavior was also 

determined by the density and bulk modulus; however, it had additional parameters to 

define a strain energy functional.  The additional parameters in this material model type 

have a deviatoric component that model the septa and surface tension within the lung.  

There is a another component that describes the hydrostatic response of the tissue.5, 6  

Future work will evaluate the applicability of the Gayzik material model to the THUMS 

model.  Initial simulations with the Gayzik material model used in place of the THUMS 

lung material model were not stable.  For all simulations in the current study, the original 

THUMS lung material model was used. 

The matched segmentation and modeling results demonstrated variations in the location 

of the volume selected.  As an example Figure 5-9 and Figure 5-10 illustrate the 

matched segmentation and modeling results for first principal strain in the HA lung tissue 

volume.  This metric captures an area more anterior to the volume measured in the 

scans.  Some of this variation was due to atelectasis in the posterior aspect of the lung 

because of the patient orientation (lying on their back) during scan acquisition.  For 

comparison, the PC isolated mask had a lower volume of selected tissue and while the 

location of the contused tissue was more superior, there was still a small volume of 

selected tissue in the posterior aspect of the lung.  There was an isolated grouping of 

contusion that was visible in the simulation and the case occupant in the inferior lateral 
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section of the left lung.  Figure 5-11 and Figure 5-12 illustrate the matched CIREN and 

simulation results for this isolated PC case. 

  

Figure 5-9: CIREN case high attenuation lung 
volume segmented from the patient CT scan. 

Figure 5-10: Matched volume of the highest first 
principal strain elements in the matched 

simulation. 

  

Figure 5-11: CIREN case isolated PC volume. Figure 5-12: Matched PC volume with highest first 
principal strain elements highlighted. 
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Gayzik et al. found that the best predictor of pulmonary contusion in rodents from 

matched experimental and computational simulation was the product of first principal 

strain and strain rate.5  When this metric was examined for the same CIREN case 

(Figure 5-13 and Figure 5-14) there were more elements in the superior group of high 

strain elements.  Work is ongoing to further quantify the high strain element distribution 

and location by using the methods described in Chapter 4, lung atlas registration. 

  

Figure 5-13: CIREN pulmonary contusion volume 
for side by side visual comparison (same picture 

as Figure 5-11). 

Figure 5-14: Simulation results of the highest 
first principal strain times strain rate elements 

with matched volume to the CIREN PC. 

Due to the lack of a quantitative measure of location and distribution, no optimal metrics 

were selected through a comparison of locations between the FEM results and the case 

occupant medical imaging data; however, the following metrics were excluded from 

further consideration: maximum principal stress, maximum shear stress, octahedral 

shear stress, and triaxial mean strain.  The tissue selected using these metrics was 

diffusely spread throughout the lobe of the lung as shown in the maximum principal 

stress results (Figure 5-15).   
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A. B. 

  
 

C. D. 
Figure 5-15: Maximum principal stress results from the simulation output analysis (right- A. and 

front- D.) compared to the occupant segmentation (right- B. and front- D.). 

There were some trends in high metric element simulation location compared to 

segmented occupant injured tissue location that could be determined through a 

qualitative visual assessment.  For the majority of the case occupant injured tissue, there 

were isolated sections of tissue within the lung and as well as a more diffuse section of 

injured tissue in the posterior aspect of the lung.  In the simulation results, there were 

rarely selected elements in the posterior aspect of the lung.  The postulated cause of this 

difference in the distribution is due to the inflammatory nature of the lesion and the 

position of the case occupant in the hours following the impact.  As the occupant was in 

a hospital bed following the MVC, the fluid within the lung has the opportunity to move to 

the posterior aspect of the lung. 
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5.3.2 Strain Metric Analysis 

5.3.2.1 Volumetric Strain Metric Selection 

The thresholds calculated for each case based on the CIREN volume of injured tissue 

were analyzed to determine which one was the best predictor of PC based on a 

volumetric analysis.  The mean threshold, standard deviation of the threshold values, 

minimum and maximum value, and coefficient of variance were calculated and 

compared between the various metrics.  The best metric based on the volumetric 

analysis was determined to be the one with the least variation in the calculated threshold 

across simulations as measured by the coefficient of variance.  This property was 

considered indicative of the applicability of that metric to a wide range of impact 

conditions.  Table 5-III lists the results of this analysis ranked in order of the coefficient of 

variance. 

Table 5-III: Simulation metric threshold analysis results. 

Strain metric Mean 
Threshold

Minimum 
Value 

Maximum
Value 

Standard  
Deviation 

Coefficient 
of Variance

1st Principal  
Strain 0.60 0.31 0.93 0.18 0.29 

Maximum Shear  
Strain 0.64 0.32 1.00 0.19 0.30 

First Principal  
Strain Rate (1/s-1) 44.39 21.17 71.60 15.87 0.36 

Maximum Shear  
Rate (1/s-1) 47.67 20.48 75.61 17.60 0.37 

First Principal  
Strain x Rate (1/s-1) 19.00 4.32 39.01 10.60 0.56 

Shear Strain x  
Rate (1/s-1) 22.31 4.81 46.28 13.13 0.59 

For an additional analysis the thresholds were plotted against three measures of crash 

severity: DV, lateral DV, and maximum crush.  The purpose of that analysis was to 

determine if the threshold was correlated to increases in crash severity. Figure 5-16 is 

an example of the distribution of the metrics as related to maximum crush, the variable 

used for optimizing the simulation to the CIREN results.  The remainder of these plots 
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and the histograms of each metric are included in Appendix 1.  In these selected 

variables, the histograms and threshold plots did not demonstrate any dependence of 

the threshold on crash severity as measured by maximum crush.  

 

Figure 5-16: Plot of the first principal strain threshold for each simulation as a function of maximum 
crush.  The black line is the mean threshold with the red lines denoting plus and minus one standard 

deviation from this mean. 

Given these results, the first principal strain and the product of first principal strain and 

strain rate were further evaluated.  Base on the threshold coefficient of variance, the first 

principal strain metric had the most consistent threshold value across the simulations.  

Therefore, based on a volumetric analysis alone, this was considered the volumetric 

best metric for prediction of PC.  This metric selection did not include a quantitative 

assessment of high strain element location.  Gayzik et al. found that in matched 

experimental and computational modeling the metric that best predicted the volume and 

distribution of PC was first principal strain times strain rate.6  PC is thought to be 

dependent on the strain rate and Gayzik’s metric takes this biomechanical mechanism 

into account.  Because of these two factors, the first principal strain times strain rate 

metric was included in an additional analysis. 
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5.3.2.2 Metric Correlation to Crash Parameters 

The final component of the volumetric injury analysis was using the thresholds 

calculated in the previous step to determine the predicted volume of PC for each case.  

The thresholds used in this analysis were first principal strain equal to 0.60 and the 

product of first principal strain and rate equal to 19.00 (s-1), these values are highlighted 

in Table 5-III.  Using these thresholds, a predicted volume of PC was calculated for each 

simulation.  This volume was the total volume of tissue that had an element at any time 

that exceed the specified strain threshold; thus, it was considered injured for the 

analysis.  The resulting volume was plotted as a function of crush, total DV, and lateral 

DV to determine if there was a relationship between the predicted simulation volume of 

PC and the crash metrics.  The linear regression for these variables does not account for 

the location of the crush or the size of the occupant.  Changing these variables would 

alter the volume of the PC given the same maximum crush.  The points that are not 

close to the regression line were postulated to have a variation in one of these variables.  

However, the high R2 of the linear regression, even when these different types of 

simulations were grouped, was indicative of a metric that was predictive of PC over a 

range of input values. 

There was a linear relationship between the maximum crush and the predicted PC 

volume as shown in Figure 5-17.  The regression of PC versus crush with PC calculated 

based on the product of strain and strain rate metric had the highest R2 value of 0.72 for 

the linear fit.  This relationship was highly significant with a p-value of <0.001 at an α of 

0.05.  The best fit for the relationship between the DV types (total and lateral) and 

percent volume was an exponential fit.  The R2 values of the exponential fits were lower 

with the highest R2 of 0.48.  This finding is consistent with the previous work on 
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correlating crash parameters to occupant volume of contusion.4  In this work crush was 

found to be a more significant predictor of contusion than the DV.   

 

Figure 5-17: Plot of the calculated simulation PC lung volume, using the injury thresholds developed 
in the previous section, versus simulation crush. 

To investigate how the volume distribution changed with the strain metrics for the 

different cases, plots of the cumulative volume over the full-range of the injury metric 

values were created (Figure 5-18 and Figure 5-19).  These plots illustrated the larger 

variability in the volume versus strain metric between the cases when using the product 

of the first principal strain and strain rate metric. 
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From the initial linear relationship an early threshold for maximum crush can be 

calculated for injury prevention.  The predicted maximum crush for a predicted 20% 

volume of lung contusion, a clinically significant threshold for the risk of developing 

ARDS, is 57.6 cm for the first principal strain metric and 61.3 cm from the product of first 

principal strain and strain rate metric.  Future work will focus on expanding this type of 

analysis correlating crash parameters to clinically significant levels of injury. 

5.3.2.3 Comparison to Previous Metrics 

The threshold calculated for the first principal strain using the CIREN data was higher 

than the value calculated by Gayzik (0.60 versus 0.28).  In contrast, the product of the 

first principal strain with the strain rate threshold is lower (19.0 versus 94.5).  This 

difference suggests that the difference in the material properties of the lung tissue used 

in the simulations changed the response of the lung tissue.  The model used by Gayzik 

had more parameters based on experimental data where the THUMS material model 

had limited parameters to adjust.  Therefore, that model response metrics should be re-

evaluated when different material models are used.  Future research will include the 

  
Figure 5-18: First principal strain cumulative 

volume plot. 
Figure 5-19: First principal strain time strain rate 

cumulative volume plot. 
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substitution of a different material model into THUMS lung parts to evaluate the change 

in response. 

5.3.3 Simulation Assumptions and Future Work 

The simulation work required several assumptions and simplifications due to the 

limitations of the models and the available crash data.  The use of a Ford Taurus for all 

sedans was necessary because of the limited number of vehicle models.  While the 

mass scaling and body style differences does introduce some uncertainty into the 

results, the advantages of using this model include the vehicle detail contained in the 

model and validation against crash test data.  Slight differences in the actual crush 

location are mitigated through the extensive and distributed crush seen in the crashes 

simulated that were relatively severe.  Future work will continue to investigate the 

similarities and differences between the simulation results and the CIREN cases.  Some 

of the specific areas for further research are door stiffness comparison calculations and 

full crush profile mapping to further demonstrate similar simulation to real world results 

or to guide minor model modifications. 

The simulated CIREN pulmonary contusion dataset was largely reduced from the initial 

set of CIREN occupants studied for pulmonary contusion volume and distribution.  This 

was due to conservative case selection for the initial modeling effort.  Future efforts will 

expand the dataset by four more cases with the simulation of sedan to tree impacts.  

Another source of a large number of discard cases was the requirement that the struck 

vehicle be a sedan.  Future simulations could integrate a generic seat configuration in 

the existing SUV, truck, and van models. 

The last portion of this study was the comparison of the distribution and location of high 

stress and strain elements within the lung.  This analysis was based the volume of high 
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attenuation lung measured in the crash occupant.  Further work on this analysis will 

include a more extensive investigation of the centroid location and distribution of the 

lesion as compared to the high stress and strain elements.  

5.4 Conclusions 

Fifteen real world CIREN crashes were simulated using an occupied vehicle to vehicle 

impact to analyze the best metric for prediction of pulmonary contusion.  These 

simulated cases closely matched the measured CIREN maximum crush value for the 

crash and the simulations completed a 200 millisecond crash event with no instabilities.  

The primary cause of instabilities in the discarded cases and with increased severity in 

the kept cases was element negative volume in the occupant lung or the striking vehicle 

front bumper due to extensive deformation.  The injury metrics analyzed for predicting 

PC from the simulation results were first principal strain and the product of maximum 

strain and strain rate.  The metric that was most predictive using a volumetric 

assessment was first principal strain; however, this did not take into account the 

similarity of the element distribution between the FEM and the CIREN case.  In a linear 

regression model, these metrics had a statistically significant relationship to vehicle 

crush with R2 values over 0.71.  From these linear models, a maximum crush of 57.6 

and 61.3 cm was calculated as the threshold to prevent 20% volume of pulmonary 

contusion, a significant predictor of increased risk of ARDS. 

  



131 
 

5.5 References 

[1] National Crash Analysis Center, "Finite Element Model of Ford Taurus, Model 

Year 2001, Version 3,"  2008. 

[2] National Crash Analysis Center, "http://www.ncac.gwu.edu/vml/models.html," 

2011. 

[3] Cesari, D. and R. Bouquet, "Behaviour of Human Surrogates Thorax under Belt 

Loading. SAE902310," 1990. 

[4] Danelson, K. A., C. Chiles, A. B. Thompson, K. Donadino, A. A. Weaver, and J. 

D. Stitzel, Correlating the extent of pulmonary contusion to vehicle crash 

parameters in near-side impacts, Ann Adv Automot Med, vol. 55: pp. 217-30. 

[5] Gayzik, F. S., J. J. Hoth, M. Daly, J. W. Meredith, and J. D. Stitzel, A finite 

element-based injury metric for pulmonary contusion: Investigation of candidate 

metrics through correlation with computed tomography, Stapp Car Crash J, vol. 

51: pp. 189-209, 2007. 

[6] Gayzik, F. S., J. J. Hoth, and J. D. Stitzel, Finite element-based injury metrics for 

pulmonary contusion via concurrent model optimization, Biomech Model 

Mechanobiol, vol. 10: pp. 505-20, 2011. 

[7] Gayzik, F. S., R. S. Martin, H. C. Gabler, J. J. Hoth, S. M. Duma, J. W. Meredith, 

and J. D. Stitzel, Characterization of crash-induced thoracic loading resulting in 

pulmonary contusion, J Trauma, vol. 66: pp. 840-9, 2009. 

[8] Gordon, C. C., T. Churchill, C. E. Clauser, B. Bradtmiller, J. T. McConville, I. 

Tebbetts, and R. A. Walker, "1988 Anthropometric Survey of U.S. Army 



132 
 

Personnel: Methods and Summary Statistics," U. S. Army Natick Research, 

Development and Engineering Center 1989. 

[9] Johnson, N. S. and H. C. Gabler, Accuracy of a Damage-Based Reconstruction 

Method in NHTSA Side Crash Tests, Traffic Injury Prevention (in press, available 

online 11/9/2011). 

[10] Schaefer, K. E., P. M. Wilbur, C. C. Charles, and A. L. Averill, Mechanisms in 

Development of Interstitial Emphysema and Air Embolisms on Decompression 

From Depth, Journal of Applied Physiology, vol. 13: pp. 15-29, 1958. 

[11] Kroell, C., D. Schneider, and A. Nahum, "Impact Tolerance and Response of the 

Human Thorax," in 15th Stapp Car Crash Conference, 1971, pp. 84-134. 

[12] Kroell, C., D. Schneider, and A. Nahum, "Impact Tolerance and Response of the 

Human Thorax II," in 15h Stapp Car Crash Conference, 1974, pp. 84-134. 

[13] LSTC, LS-Dyna Keyword User's Manual: Livermore Software Technology 

Corporation, April 2003, v. 970, 2003. 

[14] Siegel, J. H., A. Belwadi, J. A. Smith, C. Shah, and K. Yang, Analysis of the 

mechanism of lateral impact aortic isthmus disruption in real-life motor vehicle 

crashes using a computer-based finite element numeric model: with simulation of 

prevention strategies, J Trauma, vol. 68: pp. 1375-95, 2010. 

 

  



133 
 

5.6 Chapter 5, Appendix 1 

 

Figure 5-20: First principal strain versus maximum crush.  The black line is the mean threshold, the 
red lines plus and minus one standard deviation from the mean 

 

Figure 5-21: Histogram of the threshold distribution for first principal strain. 
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Figure 5-22: Maximum shear strain versus maximum crush.  The black line is the mean threshold, 
the red lines plus and minus one standard deviation from the mean 

 

Figure 5-23: Histogram of the threshold distribution for maximum shear strain. 
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Figure 5-24: First principal strain rate versus maximum crush.  The black line is the mean threshold, 
the red lines plus and minus one standard deviation from the mean 

 

Figure 5-25: Histogram of the threshold distribution for first principal strain rate. 
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Figure 5-26: Maximum shear strain rate versus maximum crush.  The black line is the mean 
threshold, the red lines plus and minus one standard deviation from the mean 

 

Figure 5-27: Histogram of the threshold distribution for maximum shear strain rate. 
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Figure 5-28: First principal strain times strain rate versus maximum crush.  The black line is the 
mean threshold, the red lines plus and minus one standard deviation from the mean 

 

Figure 5-29: Histogram of the threshold distribution for first principal strain times strain rate. 
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Figure 5-30: Maximum shear strain times strain rate versus maximum crush.  The black line is the 
mean threshold, the red lines plus and minus one standard deviation from the mean 

 

Figure 5-31: Histogram of the threshold distribution for maximum shear strain times strain rate. 
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SUMMARY 

Contributions 

This work has contributed to the analysis of pulmonary contusion in motor vehicle 

crashes.  The analysis of pulmonary contusion is difficult in PMHS due to the 

inflammatory nature of the lesion.  As a surrogate, many studies in the past have utilized 

animal models to better understand the mechanisms of injury.  This study expands on 

this research though the analysis of human subjects involved in MVC.  The matched 

simulation outcome to real-world patient outcome will be a critical component in the 

development of an injury criterion based on finite element metrics. 

In Chapter 1 and 2 a method for determining volume of high attenuation lung and 

pulmonary contusion was presented.  The high attenuation lung evaluation was based 

on a semi-automated segmentation technique.  The pulmonary contusion segmentation 

was a continuation of high attenuation lung evaluation with import for a board certified 

radiologist that specialized in thoracic CT to positively identify areas of pulmonary 

contusion.  This added specificity the existing automated techniques.  This technique 

was applied to analyze CT data from MVC occupants in the CIREN database.  The 

advantage of this comparison was the extensive crash data available for these case 

occupants.  This allowed for the correlation of crash parameters to volume of pulmonary 

contusion.  In this section, a new measurement was developed to determine the 

distance between the occupant’s lung and the maximum crush of the vehicle.  In near-

side impact, maximum crush was the most significant predictor for high attenuation lung 

and crush location was most significant for pulmonary contusion. 

Chapter 3 described the development of a pulmonary surrogate.  This prototype 

expands on possible measurement techniques for pulmonary contusion.  The geometry 

for the surrogate was based on an approximately 50th percentile male individual.  The 
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surrogate was characterized to calculate location and speed of impact given pressure 

measurements within the lobes of the prototype.  Characterization testing indicated an 

approximately linear relationship between peak lobe pressure and surface impact speed, 

with no type I or II errors demonstrated during lobe detection testing.  During 

repeatability testing, the standard deviation was between 2% and 4% of the mean peak 

pressure. 

Chapter 4 described a lung atlas registration methodology to determine the location and 

distribution of pulmonary contusion in an atlas based coordinate system.  This analysis 

technique was a method to analyze all occupants after differences in occupant size and 

shape have been removed; thus, isolating the PC location difference.  The registration 

protocol provided to be robust with all cases successfully registered to the lobe atlas.  

The lobe was further divided into broncho-pulmonary segments to further evaluate the 

location of pulmonary contusion within the components of the lung. 

The final component of this work was simulations matched to CIREN cases, Chapter 5.  

In this study, a subset of the cases evaluated for volume and distribution of PC were 

selected for simulation.  Occupied full vehicle to vehicle simulations were conducted with 

the THUMS FEM, an advanced full body model with internal organs.  The simulations 

were iteratively improved based on the maximum crush extent and location of the 

CIREN case.  Following the simulations, the lung parts of the occupant model were 

analyzed over a range of stress and strain values.  This analysis investigated the 

distribution and location of the high stress and strain elements based on a volumetric 

threshold determined from the previous segmentation work.  First principal strain was 

the best metric for PC prediction given a volumetric assessment.  Future work will 

incorporate a spatial analysis.  Using first principal strain and the product of first principal 

strain and strain rate, an initial maximum crush threshold in near side impact to prevent 
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20% or great PC was 57.6 cm or 61.3 cm, depend on the strain metric used.  Given a 

metric and extensive patient outcome data, a FE metric base injury criterion for PC 

prediction can be developed. 

Directions for Future Work 

The synthesis of this work will results in an injury criterion for PC prediction following 

motor vehicle crash.  The initial framework for development of the criterion is in place, 

with the final synthesis of the components as the last step in the process.   

The lung registration analysis will be used in future work to more fully quantify the 

pulmonary contusion location instead of basing comparisons solely on volumetric values.  

Using a similar methodology as in the volumetric studies, the correlation between 

various crash parameters and the location and extent of pulmonary contusion can be 

evaluated to determine if the most predictive parameters for volume are the same as for 

location.  Additionally, the matched simulation to CIREN cases will also be analyzed 

based on lesion location.  Following this analysis, the selection of the finite element 

metric that best predicts pulmonary contusion will be more accurate.  This final metric 

will be used in the development of the PC injury criterion. 

Volume of pulmonary contusion has been significantly correlated to patient outcome with 

high volume of contusion leading to a higher risk of developing ARDS.  The location 

analysis techniques can be applied to determine if the location of contusion has a similar 

clinical significance. 
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18. DoD Brain Injury Computational Modeling Expert Panel meeting, Laurel, MD, 

December, 2010. 
19. Head Protection Summit, Fort Belvior, VA, February 2011. 
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Patent, July 2007). 

 
PROFESSIONAL MEMBERSHIPS: 
 
IEEE Engineering in Medicine and Biology 2006- Present 
AAAM    2008- Present 
ASB    2008- Present 
SAE    2009- Present 
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individuals.  
  
 


