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Abstract

:

Purpose: To study the respective contributions and correlations of autopsy and PMCT in fatal ballistic injuries. Methods: A single-center retrospective descriptive study was carried out over a 10-years period (2008–2017) that included cases of fatal ballistic injuries that had undergone unenhanced PMCT followed by autopsy. In addition to demographics, the main data collected independently at autopsy and PMCT were the number of injuries, their trajectory, distances from the sole of the feet of the entry and exit wounds, projectile caliber and gunshot residue, detailed examination of the injuries, and detection of effusions. Results: Initially, 225 cases were included, of which 158 complete records were analyzed. The mean age of the victims was 41.5 years, and 93% were male. PMCT and autopsy findings were concordant concerning the number of injuries, their trajectory, and distance of the entry and exit wounds from the sole of the feet. Findings were not concordant regarding gunshot residues on the skin (autopsy more efficient) or detection of effusions (PMCT more efficient). The limitations of PMCT were the positioning of the limbs outside the field of acquisition and the impossibility of reliably determining the caliber of the projectiles. Some discrepancies were related to occasionally missing autopsy data, particularly the distance from the sole of the feet or measurements of the volume of effusion. Conclusions: This study provides more detailed knowledge of the accordance of autopsy and PMCT in analyzing fatal ballistic injuries.
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1. Introduction


Medical imaging, and especially computed tomography (CT), is a tool whose contribution is now recognized in forensic medicine, notably in the analysis of ballistic injuries [1,2,3,4,5,6]. Unlike autopsy, which is usually performed once, save from some exceptions, postmortem CT (PMCT) images can be reviewed, shared, or used as a source of demonstrative 3D images in a court setting [7]. Few large series evaluating the contribution of PMCT to the analysis of death by firearms have been published [8,9,10,11]. Nevertheless, this tool is increasingly accessible worldwide, whether in regard to cost, speed of acquisition, or the number of devices. In parallel, the number of deaths by shooting increases every year [12]. The possibility of using PMCT in the context of terrorism has also been suggested [13]. Our aim was to study the respective contributions and correlations between autopsy and PMCT findings in fatal ballistic injuries.




2. Materials and Methods


We carried out a single-center retrospective descriptive study from September 2008 to September 2017. PMCT records were extracted from the radiological information and the digital archiving systems of our institution, and we consulted the autopsy reports of the forensic medicine department. Primarily, we included all cases of fatal ballistic injuries that had undergone unenhanced PMCT followed by autopsy. Secondarily, we excluded cases where charring and/or putrefaction were too advanced for PMCT examination to be informative: those where the autopsy report was not yet available; those which, before PMCT and autopsy, had undergone surgery that could modify the characteristics of the injury; and those that had received more than 7 ballistic injuries (more than 7 trajectories or more than 7 projectiles at autopsy).



2.1. Autopsy Data


We collected the following epidemiological data, based on the autopsy reports: gender, date of birth, date of death (or date of an autopsy if the date of death was uncertain), and whether the death was due to homicide or suicide. The caliber of the projectile was recorded from autopsy and, where applicable, from the ballistic expert report. The range of discharge of a firearm (contact and close range) was recorded where applicable.




2.2. Imaging Data


The CT devices used were a Siemens Somatom Definition (Siemens Healthineers headquarters: Erlangen, Germany) and a General Electrics Optima CT 660 (GE Healthcare headquarters: Chicago, IL, USA).



The acquisition protocol was as follows:




	-

	
anteroposterior scout view with the body in a supine position, arms resting along the body.




	-

	
unenhanced cervicocranial acquisition, in contiguous 1-mm sections, processed to obtain reconstructions of the skeleton and brain parenchyma in contiguous 3-mm axial sections.




	-

	
unenhanced acquisition, in 1-mm sections, from the cervical region to the soles of the feet, processed to obtain reconstructions of the skeleton, mediastinum, and lung parenchyma in contiguous 5-mm axial sections.




	-

	
multiplanar reconstructions (MPR) and maximum intensity projection (MIP) reconstructions.









The technical parameters were as follows:




	-

	
Tube voltage: 120 kVp.




	-

	
Tube current: 1000 mAs for the cervicocranial acquisition and 300 mAs for the whole-body acquisition.




	-

	
Soft and hard kernels for both acquisitions.










2.3. Complementary Ballistic Analysis


The following data were collected blindly from the PMCT data and the autopsy report, using the same methodology: number of projectiles, number of injuries, trajectory of the projectile within the body, distance from the sole of the feet of the entry or exit wounds, and gunshot residue on the body and clothing if present.



On PMCT, the search for the projectile began with the scout view analysis and was refined by reading all multiplanar reconstructions. If separated, the core of a projectile and its jacket were counted as a single projectile.



At both autopsy and CT, we described the trajectories in the three spatial planes, according to the method used by forensic pathologists: the trajectory could be upward or downward, towards the left or the right, in an anterior or posterior direction, according to a reference plane showing an individual in the anatomical reference position: standing erect, with the arms at the sides of the body and palms facing forward.



If one, two, or all three trajectory wounds were not recorded in the autopsy report, we considered that the trajectory was not described by autopsy.



We used various landmarks and semiological features to identify the trajectories and surface wounds [9,10].



On CT, the distance from the wound orifices to the soles of the feet was measured by selecting the sagittal view of the whole-body scan and then using the MIP function to obtain an image composed of the skeleton and a summary view of the surrounding soft tissue. We then used the axial plane proposed by the software to place a landmark on the surface wound and measured the distance between this point and the sole of the foot on the sagittal MIP view. At autopsy, these distances were directly measured.




2.4. Injury Analysis


Injuries were described in each body segment, from the cranium to the sole of the feet, by examining various vascular structures (thoracic and abdominal aorta, supra-aortic arterial trunks, mesenteric vessels, inferior vena cava), as well as each organ, each bone segment and search for effusion adjacent to solid intra-abdominal organs. We sought and quantified hemothorax and hemoperitoneum and described pneumoperitoneum. Effusion volume was measured using the appropriate module of the reconstruction software (manual measure, image by image, on axial views).



Injuries were detailed following the same descriptive protocol at autopsy and PMCT.



Brain lesions identified were parenchymal lesions, subarachnoid hemorrhage, subdural hematoma, extradural hematoma, and intraventricular hemorrhage.



Cervical injuries identified were injuries of the supra-aortic arterial trunks and laryngeal cartilage injury.



Thoracic injuries identified were injuries of the heart and the right or left lung, hemopericardium, hemothorax, and left or right pneumothorax.



Each solid intra-abdominal organ was examined, looking for perforation of the stomach, small intestine, and colon, and injury of the thoracic and abdominal aorta, bladder, root of the mesentery, and inferior vena cava. Effusion adjacent to each intra-abdominal organ was recorded if present [14].



The following bone injuries were detailed: fractures of the cranial vault, facial bones, base of the skull; cervical, thoracic, lumbar, and sacral spine; thoracic and pelvis girdles; ribs; upper and lower limbs.



Autopsies were performed by the forensic pathologists of our institution (>15 different people), with various experience in ballistic deaths. Most of them did not benefit from the PMCT data at the time of the autopsy. Forensic pathologists worked in pairs on each autopsy.



CT data were analyzed by a resident in radiology with 2.5 years experience in PMCT, blinded from the autopsy report.




2.5. Statistical Analysis


Categorical variables are presented as numbers (%). Quantitative variables are presented as mean ± standard deviation. Agreement between CT and autopsy was evaluated using Cohen’s kappa coefficient (κ) for binary variables and the intraclass correlation coefficient (ICC) for quantitative variables [15]. All analyses were carried out using IBM SPSS Statistics 20.0 software (IBM Inc., New York, NY, USA). For all two-tailed tests, a p-value less than 0.05 was considered statistically significant.





3. Results


We initially recruited 225 cases. Secondly, 10 cases were excluded because of excessive charring, 1 for advanced putrefaction, 4 because PMCT images could not be accessed (PACS storage errors), 2 because the autopsy report was missing, 5 because surgery had been performed before CT scan and autopsy, and 45 because there were more than 7 injuries. Finally, 158 cases were analyzed. The demographic characteristics are in Table 1.



Wounds corresponded to cutaneous defects associated with subcutaneous emphysematous air. The blood pathway appeared as linear hyperattenuation within muscle masses or the brain parenchyma. In solid organs and the lungs, the pathway was identified by the presence of additional air.



When a projectile fractured a bone, some wound pathways could be reconstructed from the fragments produced. Some pathways could also be deduced from a beveling orifice in the cranial vault as the cone widens in the projectile’s trajectory.



Autopsy reports revealed varied specific calibers: 39 cases involved a 12 gauge, 31 cases involved a 9 mm, 14 cases involved a 7.62 mm, 9 cases involved a 0.22 Long Rifle, 3 cases involved a 0.45, 3 cases involved a 0.38 special, and 1 case involved a 0.357 Magnum. Some autopsy reports did not specify the caliber involved: the caliber was designated as “small”, “medium”, “large”, or “unspecified”.



PMCT was concordant with an autopsy for the number of projectiles (ICC = 0.660), number of injuries (ICC = 0.700), their trajectory (κ ≥ 0.925), and the distance from the soles of the feet to the entry and exit wounds (ICC ≥ 0.993).



PMCT and autopsy were also concordant regarding brain injury (ICC = 0.893), mediastinal injury (ICC = 0.914), lung parenchyma injury (right lung κ = 0.958, left lung 0.973), intra-abdominal solid organ injury (ICC = 0.969), thoracic aorta injury (κ = 0.886), abdominal aorta injury (κ = 0.794), skull fractures (ICC = 0.996), and lower limb bone fractures (left lower limb ICC = 0.662, right lower limb ICC = 0.927).



Concordance between PMCT and autopsy was more variable regarding spinal fractures (cervical spine κ = 0.589, thoracic spine κ = 0.844, lumbar spine κ = 0.766), sacrum (κ = 0.589), scapular fractures (right κ = 0.610, left κ = 0.445), fractures of the ischiopubic ramus (κ = 0.664), hemopericardium (κ = 0.762), injury of the supra-aortic arterial trunks (κ = 0.613), hand fractures (right κ = 0.738 and left κ = 0.744), perforation of the small intestine (κ = 0.609), or colon (κ = 0.633).



PMCT and autopsy were not concordant regarding gunshot residue on the skin (κ = 0.278) where the CT scan was inferior, and pneumothorax (right κ = 0.306, left κ = 0.301) and detection of hemoperitoneum related to solid intra-abdominal injury (ICC = 0.293) where the autopsy was inferior. The autopsy was also inferior for detecting inferior vena cava injury (κ = −0.017).



Table 2 reports all lesional items and the number of times they were identified on the autopsy and CT scan data. The ICC and kappa were derived from Table 2.



Figure 1, Figure 2 and Figure 3 show correlations between CT scan data and autopsy photographs.




4. Discussion


We report the largest series [8,9,10,11] that evaluates the respective contributions, correlations, and discrepancies of unenhanced PMCT and autopsy in cases of firearm deaths.



PMCT and autopsy showed very good agreement overall, whether in the description of the location of projectiles or the number and direction of wounds, as in the literature [16,17,18,19,20].



Unlike a previous study [14], we found the two techniques were concordant in describing injuries of solid intra-abdominal organs, probably because the bullet path could be followed through the organs, which is not the case with non-penetrating trauma. This finding may be due in particular to the experience and training (more than 1200 cases in 10 years) of our radiological team. PMCT was efficient for the detection of bone fractures, in particular of deep bones such as the pelvic bones or the first cervical vertebrae, as reported [21]. These structures require deep dissection to be revealed at autopsy.



Injuries of the inferior vena cava were very few in number, which may have led to the lack of agreement. (Figure 4).



The discrepancy in detecting pneumothorax, where PMCT is reported to be informative [22,23,24], may be explained by the difficulty for forensic pathologists to ascertain the traumatic origin of pneumothorax after opening the chest cavity. The systematic lung retraction when the chest cavity is opened makes it difficult to correlate with a ballistic trajectory.



The discrepancy in detection and precise quantification of liquid effusions may be related to loss of liquid when the cavities are opened, to variable quantification of blood when it begins to clot, and to potential contamination between cavities when both hemothorax and hemoperitoneum are present.



The major discrepancies between PMCT and autopsy in the detection and quantification of gaseous and liquid effusions could suggest PMCT as the gold standard in such cases [25]. Evaluation of effusions (whether liquid or gaseous) on PMCT images is extremely precise, thanks to the digital post-processing tools available. Also, key images saved from the CT images can provide tangible evidence of the quantity of effusion.



The limitations of PMCT were the position of the limbs outside the field of acquisition and the impossibility of reliably determining the caliber of the projectiles. Projectiles are almost always deformed on impact, whether by an intervening surface (car door, bone) or by the metallic artifacts inherent to volume acquisition and X-rays. Moreover, our analysis of the autopsy and ballistic reports showed differences between the calibers related to the complexity and variety of existing calibers. PMCT can detect small metal fragments [16], whereas autopsy requires time-consuming exploration to identify all the foreign bodies.



Some entry or exit wounds located on the victims’ backs were difficult to analyze on PMCT because of postmortem deformation and compression of cutaneous and subcutaneous tissues, by the body’s weight (scan performed in the supine position), and by the thickness of clothing.



Unlike CT scans, autopsy allowed the detection of gunshot residues during the description phase of the skin lesions.



One of the limitations was the exclusion of cases with more than 7 wound paths. Our experience showed that when injuries are too numerous, the body is extremely damaged, emphysematous bubbles are dispersed, the organs are fragmented, and it becomes difficult to identify individual trajectories precisely. The inclusion of these cases would have resulted in misleading statistical analysis.



Due to the large number of cases, we also determined that we could exclude bodies where charring and/or putrefaction were too advanced, in which bullet trajectories can be tricky to assess.



The literature shows that PMCT with the injection of contrast media, or postmortem CT angiography (PMCTA) [26,27,28,29], performs very well in the search for the cause of unexpected hospital deaths [30] or the detection of vascular injury [31]. Our study could potentially have detected a larger number of injuries if PMCT had been performed with contrast media. However, PMCTA techniques (costly and always time-consuming) are not currently available in most postmortem imaging centers. Thus, we considered it important to share the results obtained with the technique currently and most commonly used.



The demonstrative power of CT images, after analysis by an experienced radiologist, its potential and the issues at stake, could serve to build up a unique database. If PMCT were to be systematically performed in cases of firearm deaths and followed by the production of a standardized internationally validated report and 3D reconstructions, this could open the way to large-scale reflection on the issues of firearms and their prevention. Indeed, this standardized, validated report could allow harmonizing the practices on an international level by improving the performances of the PMCT and thus of the final autopsy report, which could use it as a complement of relevant information. The prosecution file could be supplemented by relevant images, notably by virtual reconstructions of crime scenes [32], supporting the conclusions of the autopsy report and the scientific police. Another advantage of CT is that it is more easily accepted in some religious communities than autopsy, while providing considerable information on the circumstances of death and enabling practices to become truly internationalized.




5. Conclusions


This study detailed the accordance of unenhanced PMCT and autopsy in analyzing ballistic injuries. PMCT agreed with the autopsy on the number and direction of surface wounds and pathways, as well as the description of injuries of the brain, heart, lungs, and solid intra-abdominal organs. In view of the major discrepancies observed in the detection and quantification of liquid and gaseous effusions, PMCT could be proposed where these are concerned. If carried out as an adjuvant to unenhanced PMCT, PMCTA could detect vascular and cardiac injuries that are less severe but are needed for exhaustive research of causes of death. Systematic PMCT after gunshot death could lead to international validation of a standardized report. The impact would not be restricted to an accurate description of injuries but would also serve to compile evidence for the prosecution, enriching our understanding of the mechanisms of ballistic injury and promoting prevention and education [33,34].
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Figure 1. Correlations between CT scan and autopsy concerning cephalic lesions (arrows) (A) left temporal lobe lesion, (B) left subdural hematoma. 
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Figure 2. Correlations between CT scan and autopsy concerning thoracic lesions (arrows) (A) heart lesion, (B) right lung lesion, (C) lesion of the posterior wall of the trachea. 
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Figure 3. Correlations between CT scan and autopsy concerning abdominal lesions (arrows), (A) right colon and right kidney lesions, (B) lesion of the head of the pancreas, (C) liver lesion. 






Figure 3. Correlations between CT scan and autopsy concerning abdominal lesions (arrows), (A) right colon and right kidney lesions, (B) lesion of the head of the pancreas, (C) liver lesion.
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Figure 4. IVC not visible under hepatic, in emphysematous changes (blue arrow). Abdominal aorta collapsed with the birth of the Superior Mesenteric Artery (white arrow). 






Figure 4. IVC not visible under hepatic, in emphysematous changes (blue arrow). Abdominal aorta collapsed with the birth of the Superior Mesenteric Artery (white arrow).
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Table 1. Study demographics. Sex ratio, homicide and suicide ratio, and mean age of the victims.
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Characteristics

	
Value




	
Men, No. (%)

	
147 (93)




	
Homicide, No. (%)

	
113 (71.5)




	
Suicide, No. (%)

	
45 (28.5)




	
Mean Age, year, Mean ± SD




	
Homicide

	
34.2 ± 13.3




	
Suicide

	
59.8 ± 14.6




	
All

	
41.5 ± 17.9
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Table 2. Lesional items. The left column lists all the lesional items identified on CT scan data and autopsy reports. The middle and right columns list the number of times these items were identified on CT scan data and autopsy reports.
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	Anatomic Items
	CT
	Autopsy





	Parenchymal brain lesion
	87
	87



	Subarachnoid hemorrhage
	77
	67



	Subdural hematoma
	8
	7



	Epidural hemorrhage
	0
	1



	Intra-ventricular hemorrhage
	62
	42



	Brain lesion
	234
	204



	Cardiac lesion
	34
	35



	Hemopericardium
	24
	26



	Supra-aortic trunks lesion
	19
	9



	Laryngeal cartilages lesion
	13
	12



	Right pneumothorax
	58
	15



	Right hemothorax
	61
	53



	Right lung lesion
	57
	54



	Left pneumothorax
	64
	17



	Left hemothorax
	68
	58



	Left lung lesion
	63
	61



	Pneumothorax
	122
	32



	Hemothorax
	129
	111



	Thoracic aorta lesion
	19
	21



	Abdominal aorta lesion
	6
	4



	Liver lesion
	34
	36



	Spleen lesion
	17
	15



	Pancreas lesion
	14
	16



	Right kidney lesion
	6
	7



	Left kidney lesion
	5
	5



	Solid intra-abdominal organ lesion
	76
	79



	Peri-liver effusion
	36
	1



	Peri-spleen effusion
	29
	3



	Peri-pancreatic effusion
	8
	6



	Peri-right kidney effusion
	5
	5



	Peri-left kidney effusion
	6
	0



	Effusion close to solid intra-abdominal organs
	84
	15



	Stomach perforation
	24
	22



	Small bowel perforation
	22
	12



	Large bowel perforation
	22
	11



	Bladder perforation
	2
	2



	Mesenteric lesion
	10
	12



	Inferior cava vein lesion
	4
	2



	Cranial vault fracture
	85
	85



	Paranasal sinuses fracture
	67
	66



	Basal skull fracture
	68
	69



	Skull fracture
	220
	220



	Cervical spine fracture
	24
	11



	Thoracic spine fracture
	36
	28



	Lumbar spine fracture
	13
	10



	Right clavicle fracture
	5
	5



	Right scapula fracture
	12
	7



	Left clavicle fracture
	9
	5



	Left scapula fracture
	10
	3



	Thoracic girdle fracture (scapula + clavicle)
	36
	20



	Sternum fracture
	13
	6



	Right rib fracture
	57
	52



	Left rib fracture
	64
	61



	Sacrum fracture
	7
	3



	Right ilium bone fracture
	8
	6



	Right iliopubic ramus fracture
	1
	1



	Right ischiopubic ramus fracture
	2
	1



	Left ilium bone fracture
	6
	3



	Left iliopubic ramus fracture
	2
	1



	Left ischiopubic ramus fracture
	2
	1



	Pelvic girdle fracture (sacrum + ilium + ischium)
	28
	16



	Right humerus fracture
	12
	12



	Right radius fracture
	1
	0



	Right ulna fracture
	0
	1



	Right hand fracture
	3
	5



	Right upper limb
	16
	18



	Left humerus fracture
	10
	13



	Left radius fracture
	2
	2



	Left ulna fracture
	3
	4



	Left hand fracture
	6
	10



	Left upper limb
	21
	29



	Right femur fracture
	6
	4



	Right tibia fracture
	1
	1



	Right fibula fracture
	1
	1



	Right foot fracture
	1
	1



	Right lower limb
	9
	7



	Left femur fracture
	2
	2



	Left tibia fracture
	1
	0



	Left fibula fracture
	1
	0



	Left foot fracture
	0
	0



	Left lower limb
	4
	2



	Shot residue on skin
	1
	6
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