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ABSTRACT

Electrical injury can affect any system and organ. Central nervous system (CNS) complications are especially well recognised,
causing an increased risk of morbidity, while peripheral nervous system (PNS) complications, neurourological and cognitive and
psychological abnormalities are less predictable after electrical injuries.

PubMed was searched for English language clinical observational, retrospective, review and case studies published in the last
30 years using the key words: electrical injury, electrocution, complications, sequelae, neurological, cognitive, psychological,
urological, neuropsychological, neurourological, neurogenic, and bladder.

In this review, the broad spectrum of neurological, cognitive, psychological and neurourological consequences of electrical
trauma are discussed, and clinical features characteristic of an underlying neurological, psychological or neurourological di-
sorder are identified. The latest information about the most recently discovered forms of nervous system disorders secondary
to electrical trauma, such as the presentation of neurological sequelae years after electrocution, in other words long-term
sequelae, are presented. Unexpected central nervous system or muscular complications such as hydrocephalus, brain venous
thrombosis, and amyotrophic lateral sclerosis are described. Common and uncommon neuropsychological syndromes after
electrical trauma are defined. Neurourological sequelae secondary to spinal cord or brain trauma or as independent consequ-

ences of electrical shock are also highlighted.
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Introduction

As our society has become more advanced, automated, and
technical, the physical risks associated with progress also have
increased. This statement holds particularly true in the case
of electrical injury. In addition, lightning-induced electrical
injury is a timeless traumatic incident.

Though only up to 5% and 27% of admissions to burns
units in developed and developing countries respectively are
due to electrical injuries, the consequences can be highly de-
structive [1].

Electrical trauma mainly affects young males, being
most common in the workplace among industrial workers in
particular (e.g. those repairing power lines, workers striking
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power lines with machinery) and is the fourth most important
cause of traumatic occupational death [1, 2]. However, it also
occurs frequently in and around the home (e.g. when install-
ing television antennas, dropping an electrical appliance into
water, using an unsafe swimming pool) [1, 3]. High-voltage
(= 1,000 V) accidents occur more frequently (57.71%) than
low-voltage burns (< 1,000 V) (42.29%) [2]. The fatality rate,
a reflection of the severity of electrical incidents and of the
accessibility of specialised burns centres, ranges from 2.35%
t0 26.7% [2].

The clinical sequelae of an electrocution can appear im-
mediately or hours, days or even years later [4].

As regards neurological consequences, approximately 50%
of patients suffering low-voltage injuries have some degree
of neurological symptoms, compared to 67% after sustaining
high-voltage injuries [5].

The central nervous system involvement after an electrical
injury is crucial and is immediately addressed and dealt with.
For those who survive, remaining or delayed neurological
deficits affect severely their quality of life and their ability to
work. Furthermore, the long-term neurological, cognitive,
psychological and neurourological sequelae of an electrical
injury can remain unrecognised and worsen. From this point
of view, it is unsurprising that many electrically injured people
are confronted with serious working difficulties afterwards [5].
In fact, they are less likely to be employed one year post-injury,
even compared to survivors of fires [6].

Amputations (with rates of 10-68% in electrically injured
survivors) [2, 6] neurological impairments (21%) [5], and
neuropsychological and behavioural impairments (59.2% in
the same survivors) [5] are considered the main complications
that affect the ability to return to work [2].

This review aims to provide a systematic evaluation
of reported neurological outcomes of electrical injury in
physical neurology, in an attempt to gain a more com-
prehensive understanding of the multiple immediate or
delayed, short- or long-term consequences secondary to
low- or high-voltage electrical or lightning injuries affect-
ing the whole spectrum of the parts and functions of the
nervous system. Special attention is given to neurourologi-
cal syndromes that have been somewhat neglected in the
literature of electrical trauma. Psychological and cognitive
consequences are not described; due to their extensive
variability, high frequency and longstanding severity, they
demand separate analysis.

Pathogenesis and pathophysiology

Pathogenesis and pathophysiology of electrical
injuries
Three defining characteristics are common to both fatal
and non-fatal electrical injuries:
1. Accidental contact of the affected individual with an
electric current

2. Failure of the personal protection system or electrical
policy, practice, procedure or of the electrical design or
installation to comply with basic safety rules

3. Electrical, mechanical, kinetic, potential, thermal, light
or radiation energy are transferred in some combination
to the victim.

Exposure to supraphysiological circumstances results
in accidental injury. At 50- to 60-Hz commercial power
frequencies, supraphysiological energy transmission from
a power source to the exposed individual is necessary to induce
electrocution [7].

Generated electricity that is used in residential and indus-
trial settings is available as direct current (DC) or alternating
current (AC). DC follows a pattern of a continuous flow of
electrons in one direction, whereas AC features a pattern of
continuous reversal of electrons (i.e. flowing forwards then
backwards). Radiation is an additional method of transmitting
electrical energy to the body (e.g. microwaves, X-rays) [5].

Regardless of the means of transmission, electricity enters
a victim at an entrance point, travels a particular path, and
leaves via an exit point. Entrance points can come into direct
or indirect contact with the source of electricity and may
or may not suffer burns as a result of the electrical current
meeting the resistance of the skin. Hands and head are the
usual entrance points.

Exit points allow the electricity an avenue to leave the
body in search of a grounding source. Although the exit point
is determined by the path of the electrical current, hands,
feet and legs are almost always the exit points. The exit of
the current from the body may be a violent event leading to
extreme damage. In cases of AC contact, the terms ‘entrance’
and ‘exit’ points may be irrelevant because the electrical current
is continuously flowing into and out of the individual through
the same point [7].

The path of least resistance determines the electrical cur-
rent’s path through the human body as the current searches for
agrounding source. Different tissues in the body have different
levels of resistance, and electrical current preferentially follows
the least resistant of them. Blood vessels and nerves have lower
levels of resistance than bones and fat, so the current tends to
travel along them when it overcomes the skin’s resistance. This
may be one reason for the high rates of neurological sequelae
associated with electrical injuries.

If, however, the current is dense enough, it will flow
through whatever is in its path en route to the ground (e.g.
muscles, tendons, bones). Common pathways through the
body are hand-to-hand, hand-to-foot, or head-to-foot. Differ-
ent pathways have been hypothesised to have different patterns
of sequelae associated with them. For example, hand-to-hand
pathways are associated with a greater risk of mortality, pre-
sumably because vital organs (e.g. heart) are likely to feature
along that path. It is reasonable to assume that pathways from
head-to-anywhere would be associated with higher levels of
neuropsychological impairments because the brain is in the
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path. Unfortunately, the effects of pathways on sequelae have
not been studied extensively [7].

AC is three times as dangerous to the body as DC; there
are two primary reasons for this. Firstly, AC can cause tetanic
spasms in muscles leading to repetitive contractions of those
muscles [1, 6]. For example, if an individual’s hand comes into
contact with AC via an exposed electrical wire, the muscles
in the hand may contract and the individual is unable to let
go of the wire (the ‘no let-go’ response), leading to increased
duration of electrical contact. Secondly, cardiac and respiratory
systems appear to be especially sensitive to AC and damage to
those systems can lead to severe sequelae or death.

Following a serious electrical trauma, a victim's injured
muscles around the contact point may become massively
swollen subsequent to cell membrane damage, resulting in
a rise in local extracellular pressures identified clinically in
tissues as a compartment syndrome. Oxygen and blood sup-
ply to tissue trapped in the compartment syndrome muscles
is diminished. With hypoxia, further metabolic compromise
and tissue destruction may result.

Serious electrical injury can also produce disturbances
in cardiac conduction, with possible refractory cardiac ar-
rhythmias.

Overall, the severity of the consequences depends on the
following parameters: [1, 7, 8]

1. The touch voltage: low-voltage (< 1,000 volts) or high-
voltage (> 1,000 volts)

2. The type of current: DC or AC

3. The duration of current flow

4. The current path through the body e.g. hand to hand or
hand to foot, and the presence of vital organs along the
path

5. The humidity of the surroundings

6. Additional slash injury from the electrical arc as it passes
from the source to an object

7. Additional thermal injury from the ignition of clothing
or surroundings.

Pathogenesis and pathophysiology of
neurological sequelae of electrical injuries
The pathophysiology of neurological sequelae of electrical
injuries is still vague. The proposed explanations of the phenom-
enon include either direct mechanical or thermal damage to the
nervous tissue, or indirect and possibly delayed effects as a result
of complex hypothetical pathophysiological mechanisms. After
a severe electrical trauma, diverse morphological changes in
the central and peripheral nervous system have been noted.
A characteristic and early event in CNS damage is microglial
activation. Furthermore, neuron loss, neuronal chromatolysis
and neuronophagia as well as infiltration of neutrophils and
macrophages via the blood-brain barrier can occur [9].

The most common among hypothetical pathophysiologi-
cal mechanisms for delayed neurological effects of electrical
injuries are:

1. Vascular damage from electrical injury leading to vascular
spasm, neuronal ischaemia, and ischaemia in the tissues
supplied by the damaged vessels immediately after the
trauma. Remaining chronic ischaemia after the initial in-
jury, which slowly but steadily harms the tissue it supplies,
and a chronic inflammatory reaction of vascular endothe-
lial cells due to free radicals resulting from oxidative stress,
have been hypothesised as causes of the delay in onset of
symptoms [10, 11].

2. Pure electrical damage inducing electrostatic separation
of tissues, and electroporation of cells. Electroporation is
the process of opening the pores in the cell membranes
using a pulse of electricity. The formation of extra pores in
neurons may be responsible for cellular loss or functional
deterioration immediately, or progressively, after electrical
trauma [11].

3. Alteration of protein and/or DNA and especially the lipids
found plentifully in myelin cells due to electrical current
and the produced free radicals from oxidative stress, lead-
ing to demyelination [11].

4. According to Andrews and Reisner [10], the neuro-
humoural hypothesis is the most convincing to date
in explaining both delayed and remote action: under
influence of the electrical current, circulating substances
are released, and are carried in the blood stream to act
at a distance. Evidence has been presented suggesting
that cortisol, which is released in trauma, augments
hyperstimulation of glutamate receptors, which in turn
augments the release of destructive free radicals [12].
Furthermore, one study has demonstrated that free radi-
cals are extremely elevated in a lightning injury [13]. It
is suggested that a complex interaction among electric
current, glutamate, cortisol, free radicals and vessel walls
may be responsible for the delayed and distant effects of
electrical injuries on the CNS and the peripheral nervous
system [10].

Methods

This review complies with the regulations of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) assertion [14].

The articles accepted for this review were case reports
or case series or original research studies of patients where
neurological or neurourological consequences were caused
by electrical injuries (including lightning strikes) which were
written in English. There was no restriction with regard to the
year of publication.

All articles providing experimental or theoretical data or
animal studies as well as reviews, editorials, commentaries
or studies without a peer-review process were excluded. All
studies with an ambivalent description of the process of the
electrocution or the type of current were also excluded. Fur-
thermore, articles on medical devices were excluded if their

14 www.journals.viamedica.pl/neurologia_neurochirurgia_polska



Konstantina G. Yiannopoulou et al., Neurological and neurourological complications of electrical injuries

Records in english identified
through pubmed database search
(n=1,832)

Records identified through
other sources

4

Total records screened in titles
and abstracts (n = 1,998)

(reference lists, reviews, n = 166)

Records excluded as reviews

A 4

Full text article assessed
for eligibility (n = 1,007)

\ 4

or experimental studies (n =991)

Full text articles excluded for the
following reasons (n = 882):
1 Electrical injury not declared as
high- or low-voltage or lightning
strike (n = 545)

A 4

Articles finally included in
the systematic review: n =125

2 Electrical burns induced by
inappropriate medical devices (n = 14)
3 Inadequate clinical neurological,
radiological or laboratory evidence to
support the diagnosis (n = 323)

Figure 1. Literature search for the purposes of this review article

inaccurate application had caused electrical burns. Articles
were also excluded if the clinical, laboratory or radiological
evidence was not strong or clear enough to support the neuro-
logical diagnosis and the connection with the electric trauma.

We carried out a systematic literature search to identify
relevant studies without restriction of the publication year us-
ing the Medline/PubMed database. Each article was discovered
using combinations of the key words electrical injury or trauma
or burn or electrocution, and neurological or urological or
neurourological complications, neurogenic and bladder. The
last literature query was conducted on 30 April, 2020.

In the first stage of assessment of all potentially relevant
articles, the titles and abstracts were screened independently
for eligibility by two authors (KGY and AIA). In the second
stage, for those titles and abstracts which met the eligibility
criteria, the full text was reviewed by the same two authors.
Any disagreement was discussed and resolved between three
authors (KGY, AIA and KK). The extracted data incorporated
bibliographical data, demographic information regarding the
patients, details of the current contact and the circumstances
of the injury, while all neurological and neurourological con-
sequences were independently recorded and revised by the
same three authors.

This systematic search, as depicted in Figure 1, resulted
in an initial number of 1,998 potentially relevant articles.
After screening the title and abstract, 991 publications were
excluded as reviews or experimental studies. A full-text eligi-
bility analysis was performed for the remaining 1,007 articles.
The full text articles that were excluded numbered 882, and
the decision for their exclusion was based on the following
reasons: a precise description of the current type (i.e. high- or
low-voltage or lightning) was lacking in 545 articles; electrical
burns were induced by inappropriate application of medical
devices in 14 articles; and clinical neurological, radiological
or laboratory evidence for supporting the diagnosis was in-
adequate in 323 articles.

The remaining 125 publications fulfilled the eligibility
criteria, and were included in this review. The eligible articles
were published between 1977 and 2000.

Electrical injuries were caused by various electrical sourc-
es, including lightning, high-voltage power lines, or low-volt-
age power lines in occupational settings, indoors and outdoors.

Peripheral nervous system (PNS) entities were reported
in 39 articles, central nervous system (CNS) complications in
94, autonomic nervous system (ANS) dysfunction in 15, and
neurourological sequelae in 16.
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The PubMed database was searched for English language
clinical observational, retrospective, review and case studies,
using the key words electrical injury, electrocution, compli-
cations, sequelae, neurological, urological, neurourological,
neurogenic and bladder.

The broad spectrum of neurological and neurourological
consequences of electrical trauma are identified and classified.

Clinical course of neurological
complications of electrical trauma

Neurological sequelae of electrical injury can be divided
into four categories [15]:

1. symptoms appear immediately after the injury and last only
for hours or days (immediate and transient);

2. symptoms appear immediately after the injury and last
for some weeks, months, years or forever (immediate and
prolonged or permanent);

3. symptoms are not noticed at the time of the injury but
appear later with progressive severity over time (delayed
and progressive);

4. direct effects of the electrical injury induce other indirect
secondary injuries (linked, secondary or indirect) [15].
The first and second categories are the most common

responses of the body to injury. A paradigm of a transient

and immediate sequel of electrical injury might be retrograde
amnesia or loss of consciousness [5]. A prolonged immediate
effect could be a brain haematoma or infarction.

The third and fourth categories are less typical, and add
to the confusing nature of electrical injuries. Examples from
the literature of the third category include amyotrophic lateral
sclerosis, demyelination, thrombosis and dystonia [16]. De-
spite numerous reports of delayed, progressive sequelae, there
has been little progress in the explanation of this phenomenon.

In the fourth category, indirect or linked coupled sequelae
are entities that are indirectly related to the electrical injury
incident. For example, due to the current entering and exiting
the body, victims often fall, sometimes from great heights, and
head injuries can occur. It is particularly challenging for the
clinician to separate the effects of the electrical injury from
the effects of these secondary injuries [5].

The same categorisation can be applied in cognitive, psy-
chological and neurourological sequelae, whenever they are
appropriately identified.

In non-fatal injuries, the exact symptomatology, its se-
verity and duration are diverse and often unpredictable. No
established relationship between injury or patient-related
characteristics and subsequent neurological or neuropsycho-
logical injury has been proved apart from the suggestion of
some studies that high-voltage injuries produce more frequent
immediate sequelae, while low-voltage injuries tend to produce
long-term ones [5, 17].

Clinical presentation of neurological
sequelae of electrical injury

The following categories of neurological sequelae have
been reported:

I. Peripheral neuropathies:
1. Mononeuropathies

Mononeuropathy is the most frequent peripheral neu-
ropathy following an electrical injury and is usually due
to low-voltage electrical injury (which comprises 80% of
peripheral neuropathies following an electrical injury).
The cause may be electrical injury directly to the nerve,
or compression neuropathy secondary to post-injury
oedema [18].

Because electrical injuries are frequently occupational, the
involvement of at least one hand in the task related to injury
is usual. Consequently, median nerve compression and carpal
tunnel syndrome are particularly possible [19]. Unfortunately,
simultaneous immediate median and ulnar nerve palsy may
also occur in the exposed upper limb while trineural (median,
ulnar, and radial) injury has been also reported after a low-
voltage electrocution [20]. Additionally, unilateral ulnar and
simultaneous external popliteal sciatic nerve mononeuropathy
have been reported [21].

2. Multiple bilateral mononeuropathies

Multiple mononeuropathies after an electrical injury more
often appear in cases with third- and fourth-degree burns.
However, they have also been reported after low-voltage
electrical injuries without serious cutaneous burns. Multiple
nerve compressions with identified perineurial fibrosis at the
time of decompression have been described simultaneously
and bilaterally in the upper and lower extremities [18].

3. Polyradiculopathy

Polyradiculopathy is correlated with multiple entry points
(10% of peripheral neuropathies following an electrical injury)
[15]. It may appear after a lightning [22] or high voltage [15]
injury as a unilateral brachial plexus lesion and can even result
in a severe form of a Guillain-Barre-like syndrome [23].

4. Peripheral polyneuropathy

Peripheral polyneuropathy can appear after a high-voltage
injury (10% of peripheral neuropathies following an electrical
injury) [18] or lightning strike [24]. Furthermore, small fibre
polyneuropathy has been reported either associated with
high- or with low-voltage injury [25].

Overall, peripheral nerve disorders can complicate rehabil-
itation after an electrical injury. In a large retrospective study of
311 electric company workers who suffered electrical injuries,
peripheral neuropathies seem to be the dominant neurological
consequence of electrical trauma (permanent in 18.9% of the
injured persons, comprising 90% of the neurological sequelae
in this population) [21].
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5. Cranial nerve dysfunction:

Unilateral [26] and bilateral [27] facial nerve paralysis have
been described after low- and high-voltage electrical injury
respectively.

Bilateral persistent sensorineural hearing loss has been
also reported caused by lightning [28], high-voltage electri-
cal injury [29] or low-voltage electrical injury [30]. Overall, the
commonest acoustic insult after lightning injury is conductive
hearing loss secondary to tympanic membrane rupture, and
the most frequent vestibular symptom is transient vertigo
[28]. Electrical current injuries predominantly cause pure
sensorineural hearing loss and may significantly increase
a patient’s lifetime risk of tinnitus or vertigo [29].

Furthermore, ocular nerve lesions have been reported due
to lightning [31] and high-voltage electrical injury [32] leading
to usually reversible diplopia [32] or blindness [31].

Different signs and symptoms linked to impairment of
function of the lower cranial nerves (mainly dysphagia and
dysarthria) have been described in various combinations
of 9", 10", 11" and 12" nerve involvement, resembling
a usually transient bulbar palsy syndrome secondary to
either a high-voltage electrical injury [33] or a lightning
strike [34].

Finally, a unique case of trigeminal neuralgia follow-
ing lightning injury has been reported [35].

II. Central nervous system (CNS)
complications:

1. Myelopathy can occur in any spinal cord level [36, 37, 38],
especially after high-voltage electrical injury or lightning
injury. Myelopathy after electrical injury is usually im-
mediate. However, delayed myelopathy can also occur
[37, 38]. The typical pattern is that of an initial hypotonia
between days 2 and 10 after injury, followed by ascending
paralysis, which is usually paraplegia followed by quadriplegia
[37]. Magnetic Resonance Imaging (MRI) can reveal the exact
level of the damage with the change of the signal in diffusion
tensor imaging analysis. The spinal cord shows local or wide-
spread demyelination of white matter, oedema or infarction
[36]. Recovery may be complete, partial or absent [38].
Additionally, lightning or electrical injury may lead to in-
direct spinal cord damage, such as spinal fractures due
to fall, sometimes from great heights. It is particularly
challenging for the clinician to separate the effects of the
electrical injury alone from the effects of these secondary
injuries. However, the presence of fractures and the his-
tory of fall due to electrocution support the hypothesis of
secondary injury. According to a quite recent retrospective
study of 832 patients with a traumatic spinal cord injury,
less than 7% of them showed spinal cord fractures, mainly
of the thoracic vertebrae due to fall secondary to electrocu-
tion [39]. Three case reports of thoracic spine compression
fractures as a result of electrical shock from a conducted
energy weapon (a taser) have been also published [40].

2. Traumatic brain injury (TBI):

TBI has superseded the previous term ‘head injury’ as it
better encapsulates the significance of the ‘brain’ [41]. TBI
is defined as: “An alteration in brain function, or other evi-
dence of brain pathology, caused by an external force” [42].
Consequently, electrical brain injury can be considered
as a form of TBI either as a direct effect of the electrical
current to the brain or as an indirect effect secondary to
an electrocution-induced fall.

Specific epidemiological evidence considering the pro-
portion of electrical brain injury among the other causes
of TBI does not exist, probably because most of these
accidents are included in the more general category of
‘falls’ that are responsible for TBI events. Falls are now
considered to be the most common cause of TBI, accord-
ing to the most recent epidemiological studies [41, 43].
Depending on the specific mechanisms of insult, TBI can
be divided into three types: closed head, penetrating, and
explosive blast TBIs [44]. Electrical trauma can mainly
induce the first and third types. Moderate and severe
TBIs as well as electrical brain injuries are associated with
neurological and functional impairments: coma, paresis,
aphasia, seizures, headache, nausea, memory and behav-
ioural abnormalities. Most of these occur immediately
after TBI, while some of them can persist for months or
years [44]. TBI in general, as well as electrical TBI, can
lead to several pathological injuries, most of which can
be identified on neuroimaging [45]: cerebral contusion
[45], focal and diffuse patterns of axonal injury with
cerebral oedema [45, 46], delayed brain atrophy [46],
skull fracture [47], epidural haematoma [48], subdural
haematoma [48], subarachnoid haemorrhage [49], intra-
parenchymal haemorrhage [50, 51], and intraventricular
haemorrhage [52]. In particular, the basal ganglia seem
prone to electrical brain injury, especially in cases without
skull fracture [50].

3. Ischaemia (stroke): One of the most devastating patho-
physiological mechanisms induced by electrical injury is
vasospasm. It can lead to any end-organ infarct and the
brain is not spared the consequences. Nonetheless, cerebral
infarction is only briefly mentioned compared to cerebral
haemorrhage and traumatic injury due to either high- [53,
54] or low-voltage electrocution [55, 56].

4. Cerebellar syndromes: About 10 cases of cerebellar
syndromes after electrocution have been reported to the
best of our knowledge, some of them transient and some
of them permanent with delayed cerebellar atrophy [57].
Cranial orifices are possible portals of entry to the body
and specific access to the cerebellum [57]. Lightning is the
most usual cause of a cerebellar infarction secondary to
electrical injury [57]. However, cerebellar infarctions after
alow-voltage [58] or a high-voltage electrical injury have
also been reported [59], as well as cerebellar haemorrhage
after a high-voltage injury [60].
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5. Cerebral oedema: This has been reported not only as
a part of a TBI pathology due to electrical injury, but
also as the only consequence secondary to a high-voltage
electrical burn to the scalp which can be reversible [61]
or fatal [62].
6. Hydrocephalus: This has been described as a new-onset
clinical syndrome with symptoms of elevated intracranial
pressure and radiological evidence of ventricular dilata-
tion. It usually requires shunt insertion [63].
7. Intracerebral venous thrombosis: This can occur second-
ary to a high-voltage electrical injury to the scalp even if
the brain is out of the current’s pathway [64, 65].
8. Epileptic seizures: Loss of consciousness, confusion, con-
vulsive seizures, and poor recall immediately after a high-
voltage injury are well known as immediate influences
on the CNS. Convulsive seizures at the time of electrical
shock, and epilepsy as a sequel of TBI caused by electro-
cution, are also well recognised [44, 66]. Nevertheless,
epilepsy as a late-onset consequence of electrical trauma
can also occur [67].
9. Loss of consciousness: This is very common after an
electrical injury of any kind, and can be the result of
brain injury, cardiac complications, epilepsy or autonomic
dysfunction [8]. However, it can also appear as the only
reported symptom in cases of low-voltage electrical injury
[68] or lightning [69] in which the patient is unaware of
the accident.
10. Movement disorders
a. Parkinsonism
Extrapyramidal rigidity or parkinsonian tremor have
been sporadically reported secondary to high-voltage
electrical injury [70]. Basal ganglion lesions were noted
in the brain MRI of one reported patient [70].

b. Myoclonus
Myoclonus has been reported in more than 20 cases of
mainly high-voltage electrical injury either immediate-
ly afterwards or as a delayed symptom, even decades
later [71].

c. Choreoathetosis
This has been reported as a delayed consequence after
high-voltage electrical injury accompanied by other
extrapyramidal disorders (tremor, rigidity, myoclonus)
(70, 71].

d. Tremor
This has been described as lingual tremor, probably
due to a brainstem dysfunction, after a high-voltage
electrical injury [72] and as a focal dystonic tremor in
alimb affected by the electrical current after a low-volt-
age electrical injury [16].

e. Dystonia
Dystonia is a rare consequence of electrocution: only
10 cases of dystonia secondary to low-voltage electrical
injury have been published [16]. They include lingual
involvement (two cases) [73], upper limb involvement

(five cases) [74], lower limb involvement (one case)
[16], and torticollis (two cases) [75]. The patho-
physiological mechanisms of electrocution-induced
dystonia remain unknown, but it is mainly considered
to be a form of trauma-induced movement disorder
[16]. Post-traumatic dystonia occurs after both pe-
ripheral and central lesions. Direct damage to the
nervous system, as well as a variety of delayed indirect
mechanisms, including ephaptic transmission, aberrant
neuronal sprouting, denervation supersensitivity, reor-
ganisation of the spinal cord’s synaptic connections, and
oxidative reactions are some of the pathophysiological
theories that have been put forward [16].

11. Amyotrophic lateral sclerosis (ALS): The prevalence
of ALS in electricity-related occupations seems to be
increased according to different epidemiological studies
[76,77], case series [78] and case reports [79]. History of
electric shock has been listed as one of the main risk fac-
tors that may be associated with ALS in two recent meta-
analyses [80, 81]. It is suggested that ALS pathogenesis
might be triggered by recurrent minor or more serious
electrical injuries. Although the reported evidence until
now is not always supportive of the connection of ALS
to electrical injury [82], current data overall tends to sup-
port this hypothesis [76, 80, 81].

II1. Autonomic nervous system (ANS)
dysfunction:

Three types of ANS disorders secondary to lightning or
electrical injury can occur: complex regional pain syndrome
(CRPS) or reflex sympathetic dystrophy (RSD), autonomic
cardiovascular complications, and keraunoparalysis (KP).

Patients with CRPS present with unexplained diffuse pain
(usually of an extremity), hyperpathia, allodynia, sweating, oe-
dema and colour or temperature changes hours to weeks after
alow-voltage electrical trauma [83]. Even years after the acute
phase of electrical injury, the sympathetic skin response (SSR)
remains impaired. This evidence suggests a prolonged ANS
dysfunction in these patients and explains the derangement
of bone metabolism in them [84]. Furthermore, it seems that
SSR measurement predicts the occurrence of post-electrical
injury autonomic dysfunction symptoms, and even bone loss
in all electrical burn victims [84].

A variety of autonomic cardiovascular complications have
been ascribed to lightning strike including severe orthostatic
hypotension and postural tachycardia syndrome [85] and
two cases indicative of hyperadrenergic dysautonomia with
persistent sinus tachycardia and episodes of hypertension,
sweating, and agitation [86].

Keraunoparalysis, also known as Charcot’s paralysis,
consists of transient limb paralysis (more commonly of the
lower limbs), numbness, pallor, coolness and absent pulses of
the affected limbs. It automatically reverses in a matter of few
hours or days. The hypothesis explaining this phenomenon is
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adrenergic discharge and catecholamine release leading to tem-
porary intense vasospasm of the spinal and peripheral arter-
ies. Keraunoparalysis is always a diagnosis of exclusion while
it is confirmed only when any other possible cause of paresis
secondary to trauma has been investigated and rejected [87].

Pupil reactions can also become abnormal as a sign of
ANS dysfunction. Fixed dilated pupils due to massive cat-
echolamine release is one of the described consequences of
high-voltage electrical injury [88] or lightning injury [89] as
well as anisocoria due to Horner’s Syndrome [90] after high-
voltage electrical injury. Consequently, even the presence of
lasting bilateral mydriasis in a comatose patient should not
always be considered a decisive factor for non-escalation of
treatment.

Clinical presentation of neurourological
sequelae of electrical injury

The neurourological complications of electrical trauma
can occur as a direct consequence of a neurological or muscle
injury or as an indirect consequence of an insidious neurologi-
cal dysfunction.

The main urological functions that can be affected second-
ary to an electrical injury are lower urinary tract function,
erectile function, and renal function:

I.  Urinary dysfunctions: Lower Urinary Tract Symptoms
(LUTS) must be estimated in electrical trauma patients,
and if present clinical and laboratory investigation (uro-
dynamic and imaging studies) should follow [91].

a. Overactive bladder: This is the result of the dyssyner-
gia between detrusor and detrusor sphincter combined
with high detrusor pressure and can be responsible for
lower or upper urinary tract infections, upper urinary
tract dilatation, and even renal failure. Suprapontine
cerebral lesions or cervical and thoracic myelopathy
secondary to electrical injury can induce this syndrome
[92].

b. Underactive bladder: This appears with urinary re-
tention and voiding dysfunction and can also induce
urological complications. Cerebral or spinal lesions
between the pontine micturition centre in the brain-
stem and the sacral micturition centre in the sacral
spinal cord are the usual causes. Underactive bladder
is the most common sequel of myelopathy secondary
to electrical injury [73].

II. Erectile dysfunction
a. Due to high-voltage injuries without recognised neu-

rological injury (severe penile trauma, penile amputa-
tion) [93, 94]
b. Due to spinal cord injury [94]:
Taking into consideration that the two neurological
pathways which lead to an erection are: firstly reflex
via tactile stimulus perception by the autonomic par-
asympathetic fibres of the 2™ to 4" sacral spinal cord

segments, which results in vasodilation and opening
of the arteriovenous shunts in the corpora cavernosa,
and secondly psychogenic via autonomic sympathetic
fibres at 11" thoracic to 2™ lumbar level and the hy-
pogastric plexus, we can understand that a complete
upper motor neuron injury above thoracic 11 level
can result in the absence of psychogenic erections
and the presence of only reflex erections, while men
with a lower motor neuron injury affecting the sacral
2-4level have only psychogenic erections and no reflex
erections. There is, however, a considerable degree of
variability of function in incomplete injuries. Myelop-
athy after high-voltage electrical injury or lightning
injury can occur as a direct injury in any spinal cord
level [36-38], and it can also occur secondary to indi-
rect spinal cord damage such as spinal fractures due
to fall, mainly of the thoracic vertebrae [39].

¢. Due to traumatic rupture of the corpus cavernosum
following a direct penile electrical trauma [95].

d. Due to autonomic dysfunction secondary to electrical
injury [88].

. Acute renal failure: This is an acute consequence of muscle
distraction following electrical injury and myoglobinuria.
Rigorous clinical and laboratory evaluation of the electri-
cally traumatised patient must exclude or swiftly diagnose
this life-threatening entity [96]. A rise in serum creatine
phosphokinases (CK), rhabdomyolysis, myoglobinuria
and acute renal failure are events during the early phase
of admission more often in high-voltage injury patients
than low-voltage [96]. High voltages, especially of the
direct type, penetrate deep tissues and induce extended
unexpected myonecrosis [97]. Consequently, patients in
the high-voltage subgroup usually demand a statistically
significant higher median total intravenous fluid adminis-
tration over the first 24 hours after injury [98] with a goal
of 1 mL/kg/h of urine output for adult patients.

These remarks reinforce the importance of assessing elec-
trical injuries and obtaining a voltage injury profile to provide
patient-specific care. Overall, serum myoglobin and CK levels
reflect the severity of injury and may predict a more complex
clinical course [99]. Specifically, renal electrical injury requir-
ing haemofiltration is associated with a 12-fold increased
mortality risk [100].

II

[l

Closing remarks

On admission to emergency departments after an electrical
injury, physical and especially CNS examination intercurrently
with stabilisation of cardiorespiratory status and wounds
management must be prioritised.

Resuscitation attempts should be as intense as possible
independently of pupil reactions, since these can be deterio-
rated simply by an ANS dysfunction. Immediately afterwards,
main laboratory studies, and radiological evaluation should be
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performed. Exclusion of brain haemorrhage should be a priority.
A head computed tomography (CT) is warranted for any patient
presenting with altered mental status, known trauma to the head,
loss of consciousness, seizure or any focal neurological deficits.
Inaddition to a head CT, these patients should be immobilised at
the cervical spine, and imaging of the cervical spine may also be
considered (although this may not be warranted in a patient with
no focal neurological deficits, no changes in mental status, and
no significant injury). The possibility of acute myelopathy should
be evaluated as soon as possible for the purpose of avoiding any
further permanent disability.

Evaluation of the peripheral sensory and motor functions,
as well as hearing and vision, can be prosecuted concomitantly
with further wounds management.

Possible neurourological sequelae, especially acute renal
failure due to myoglobinuria, should be immediately excluded.
Specifically, serum myoglobin and CK levels can reflect the
severity of injury and predict a more complex clinical course.

Conclusions

Physical, neurological and neurourological consequences
of electrical injuries occur in a high proportion of victims, and
can seriously affect their permanent wellbeing. Early diagnosis
and management of these disorders is of paramount impor-
tance for the avoidance of life-threatening complications and
long-lasting disability.

Future research will be improved if case reports and stud-
ies were to describe their cases with a considerable degree of
detail about the circumstances of the electrical injury, the type
of the current, the time interval between the accident and the
medical support provided, and whether there was access to
a specialised burns unit.

Furthermore, because possible delayed neurological conse-
quences of electrical injuries are poorly documented, we recom-
mend conducting prospective studies that include an extensive
follow-up period. Additionally, local epidemiological studies could
improve workplace design for safety and help in educating indus-
trial and domestic workers about potential hazardous situations.

The clear specification of data could be sufficient for the
development of evidence-based guidelines on the diagnosis
and therapeutic management of patients with neurological
consequences of electrical injuries. Besides, this would be
helpful for the purpose of better anatomical and functional
classification of these disorders. and for the clarification of
their pathophysiological mechanisms.
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