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A B S T R A C T   

Lightning fatality identification relies primarily on soft tissue traumatic pattern recognition, prohibiting cause of 
death identification in cases of full skeletonisation. This study explores the effects of high impulse currents on 
human bone, simulating lightning-level intensities and characterising electrically induced micro-trauma through 
conventional thin-section histology and micro-focus X-ray computed tomography (μXCT). An experimental 
system for high impulse current application was applied to bone extracted from donated cadaveric lower limbs 
(n = 22). μXCT was undertaken prior to and after current application. Histological sections were subsequently 
undertaken. μXCT poorly resolved micro-trauma compared to conventional histology which allowed for iden
tification and classification of lightning-specific patterns of micro-trauma. Statistical analyses demonstrated 
correlation between current intensity, extent and damage typology suggesting a multifaceted mechanism of 
trauma propagation - a combination of electrically, thermally and pressure induced alterations. This study gives 
an overview of high impulse current trauma to human bone, providing expanded definitions of associated micro- 
trauma.   

1. Introduction 

Lightning is a common and often hazardous natural phenomenon. 
Real storm observation-based approximations suggest a worldwide 
lightning flash density of 6 flashes/km2/year [1]. However, higher 
lightning flash densities are seen in certain countries, such as South 
Africa with a rate between 10 and 15 lightning flashes/km2/year in 
some areas, likely due to the high altitude in the escarpment regions [2]. 

Lightning can result in substantial financial losses in damage to 
business and homeowners as well as loss of life. Recent estimates for the 
United States of America reported $790 million in damages being 
claimed from homeowners’ insurance for lightning–based damage in 

2015 alone [3]. In addition, lightning is implicated in the death of 
livestock, zoological garden and game park animals, resulting in sub
stantial financial costs [4]. Recorded lightning animal fatalities have 
included from as few as one, to as many as 850 animals in a single 
incident [4]. 

Global lightning fatality rates are elusive due to sporadic reporting 
and underreported figures from different countries [3,5]. The most 
recently available estimates, originating from 28 countries, suggest that 
between 4429 and 24,000 lightning fatalities occur annually worldwide 
[6]. The least affected countries appeared to be found in Europe, with 
annual fatality rates ranging between 0.1 and 0.4 deaths per million [3, 
6]. North America had similarly low fatality rates with the exclusion of 
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Mexico (2.7 deaths/million/year) [3,6]. In Asia, China and Japan re
ported relatively low fatality rates, while other countries indicated in
termediate fatality rates similar to Mexico and South American countries 
[3,6]. African countries, however, appear to have some of the highest 
fatality rates, with South Africa, Swaziland and Malawi reporting as 
many as 6.3, 15.5 and 84.0 deaths/million/year respectively [3,6]. This 
is due to several factors, including lack of ‘lightning safe’ infrastructure, 
high flash densities and poor safety awareness [3,7]. 

Lightning fatalities are often not as evident as fatalities from other 
large-scale weather events such as heatwaves, hurricanes, and flooding. 
This scattered and isolated nature of individual lightning-related fatal
ities can severely hinder their identification when human remains are 
recovered [3]. 

Determining the occurrence of a lightning fatality is traditionally 
dependent on soft tissue analysis and circumstantial evidence [7,8]. 
Published case studies [9,10] propose that lightning strike and high 
impulse currents cause ventricular fibrillation, cardiac arrest, respira
tory arrest and asphyxia [11,12]. Forms of injury documented in light
ning fatalities include neurological trauma [13], rupture of the tympanic 
membranes [12,14], cutaneous ferning patterns (Lichtenberg figures) 
[15], unilateral or bilateral clavicular fractures [16], shrapnel trauma 
[14], and specific types of electrical burns, particularly on the soles of 
the feet [14,17]. While occasionally severe burns along the current’s 
entry and exit sites have been observed [18], the absence of electrical 
burns can further complicate manner of death identification [12]. Un
derstanding the current’s distribution through the body can aid in 
interpreting injuries and traumatic events. Computer-simulated multi-
tissue models of high impulsive current events found that 11% of the 
total current density experienced by the sample was distributed within 
the vascular network, with 85% of it being distributed through muscle, 
3.5% through fat and only 0.5% through cortical bone and bone marrow 
[19]. 

These pathophysiological effects have historically been noted to 
affect the soft rather than hard tissues, and until recently, the effect of 
lightning energy on the skeletal system was unknown. In a recent proof 
of concept animal study we detailed specific traumatic effects related to 
high impulse current application [20] to a pig bone sample, and con
trasted this with a case of lightning-fatality on a wild giraffe. Micro
scopically, extensive micro-fracturing and fragmentation of the bone 
matrix was observed, which we interpreted as being associated with 
current flow through and between osteon units; this indicated that 
lightning trauma is not solely limited to the soft tissues [20]. In our 
non-human study we suggested that micro-fracturing was broadly 
comparable to patterned micro-fracturing observed in burnt bone, but 

Table 1 
Details of cadaveric sample pool.  

Age Sex Ancestry Weight 
(kg) 

Height (m) Cause of Death 

≈60 Male European 58 1.84 Natural causes 
56 Male European 81 1.87 Myocardial 

infraction 
60 Female European 41 1.67 Natural causes 
92 Female European 73 1.61 Unknown  

Fig. 1. Schematic of an 8/20μs impulse generator utilized to simulate lightning 
currents. The capacitor bank (C1, C2, C3, C4) are charged, when the spark gap 
fires, the charge then flows through Rw and Lw which shape the rise and fall- 
time. This high-current impulse is then delivered to the Test Conductor or 
Object as if it were ‘struck by lightning’. 

Fig. 2. Modes of current application to bone samples. Image A demonstrates the parallel plate current application (PPA) standardized testing procedure. Image B 
demonstrates the wire arrangement (black arrows) in the wire-directed impulse application (WDA) testing procedure. 

Table 2 
Outline of resulting peak residual voltages and peak currents for each charging potential.  

Charging Potential (kV) Minimum Vp (kV) Maximum Vp (kV) Mean pV (kV) Minimum Ip (kA) Maximum Ip (kA) Mean Ip (kA) 

3.5 3.28 3.84 3.65 0 0 0 
4 4.24 4.28 4.26 1.12 1.28 1.20 
6 6.24 6.56 6.43 6.72 8.72 8.01 
6.5 1.12 7.04 4.97 9.28 9.44 9.36 

Each charging potential is tabulated here with their respective minimum, maximum, and mean peak residual voltage (Vp) and peak current (Ip). Note that for increased 
charging voltages, higher peak currents are generated. 
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with several important areas of difference - thermally induced 
micro-fractures are but a limited part of the much broader system of 
patterned thermal destruction of the human body [21]. Thermal alter
ation of the human body is a complex one caused by the disparate 
physical and biochemical structures of the human body [22]. All the 
systems of the body are capable of thermal destruction, including the 
hard tissues. Many systems actively contribute to the burning process of 

intrinsic fuels sources; subcutaneous body fat, organ fat, volatile organic 
components, and bone marrow all contribute to the overall fuel load. 
However, the combustion of the hard tissues is fundamentally different 
from other organ systems due to the multiphasic nature of bone. Bone is 
composed of physiologically bound organic materials that exhibit both a 
crystalline and amorphous phase (primarily type I collagen, with gly
cosaminoglycans [GAGs] and other protein constituents), as well as an 
inorganic matrix of hydroxyl or bioapatite (inorganic salts largely made 
up of calcium and phosphorous), which again exhibits both a crystalline 
and amorphous phase, and water [21–23]. As such, bone burns in a very 
different manner from other tissues, due to the high proportion of 
inorganic matrix [23]. 

The general pattern of thermal change and destruction of bone is 
well-understood [21,23]. At its most basic level the burning of bone 
represents the processes of dehydration and recrystallisation as a direct 
function of both increasing temperature and length of burning [21,23, 
24]. Specifically, this leads to the initial removal of physiosorbed and 
chemisorbed water from bone [22,23,25]. This is followed by thermal 
decomposition of organic components such as collagen and GAGs, which 
leads to the conversion (inversion) of hydroxyapatite to β-tricalcium 
phosphate, and eventually the fusion and recrystallisation of the 
remaining inorganic part [22,23,25]. This four-stage process leads to a 
series of recognisable gross morphological, macrostructural and micro
structural changes [22,23] which are quantifiably and qualifiably 
different from the traumatic patterns seen in lightning alteration in 
animal bone. However, no clear understanding of the changes seen 
because of lightning (a high impulse current, reaching kiloampere’s but 
only for microseconds) on bone exists beyond the work of Bacci and 
colleagues [20], with no studies until today being conducted on human 
bone. Due to ultrastructural differences between human and non-human 
bone [26] this study aimed to investigate whether high impulse currents 
caused lightning-specific patterns of trauma in human skeletal tissue. 

2. Materials and preparation 

All samples used in this study comprise femora and tibiae of 
embalmed cadavers (Table 1), from the Cadaveric Collection of School 
of Anatomical Sciences, Faculty of Health Sciences, University of the 
Witwatersrand, Johannesburg. Ethics clearance was granted by the 
Human Research Ethics Committee (Medical) (Human Ethics Waiver 
No.: W-CJ-14064-1). 

2.1. Demographics of each cadaver sampled and cause of death 

Selected samples showed no external signs of ante-mortem trauma or 
surgical intervention. Following sample selection, femora and tibiae 
were macerated by manual dissection. Two 2 cm diameter cylindrical 
blocks were extracted from each femur and tibia using an EXAKT 312 
Pathology Saw. Sectioning sites were located: 1) 12 cm from the most 
proximal aspect of the femur and 10 cm from the most distal aspect of 
the femur; 2) 8 cm from the most proximal aspect of the tibia and 6 cm 
from the most distal aspect of the tibia. A total of 25 bone blocks were 
extracted, three of which were selected as control specimens, leaving a 
total of 22 blocks that were used in the experimental procedure. 

The experimental procedure utilized a high-voltage impulse gener
ator with the capacity to generate an 8/20μs impulse current of up to 
approximately 15 kA (Fig. 1). The 8/20μs impulse generator delivered a 
current with an 8μs rise, defined as the time necessary for accumulation 
of the peak charge, and a 20μs fall time [27]. Experimentation was 
conducted at the following charging potentials, 3.5, 4, 6, and 6.5 kV. 
Charging potential (CP) was defined as the approximate potential dif
ference charged over the capacitor bank of the impulse generator prior 
to current application. It is commonly referred to as charging voltage in 
the context of impulse current testing – the higher the charging poten
tial, the higher the peak of the generated impulse current [28]. These 
testing CPs were selected to preserve sample viability, since during 

Fig. 3. Plate including three sets of long exposure photographs of observed 
flashing before (left), during (middle), and after (right) wire-directed impulse 
application. Series A highlights the current traversing the bone block through 
small discharges between it and the brass plate (white ellipse) with a particu
larly brighter flash (white circle), which resulted in singeing bone and sur
rounding soft tissues. Series B demonstrates the passage of the current within 
the bone or bone marrow cavity, resulting in a splitting of the bone section. 
Series C shows the extreme instantaneous fragmentation of the bone block as a 
result of the impulse application. 

N. Bacci et al.                                                                                                                                                                                                                                   
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optimisation higher charging potentials resulted in extensive damage to 
the bone. Measurements of the peak voltage (Vp) and peak current (Ip) 
intensities, as well as its passage through the test specimens, were 
recorded with a GRS-6052A oscilloscope (GW Instek). Peak voltage was 
defined as the peak of the residual voltage over the testing area 
following the electrical system completion during each discharge of the 
current, and it relates directly to the residual electric field over the 
testing area [29]. Peak current was defined as the peak effective current 
that flowed through the testing material, usually as breakdown of the 
insulating nature of the material occurred [29]. 

Optimisation was conducted on eight randomly selected blocks (n =
8). Different CP thresholds of 1 kV (n = 1), 2 kV (n = 2), 5 kV (n = 1), 8 
kV (n = 2), and 10 kV (n = 2) were applied in the optimisation process. 

Two distinct modes of current impulse application were employed, 
parallel plate impulse application (PPA) and wire-directed impulse 
application (WDA). With PPA, blocks were placed between two flat brass 
plates with the proximal aspect of the bone block directed at the cur
rent’s entry point (Fig. 2A). WDA involved inserting three steel wire 
segments equidistantly on the bone block directly below cortical bone, 
within the trabecular bone matrix of the blocks, prior to placement 
between the parallel plates (Fig. 2B). 

All impulse application procedures were recorded with 8 s long- 
exposure photography (Canon EOS 7D, EFS 18–55 mm lens), to visu
alise current conduction and passage. Samples were also photographed 
prior to and following experimental impulse application to identify signs 
of macroscopic damage. 

Fig. 4. Visual comparison of microfocus CT transverse orthoslice (A) and histology photomicrograph (B). Orthoslice (A) of the same sample shows no micro- 
fracturing, due to limited resolution. Photomicrograph (B) shows a large micro-fracture at low magnification (×10). 

Fig. 5. Photomicrographs of human bone showing a control section (A) contrasted with different types of micro-fractures (B–D) identified in experimental samples. 
Note the radiating (dotted arrows), circumferential (dashed arrow), circumferential irregular (full arrows) and irregular (arrowhead) micro-fracture types as seen in 
specimens from this study. 
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Following experimentation all bone blocks, including controls, were 
processed for analysis. Two thin-sections were obtained from each of the 
25 blocks (section n = 50) via sectioning with a high-speed Clarke® 
CRT40 - 40pce rotary tool equipped with DREMEL® cut-off wheel No. 
409. Thereafter any adherent overlying soft tissue was mechanically 
removed, and the sections submerged in distilled water. Sections were 
manually ground to thin sections on 220 grit waterproof carborundum 
paper lubricated with 10–20 ml distilled water as per Maat and col
leagues [30] ground bone thin-section method. During this process, 
sections were assessed using light microscopy for the presence of iden
tifiable histological features. Once this was achieved, sections were 
rinsed three times in distilled water and placed in a fresh change of 

distilled water to prevent dehydration prior to mounting. 
Sections were mounted, cover-slipped with Entellan©, and viewed 

unstained using light microscopy to establish the extent and typology of 
electrically induced damage to tissue. Photomicrographs were taken of 
observed alterations to the bone tissue using an Olympus iX51 Inverted 
Microscope with CellSens software (v. 10). 

3. Analytical methods 

Quantitative analysis of micro-fractures was performed on three 
photomicrographs from each section with representative cohorts of 
charging potentials from both PPA and WDA specimens. A 

Fig. 6. Cortical bone micro-fracture classification definition with associated visual representation (observationally adapted from Brain, 1993 [35]). Classifications 
are defined based on regional and histomorphological appearance of micro-trauma observed and depicted in diagrams as dark grey fractures (arrows). 
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representative sample of 14 blocks, including the three control blocks, 
were selected for quantitative analysis. The charging potentials at which 
these selected blocks were experimented upon, included 3.5, 4, 6, and 
6.5 kV since during optimisation intensities greater than 6.5 kV with 
WDA application caused fragmentation of samples. 

3.1. Photomicrography 

Images were acquired and measured using CellSense software 
(Olympus iX51, v. 10). Section length was measured and then sub
divided into ten equal intervals. Representative photomicrographs were 
obtained in the field of view at the first, fifth and ninth interval. For each 
field of view, the fracture number (FN) was recorded and the following 
measurements taken:  

• Fracture Area (FA): obtained by demarcating the outer borders of the 
fractures manually through the software’s closed polygon measuring 
tool  

• Fracture Length (FL): measured using a polyline measuring tool, 
along the midline of the entire extent of individual fractures  

• Fracture Perimeter (FP): calculated by CellSens from the manually 
demarcated fracture area outline.  

• Total fractured area (TFA) was also calculated for each field of view 
and a ratio (TFA/TBA) was created by contrasting to the total bone 
area (TBA) defined as total observable bone area in a field of view. 

Intra- and inter-observer error were calculated through intra-class 
correlation tests (SPSS v.20). Chi-squared tests were conducted to 
identify differences between fracture types and current application 
mode, with post-hoc analysis through computation of adjusted residuals 
(z-scores) and Bonferroni corrected α values [31]. Lastly, a series of 
Spearman’s Correlation tests were carried out (SPSS v. 20). 

3.2. μXCT 

Since thin-section histological methods are destructive and invasive, 
we undertook micro-computed tomographic imaging to determine if 
trauma could be imaged non-invasively. Micro-computed tomographic 
methods are considered the gold standard for resolving taphonomic al
terations to bony structures at a cellular to gross level [32]. Bone blocks 
were assessed using a Nikon XTH 225 ST micro-focus X-ray computed 

tomography (μXCT) scanner, based at the MIXRAD facility of the South 
African Nuclear Energy Corporation SOC Ltd (Necsa) [33], prior to and 
after current application. The scans were volumetrically reconstructed 
to observe micro-fracture patterns through volume rendered images 
with Amira (v. 5.4.5). A second set of scans were conducted on five 
processed and mounted bone thin sections. 

4. Results 

For each intended charging potential, a range of peak voltages and 
peak currents resulted (Table 2). Discharges were observed between the 
bone and the plate in eighty specimens throughout all testing groups 
(charging potentials of 3.5–8 kV with peak currents of 0–11.5 kA and 
peak voltages of 3.84–8.3 kV), with accompanying singeing of the bone 
at the site of the discharge (Fig. 3A). During optimisation, three bone 
blocks fractured upon application of the impulse. Two blocks were 
subject to wire-directed impulse application (WDA) at 6 kV. Of these 
samples the first block experienced a peak voltage (Vp) of 6.24 kV and a 
peak current (Ip) of 6.72 kA and fractured into two approximately 
symmetrical parts (Fig. 3B); the second block experienced a Vp of 6.56 
kV and a Ip of 8.6 kA, burst into multiple fragments (Fig. 3C). All metal 
wires were accounted for in both tests where the blocks fractured. With 
the exclusion of the above-mentioned samples, the remainder of bone 
blocks did not demonstrate external damage. 

Bright field microscopy highlighted patterns of micro-fracturing, 
while no micro-fracturing was observed in any of the corresponding 
μXCT scans (Fig. 4). The average resolution of the μXCT scans obtained 
in this study was 21 μm per voxel, which was therefore simply unable to 
resolve micro-fractures which had an average diameter of 8.8 μm (range: 
2.33–23.23 μm) (Fig. 4). 

Using light microscopy, short interstitial micro-fractures were 
observed on all current treated sections as well as control sections 
originating from only the older female individual (92 years of age at 
death). This finding is proposed to be due to age related weakening of 
the mineral matrix of these specimens [34], and thus all interstitial 
micro-fractures were excluded from analysis. 

Qualitative assessment of micro-fractures allowed us to classify his
tological damage into different classes. This classification was adapted 
from C.K. Brain’s [35] work on burnt bone, where different types were 
identified based on shape, location, and distribution. In our study we 
identified micro-fracture classes as: short interstitial, circumferential, 
circumferential irregular, radiating, and irregular (Figs. 5 and 6). 

Data analysis was approached in two iterations. Firstly, individual 
fracture metrics (fracture area, fracture length, etc.) were analysed 
independently, followed by analysis of combined fracture data as a ratio 
of total fracture area and total bone area (TFA/TBA). Intra-class corre
lations demonstrated a low margin of intra-observer error with agree
ment scores ranging between 0.861 and 1.000 (p = 0.001), throughout 
all measurements. Inter-observer agreement was low for all measures 
(ranges: 0.178 to 0.590, p = 0.001) except total bone area (TBA), where 
an agreement score lower boundary of 0.972 and a higher boundary of 
1.000 (p = 0.001) was identified. This lack of agreement on micro- 
trauma identification is possibly due to the unfamiliarity of the ob
servers with the histomorphology and the developed classification of 
microtrauma. This proof-of-concept study thus illustrates that training 
in histomorphology would be essential for accurate classification of 
microtrauma. However, a lack of precise classification does not negate 
the presence and utility of unique lightning-specific lesions. 

Fracture types differed between the mode of impulse application 
(χ2(3) = 13.26, p = 0.001). A greater occurrence of circumferential 
irregular fractures was identified when current was applied with the 
parallel plate current (PPA) method (z = 3.29, p = 0.001) and a lower 
occurrence of circumferential irregular when using WDA application (z 
= − 3.29, p = 0.001) (adjusted α = 0.0063). 

Statistically significant differences were identified as an increase in 
fracture area at 6 kV compared to 4 kV (Supplementary material: Fig. 1). 

Table 3 
Comparative summary of electrical and thermal microstructure alterations.  

Gross and Histological 
alterations 

Lightning 
trauma 

Thermally 
altered bone 

References 

Irregular longitudinal factures No Yes [22,35] 
Transverse curvilinear 

fractures 
No Yes [22,35] 

Soot and organic material 
deposition 

No Yes [22,35] 

Colour changes No Yes [23,24, 
35] 

Shape distortion and 
dimensional change 

No Yes [22,24, 
35] 

Surface patination No Yes [22,35] 
Thumbnail fractures No Yes [22,35] 
Radiating micro-fracturing Yes Yes [20,43] 
Circumferential micro- 

fracturing 
Yes Yes [35,43] 

Circumferential irregular 
micro-fracturing 

Yes Yes [35,43] 

Irregular micro-fracturing Yes Yes [35,44, 
45] 

Summary of the observed bone histological alterations is presented comparing 
occurrences observed in the high impulse current experiments and similarities 
described in burnt bone literature as characteristic of heat-induced skeletal 
modifications. 
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These overall differences could be attributed to the wire-directed im
pulse application increasing from 4 kV through to 6 kV leading to the 
increase in micro-fracture dimensions. Principal component analysis 
indicated an association between fracture size variation and irregularity 
at higher voltages and current intensities (Supplementary material: 
Tables 1–4, Fig. 2). When further investigating the relationship between 
micro-trauma and impulse application, a weak positive correlation (ρ =
0.39; p = 0.02) was identified between fracture number and mean peak 
current, suggesting a relationship between extent of damage and current 
intensity. Overall, damage appeared to increase slightly with increasing 
current intensity regardless of mode of application. The typology of 
damage appeared to vary with regards to mode of current application. 
Certain typologies of micro-fracturing were more likely to have larger 
variation in dimensions than others, as seen with radiating and 
circumferential micro-fractures (Supplementary material: Fig. 2C). 
Conversely, a greater presence of irregular and atypical micro-fracture 
patterns was observed at higher current intensities. 

5. Discussion 

In death investigation, attribution of lightning strike as cause of 
death (CoD) falls of the forensic pathologist who uses soft tissue markers 

of trauma, such as cutaneous ferning patters, eardrum rupture, or burns 
[7,14,36] to aid in attribution of CoD. Typically, autopsy findings are 
triangulated against witness statements, meteorological services light
ning detection data, accident site investigation, and investigation of 
victim clothing and personal effects. These pathological trauma 
markers, however, are not necessarily specific to lightning injury me
chanics, nor are they always present at autopsy [8]. As such, lightning 
fatalities can be challenging to identify due to inconsistent expression of 
trauma [37]. Hence, a holistic approach is required to achieve accurate 
identification of cause of death in lightning or high voltage related fa
talities in a simpler, more easily verifiable manner. To accomplish this 
goal, actualistic experimentation is often the most effective approach, 
and this study is the first instance of the application of high impulse 
current to induce skeletal trauma in human bone tissues. 

5.1. Lightning-induced macro-trauma 

In this study, current application caused minor thermal disruptions 
on small, focused areas of the majority of specimens, macroscopically, 
visible as charring. No other typical signs of thermal disruption, such as 
heat fractures [21], were seen at a macroscopic level. This could be 
considered consistent with the nature of impulse currents. Heat 

Fig. 7. Comparative actualistic sample micro-trauma examples from previous animal study [20]. Unpublished photomicrographs from the previous study conducted 
on a giraffe bone (A–D), victim of a lightning strike, and experimentally induced high impulse current micro-trauma to pig bone (E–F). These images demonstrate the 
varied, yet similar types of damage seen in these samples, with highly irregular damage seen in the giraffe sample (A and C). 
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transferred into a sample is measured as heat release rate, which com
bines both the duration and total heat released, as a better indicator of 
the total energy entering the sample system [38]. In this case, an impulse 
current is an excessive energy discharge that may generate a great 
amount of heat. However, that heat is released over a few microseconds 
and over a small surface area, which would impede large-scale thermal 
disruption [22]. We suggest that the mechanism seen in high impulse 
current trauma to be the generation of a pressure wave around the 
ionisation channel formed by the traversing high-intensity current, 
defined as barotrauma [39]. A high-impulse current causes a cylindrical 
expansion along its path, which results in permanent cavitation of soft 
gelatine media, temporary cavitation and formation of fissure fractures 
in harder gelatine media [39]. Similarly, in the current study it is 
postulated that the impulse current would traverse paths of least resis
tance through the bone exerting a pressure wave throughout the sur
rounding matrix causing its fracturing and fragmentation. 

Another hypothesis to explain the fracturing visualised in this study 
could relate to the intrinsic piezoelectric properties of bone [40]. Bone 
expresses inverse piezoelectric properties, resulting in stress when 
placed in an electric field [40–42]. The collagen fibres, that dominate 
the organic matrix of bone, are capable of creating transducing stress on 
the hydroxyapatite crystals, producing strain that can result in defor
mation [42]. In the current study, a high impulse current would generate 
a transient electric field [28], which could impose strong stress on the 
bone along the current’s path, resulting in the deformation of the min
eral matrix and possible fracturing. 

The electrically induced changes observed in the present study, can 
be contrasted to thermally induced changes to bone (Table 3). While 
there is similarity in micro-fracturing patterns, the gross alterations seen 
in heat treated bone were notably absent from electrically treated 
samples from the present study (Table 3). 

5.2. Lightning-induced micro-trauma 

In the present study, resulting micro-trauma was widespread 
throughout the experimental sample. This was visualised under light 
microscopy only, with poor resolution of microfractures using μXCT. 
While μXCT has been commonly used as a non-invasive investigation 
method in geology and bone research [46,47], able to reveal 
three-dimensional internal features and modification of solid materials, 
including fracture networks in coal [48,49], beam cone spread and de
tector area size limit the resolution of scans [50]. We thus propose using 
nano-focus CT or phase contrast synchrotron scanning to visualise the 
micro-fractures. Nevertheless, histology and histomorphometry persist 
as the most efficient and cost-effective method to analyse 
micro-fracturing patterns caused by high voltage currents in bone. 

Consistent with the present study’s findings, thermally-induced 
(burnt) micro-fractures increase in frequency and irregularity as expo
sure time and heat intensity increase [35,43,45,51]. The micro-trauma 
observed in the present study is comparable to previously described 
similar thermally induced micro-trauma patterns. Examples of thermal 
micro-trauma have been classified as longitudinal fractures, identified 
both in cortical and trabecular bone [45], or as fissures [44]. Separation 
of osteon units from surrounding lamellae has also been noted in burnt 
bone [43], which is morphologically similar to the observed circum
ferential and circumferential irregular microfractures in this study. 
Radiating micro-fractures have occasionally been observed in cases of 
thermal destruction of bone [43]. Imaizumi and colleagues [43] iden
tified “minute cracks” with the osteon canals as the locus of origin in 
samples treated at temperatures greater than 500 ◦C, which descrip
tively correspond with our classification of radiating micro-fractures 
identified. However, in the present study, these high temperatures 
(over 500 ◦C) maintained during thermal degradation, are unlikely 
given the transient nature of the current applied. The dubious contri
bution of thermal disruption to the development of the micro-trauma 
seen in the current study is emphasised by the discrepancy in 

presentation of thermal micro-trauma as osteon units have been noted to 
retain their integrity up to temperatures of 1400 ◦C [51], which are 
highly unlikely to have occurred during high impulse current experi
mentation. As such, these fractures, could be explained parsimoniously 
by either localised barotrauma [39] or the inversely piezoelectric nature 
of bone [40–42]. 

5.3. Micro-trauma in realistic and comparative samples 

In an actual lightning flash, multiple current strokes (3–5) tend to 
traverse the same channel and on average are at much greater intensity 
(up to 30 kA) [52] than the currents generated for this study, that would 
inevitably result in cumulative and greater effects than what was 
demonstrated in this study. The effects of multiple lightning flashes, 
including the highly irregular and greater extent of micro-trauma was 
visible in a sample analysed, in a previous study [20]. This sample was 
obtained from a giraffe struck by an actual lightning strike, and dis
played a markedly higher occurrence of micro-fracturing and more 
irregular micro-fractures overall (Fig. 7A–D). A strong similarity was, 
however, noted between the giraffe sample micro-trauma patterning 
and the experimentally induced micro-trauma at higher current in
tensities in a porcine sample (Fig. 7E and F) in the same study [20]. The 
microscopic alterations identified in the recovered giraffe bone (Sup
plementary Material Fig. 3) and in samples from the present study, are 
inconsistent with other known taphonomic processes, involving fungal 
or bacterial invasion e.g. [53]. They also appear distinct even from 
micro-fractures induced by normal weathering, which appear to extend 
from the surface of the cortical bone and expand towards the medullary 
cavity as a result of temperature fluctuations below and above freezing 
[54]. 

The present study also highlighted the potential importance of bone 
density on microfracture propagation, as that observed in samples 
originating from a 92-year-old female. Female individuals over the age 
of 50 commonly present with decreased bone mineral density [34], 
which results in bone being more brittle and susceptible to fracturing 
[55]. Further experimentation among bone material derived from 
younger and older individuals would be required to confirm the extent 
of micro-trauma observed. 

5.4. Micro-trauma patterns and current pathway 

A relative increase in the extent of micro-fracturing and a higher 
prevalence of irregular fracture types with higher current intensities was 
also noted in the current study. Increase in irregularity could be 
attributed to micro-fracture propagation under greater stress imposed 
by the damaging forces. Both damaging forces and the resultant micro- 
fracture propagation would be expected to traverse and join, deviating 
through cement lines and osteon canals [56,57], which are widely 
considered to experience higher strains [57,58]. The shift in 
micro-fracture pattern presentation was also seen with circumferential 
irregular micro-fractures being markedly more common in parallel plate 
impulse over wire-directed impulse applications, implicating a rela
tionship between current pathway and induced microtrauma. 

Identifying exact differences in current path and micro-trauma could 
lead to an important understanding of high impulse current skeletal 
trauma and the mechanisms behind it, with the ability to distinguish it 
from thermal trauma. As such, we suggest that a combination of the 
piezoelectric nature of bone and localised barotrauma is related to the 
mechanism of injury. In a real-world setting this mechanism could be 
corroborated by the suggested path the current would take through a 
body in a lightning event. 

Simulated lightning current pathway through human tissues suggest 
that 11% of the total current density traverses through the vasculature, 
despite muscle tissue constituting majority of the model [19]. This is 
suggestive of a higher affinity for the current to travel through the 
vasculature [19]. Current travelling through the vasculature, could 
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potentially enter bone tissue through its vascular supply and course 
through osteon units (including the Haversian canal) and canalicular 
network. This pathway would apply a transient electrical field [28] to 
the bone matrix resulting in inducing stress on the surrounding collagen 
matrix of the bone [42] leading to micro-fracturing of the bone matrix. 
Bone exposed to prolonged lower voltage and high-frequency pulsed 
currents (500 V; 10 kHz; over 66 h) appeared to result in an increase in 
bone strength and toughness, attributed to a change in collagen fibril 
arrangement [59]. A stronger impulse current, as was employed in the 
present study, could similarly result in stronger electric forces acting at 
high speeds on the collagen fibrils to possibly move them through the 
mineral matrix, damaging it visibly. Alternatively, as the current tra
verses the mineral matrix through spaces partly filled with moisture, 
rapid heating of the confined moisture may result in enough pressure 
being exerted to induce fracturing [60]. When combined with the 
transient electric field formed within surrounding tissues (i.e., muscle 
and connective tissues) and the piezoelectric stress exerted on the bone 
as a result these mechanisms of injury may explain the micro-trauma 
observed. The interplay of rapid heating, exerted pressure, and piezo
electric stress are likely the differentiating factors for the traumatic 
changes seen in high impulse current treated bone compared to bone 
exposed to prolonged heating, such as burning. A thorough under
standing of the mechanisms of injury in bone micro-trauma may aid in 
determining cause of death in both humans and non-humans, in sus
pected lightning or high impulse current fatalities. 

6. Conclusion 

Overall, this study has been the first to look at the effect of high 
impulse current on human bone. The identified increase in radiating and 
irregular types of micro-fractures as well as a weak correlation between 
current and fracture number suggests that the intensity and micro- 
trauma are positively related. Future studies should employ similar 
actualistic methodologies to comprehend the contribution of the 
different interplay of forces in this type of skeletal trauma to resolve a 
threshold of patterned trauma for distinct lightning fatality 
identification. 
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