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Cover and Figure 1. Steps in electroporation.1–4 Left. Cells are enclosed by a lipid bilayer membrane (gold) which separates the extracellular
space (blue) from the intracellular space (pink). The trigger that initiates pore formation is an increase in the cell’s transmembrane potential
induced by an external electrical field (see Figure 2). Right. Pores allow free passage of ions and fluid. Pores will enlarge and new pores will form
as long as the electrical field is above threshold. Recovery begins as soon as the electrical field falls below threshold. Closing of pores is a slow
process. Once the cell is fully resealed, re-establishment of normal membrane properties and ionic gradients may take a much longer time.

Figure 2. Large cells (Left) are more vulnerable than small cells (Right) because the change in membrane potential (red) induced by an external
electrical field is much greater.1,4

Figure 3. Electrical injury is more likely to cause changes in functional than structural neuroimaging. In this case, clear asymmetry is present on
images of regional cerebral blood flow (single photon emission computed tomography, SPECT) obtained in the chronic stage. While the
appearances are not pathognomic of electrical injury, the asymmetry seen lends support to the existence of functional abnormalities after the
injury. The way in which central abnormality is induced by peripheral shock is still a matter of intense research interest.
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This report is the first of a two-part series on the mechanisms
and consequences of electrical injury. Part II, addressing
clinical sequelae and symptoms, will appear in the Fall 2009
issue of the Journal of Neuropsychiatry and Clinical
Neurosciences.

An estimated 130,000 emergency room visits are
associated with electrical injuries every year,

many involving children.5,6 Electrical injuries can occur
in the workplace, outside during electrical storms, and
in our homes. They may also occur in unpredictable
settings. Examples include within an airplane (e.g.,
coronal discharge, ball lightning) or when giving car-
diopulmonary resuscitation to a person whose internal
cardioverter defibrillator is activated.7,8 Occupational
exposure to electricity is a very common experience for
certain vocations. Ninety-seven percent of electricians
in a survey indicated they had suffered an electrical
shock; 2.5% reported losing consciousness due to an
electrical shock.9 Occupations such as utility and con-
struction workers are at greater risk than the general
population.1,10 Several hundred people are struck by
lightning in the United States every year.11 Persons en-
gaged in outdoor activities (e.g., campers, park rangers,
military personnel) are at higher risk than the general
population.11,12 While a person suffering a high-voltage
electrical injury with severe burns will likely seek im-
mediate medical care, many victims of lesser shocks
may not. A survey of electricians, for example, found
that medical care was generally sought only if there was
a loss of consciousness, severe burn, or fracture.9 Thus,
epidemiological research on electrical injury can only
estimate the true extent of the problem. Much like those
experiencing sports-related concussions, both patients

and medical personnel may be unaware of the possible
long-term sequelae of even low voltage injuries.

MECHANISMS OF INJURY

Four mechanisms of cellular injury by electricity are
presently known. They are the direct effects of the cur-
rent, thermal burns, mechanical injury due to falls, and
electroporation.13 The passage of the current through
tissue can cause intense muscle contractions. Current
pathways including the chest can be life-threatening as
a result of induced asystole and/or apnea. Electricity
may also be converted into heat, resulting in the vary-
ing degrees of burns particularly associated with high-
voltage electrical injury. Loss of consciousness is possi-
ble, which may lead to a fall and mechanical blunt force
trauma to the head. Finally, electricity can directly
cause pore formation in the lipid bilayers that form cell
membranes, a process called electroporation (Figure 1).
Previously, thermal injuries were presumed to be the
primary cause of any cellular damage. More recently,
electroporation has been identified as the cause of the
more rapid and diffuse necrosis associated with electri-
cal injury. This discussion will focus on thermal burns
and electroporation, the two mechanisms presently be-
lieved to be responsible for most direct injury to the
nervous system.

In simplistic terms, electricity passes through the
body from the entrance site to the exit site. The entrance
site for most electrical injuries is the point of contact.
Bodily orifices (e.g., eyes, ears, nose, mouth) have been
shown to be important entry sites for lightning strikes.14

Current will course through the body via multiple par-
allel paths. The amount is in inverse proportion to the
resistance of each path, so the majority of the current
courses through the paths of least resistance. In real life
these paths are not always the physically shortest or the
most obvious paths from the entry to exit site.15 Both
nerves and blood within vessels, for example, have
lower resistance than either bone or fat.5 CSF has lower
resistance even than blood and both may readily con-
duct an electrical current.14 Neurons and the brain may
therefore be uniquely vulnerable to electrical injury.
The unpredictability of electrical paths is particularly
evident when an electrical injury victim loses con-
sciousness despite the current’s path not appearing to
involve the brain (e.g., foot to foot).16

When electricity encounters resistance, heat is gener-
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ated based on the level of current (squared), tissue re-
sistance, and duration of exposure. Thermal damage
associated with high-voltage electrical injury can be
massive, especially should a “no-let-go” series of mus-
cle contractions occur. Thermal injuries may only be on
the surface or may extend deep into the tissue. Light-
ning is a useful example of the complex interplay of
current, resistivity, and exposure time. Despite the mas-
sive voltage, lightning rarely causes significant burns
because contact time is extremely brief. By the time
thermal burns are evident, considerable electroporation
(see below) will have occurred. Paralysis and other
acute neurological complications are quite possible in
the absence of surface burns.17 Thus, the presence of
thermal burns is not a good predictor of the severity of
the neurological injury. In fact, the absence of thermal
burns could indicate that the electrical current was
more efficiently transferred through the skin and into
the body.13 Only in prolonged electrical exposures with
higher electrical fields does thermal damage begin to
outweigh cellular damage due to electroporation.

As noted above, electroporation is the process by
which an electrical field induces formation of pores
through the cell membrane, allowing free passage of
ions and fluid (Figure 1).1–4 The cell will attempt to
maintain its ionic gradients through great expenditures
of energy. If the pores do not reseal, the cell will even-
tually exhaust its energy reserves and die. If the pores
seal, the cell may eventually recover. However, the seal-
ing process is considerably slower than the pore open-
ing. Even if the pores close, secondary injury processes
may be disruptive or even fatal to the cell. The influx of
sodium ions in a permeabilized cell prevents the trans-
mission of signals.18 The influx of calcium ions could
cause the cytoskeleton of the cell to collapse, much like
what occurs in diffuse axonal injury (DAI).19,20 In ad-
dition, a recent study indicates that a bioelectric current
can be generated in an area of nervous system injury,
driven by the potential difference between nearby intact
cell membranes and the disrupted cells.20 Induction of
large intracellular voltages along the long axis of in-
volved neurons could contribute to ongoing secondary
injury. It has also been suggested that electroporation
may activate genetic messengers (e.g., c-fos mRNA
transmitters) which in turn activate the hypothalamic-
pituitary-adrenal (HPA) axis. While not yet demon-
strated, there is also a high likelihood of cortisol acti-
vation, which could interact with both the HPA axis
and other factors (e.g., brain-derived neurotrophic

factor). Consequent hippocampal damage has been im-
plicated in the genesis of depression and associated
psychological features (C.J. Andrews, personal commu-
nication). Thus, injury remote from the actual pathway
of the current (e.g., brain injury remote from peripheral
current) becomes realistic.

Unlike thermal heating, electroporation may not af-
fect every cell in a specific region. In the human body,
electricity encounters the greatest resistance when pass-
ing through any cellular membrane. For small cells,
electricity may more readily flow around rather than
through the cells. However, nerve and muscle cells are
larger than other cells. Thus, electricity is more likely to
pass through rather than around these cells.4 The larger
the cell, the more likely it is to be injured by this mech-
anism (Figure 2). In an experiment focusing on the re-
fractory period (time required for an axon to reset be-
fore firing again), larger myelinated axons were shown
to be more vulnerable to electroporation than smaller
axons.18 Consequently, neurons with large diameter ax-
ons that project long distances are much more likely to
be injured by exposure to electrical currents than neu-
rons with fine axons or that project short distances. The
spatial orientation of the cell in relation to the electrical
path also influences the likelihood of injury. If the cur-
rent approaches the narrow, or thin side, of the cell, the
electricity will have a smaller effect as it passes quickly
through or around the cell as opposed to traversing the
cell’s entire length.1 Thus, electricity could in effect skip
over some cells based on their size and/or spatial ori-
entation while fatally damaging others in a relatively
small area. These factors may account for some of the
variability and diffuse nature of sequelae from electrical
injury.

In addition to being a primary injury mechanism for
electrical injuries, electroporation is also gaining prom-
inence as a useful research and medical process. Revers-
ible electroporation allows cells to take in large mole-
cules that otherwise could not pass through the cell’s
membrane. Once the controlled electrical field is turned
off, the cell will reseal. This method is now used to
insert genes or drugs (e.g., electrochemotherapy) into
cells.3,21 Irreversible electroporation involves use of a
much stronger current that opens pores too large to
reseal, and can be used to remove injured or cancerous
tissue. Application of this technique in medicine is par-
ticularly promising because of its speed, ease of use,
and path specificity.22
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Neuroimaging
While electrical exposure clearly can cause measurable
acute neurological injury and even death, the long-term
sequelae for survivors are more controversial. Imaging
evidence (e.g., MRI, CT) of structural changes in the
brain following electrical injury would support an “or-
ganic” rather than “psychogenic” origin of long-term
symptoms (Figure 3). However, no large-scale neuro-
imaging studies have yet been done. A 2001 review of
the literature reported that 32% (16/50) of structural
imaging studies (either MRI or CT) were abnormal.5

The most common abnormalities were edema, mild at-
rophy, and hemorrhage in the basal ganglia. The au-
thors noted that scans were obtained at various times
post-injury and some injuries could have included me-
chanical traumatic brain injuries (TBIs). A study com-
paring patients with high-voltage electrical injuries to
patients with TBI found that neuroimaging was more
likely to be positive in the TBI group, and electroen-
cephalography was more likely to be positive in the
electrical injury group at all times examined (�1 month,
1–6 months, �6 months).23 Initial imaging is often ab-
normal in case reports in which the electrical path
clearly involved the head.24–27 Imaging abnormalities
have also been reported when the current path clearly
did not involve the head.28 Only a few reports include

longitudinal imaging. Improvement has been noted in
some but not all cases.25,29,30 Thus, electrical injury does
appear to have the potential to cause transitory or per-
manent structural changes in the brain.

CONCLUSION

Electroporation has only recently been identified as a
primary cause of neurological injury following electri-
cal exposure, and is incompletely understood. Other
mechanisms of injury may also be present, such as the
breakdown of the cytoskeleton due to excessive intra-
cellular calcium or from systematic alterations of the
HPA axis. Of particular interest is how seemingly re-
mote electrical exposures affect the brain.31 Further-
more, the impact of electrical injuries on the developing
nervous system of a child is not known.32 Additional
longitudinal studies are sorely needed to determine the
progression of electrical injuries over time.

Part II will further explore the clinical sequelae and symp-
toms of electrical injury to the brain. Look for it in the Fall
2009 issue of The Journal of Neuropsychiatry and Clinical
Neurosciences, available at http://neuro.psychiatryonline.
org/.
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