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Abstract
Handheld conducted electrical weapons (CEWs) have been used 3.9 million times in the field in 107 countries. Prospective
studies (including over 40 k uses of force) find a 65% reduction in subject injuries versus batons, manual control, and “pepper”
spray. There is a 2/3 reduction in fatal shootings when CEW usage is not overly restricted. USA-derived data suggest that the
temporal subject fatality rate with resistant arrest is ≈ 1:1000 without a CEWand ≈ 1:3000 with the CEW. UK data suggest 85%
compliance with simply the threat of a CEW. There have been 18 deaths from falls (16 brain injuries and 2 cervical fractures) and
8 deaths from fume ignition. These 26 deaths provide a fatality risk of 6.7 per million [95% CI 4.5–9.8]. There are 20 cases of
unilateral blindness from a probe eye penetration. There were also 4 cases of non-fatal major burns and 1 of permanent brain
damage from a fall. These 25 injuries provide a risk of 6.4 per million [(95% CI 4.3–9.5]. The risk of electrocution is very low
since present CEWs satisfy the IEC 60335 electric fence limit of 2.5Wand the ANSI-CPLSO-17 limits of 125 μC per pulse with
a normalized aggregate current of 2.2 mA. Arrest-related death anecdotes alleging an electrocution all fail several diagnostic tests
for an electrocution. While reducing subject injury and death by about 2/3, CEWusage has an overall major complication rate of
13.1 per million field uses [95% CI 9.9–17.2], primarily from falls, fires, and eye injuries.
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Introduction

The majority of handheld conducted electrical weapons
(CEWs) are the TASER® brand manufactured by Axon
Enterprise, Inc., formerly TASER International, Inc., and

therefore the vast majority of the peer-reviewed publications
are based on this brand. Other probe-launching brands include
the PhaZZer Enforcer, Condor Spark, Jiun An Raysun X-1,
and the Karbon Arms Stinger [1–6]. Unless otherwise men-
tioned, the papers discussed refer to TASER brand weapons.

In probe mode, the TASER® handheld CEW uses com-
pressed nitrogen to deploy 2 small probes at typical distances
of up to 7.7 m [7, 8]. Some cartridge models can reach a
distance of 11 m. When the CEW trigger is pulled, the high
voltage pulse first serves to activate a primer cartridge to re-
lease the nitrogen to propel the probes toward the target. These
probes are designed to pierce or become lodged in most light
clothing (and to complete the circuit with the 50-kV arcing
capability). The sharp (dart) portion of the probe is 9–
13 mm long and will typically penetrates the epidermis and
dermis to a depth of ≈ 6 mm for a good electrical connection.

The ultra-short duration (50–100 μs) electrical pulses
applied by TASER CEWs are intended to stimulate Type
A-α motor neurons between, and in close proximity to,
the probes, which are the nerves that control skeletal mus-
cle contraction. This typically leads to a loss of regional
muscle control and a fall to the ground to end a violent
confrontation or suicide attempt, or to facilitate capture or
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control. There is a common misunderstanding that the
CEW induces a powerful tetanic muscle contraction [9].
In fact, the primary effect is to deny the subject regional
muscle control and the resulting contraction has been es-
timated at 46% of a person’s normal maximum voluntary
contraction [10]. This effect also ceases immediately after
the current stops thus allowing a rational subject to com-
ply with officer instructions [11]. The probe-mode appli-
cation also provides pain, as do all less-lethal force op-
tions, but that is not central to its operation. The pain is
also usually irrelevant since 80% of less-lethal force re-
cipient subjects are largely analgesed by illegal drugs,
alcohol, or psychotic break [12, 13].

Alternatively, the CEWmay be used in a “drive-(contact or
touch) stun”mode by pushing the front of the weapon into the
skin to function as a higher charge contact stun gun. With the
fixed electrodes, only ≈ 4 cm apart—and the lack of skin
penetration—the current flow is primarily through the dermis
and fat layer between the electrodes and there is no significant
penetration beyond the subdermal (or subcutaneous) fat layer.
See Fig. 1. Since there is insufficient depth of current flow to
capture muscles, the drive-stun mode serves only as a pain-
compliance technique.

There are no known significant complications with drive
stuns. The American Academy of Emergency Medicine has
the following guideline on drive-stun applications [14]:.

For patients who have undergone drive stun or touch
stun … exposure, medical screening should focus on
local skin effects at the exposure site, whichmay include
local skin irritation or minor contact burns. This recom-
mendation is based on a literature review in which thou-
sands of volunteers and individuals in police custody
have had drive stun … used with no untoward effects
beyond local skin effects.

Primary Benefits

Accountability

Modern CEWs provide a unique force option because they
have extensive objective operation, discharge, application,
and engineering documentation and accountability data-
recording mechanisms. No other force option has such objec-
tive incident documenting capabilities. For example, there is
no permanent record of the number and velocity of baton
strikes, whereas each CEW trigger pull is recorded along with
the charge of each pulse for models developed by the primary
manufacturer since 2009.

CEW-Presentation Compliance

A surprising benefit of CEWs is the ability to obtain subject
compliance with just the threat of the weapon without
discharging a probe or applying a drive-stun contact. This
begins with mere display and can progress to arming (which
turns on the light and LASER pointer), to arcing. During
2018, the CEW was used in 17,000 incidents in England
andWales [15] In 15,000 (85%) of these incidents, the subject
was not exposed to electrical discharge of the weapon. Note
that a non-contact arcing display is not considered a discharge.
Similarly, in Queensland, Australia, in 835 CEW uses, 75%
were presentation only [16].

Slightly less dramatic but similar results are seen in
North America. In 16 Canadian reports (12 agencies)
from 2006 to 2009, there were 1.14 ± 1.09 brandishing
and arcing uses for every discharge with a weighted av-
erage of 1.55 per discharge. In 37 US reports (30 agen-
cies) from 2005 to 2009, there were 1.64 ± 1.32
brandishing and arcing uses for every discharge with a
weighted average of 1.71 per discharge. The overall
North American experience covered 6378 uses of which
62.7% were non-discharge [17]. Other force options have
only minor presentation (non-use) subject compliance ca-
pabilities [18].

Voluntary-Muscle Override Capability

A primary benefit of probe-mode CEW (but not drive-
stun) applications that no other intermediate-force option
possesses is the ability to induce neuromuscular incapac-
itation (NMI) thereby overriding voluntary muscle con-
trol. All force options other than CEWs gain subject com-
pliance by: (1) causing sufficient pain or discomfort to
compel submission, or (2) cause sufficient physical trau-
ma to induce submission. This particular feature of the
CEW is especially recommended for facilitating capture,
control, and restraint, and often delivery of the individuals
with mental disturbance to medical personnel. Numerous
book chapters and papers dealing with interactions with
agitated or aggressive subjects recommend broad probe-
spread CEW deployments to gain rapid control [19, 20].

Injury Reduction

Subject injury rates are significantly lower with the adoption
of the CEW. The MacDonald study covered 12 US law en-
forcement agencies and 24,380 uses of force [21]. They found
that the CEW reduced subject injury by 65%. Taylor et al.
analyzed data from 13 US agencies including 16,918 uses of
force and described a reduction in injuries requiring medical
attention of 75% [22]. Numerous other studies have docu-
mented similar reductions in subject injury rates [8, 23–28].
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Bozeman performed a prospective non-randomized study
of various force options covering 893 uses of force [29]. A
panel of 5 physician investigators graded injury severity.
Significant injuries were found in 10.6% of canine uses
[95% CI 4.2–23.0%], 0.85% of unarmed physical force [CI
0.3–1.9%], and 0% of 504 CEWuses [CI 0–0.9%]. The rate of
significant canine injury was statistically consistent with the
4.8% rate of hospital treatment found by Hickey [30]. The rate
of significant CEW injury was statistically consistent with the
0.25% rate [95% CI 0.1–0.7%] previously reported by
Bozeman [31].

There are 2 outliers in the literature. Terrill reported higher
levels of subject injuries but this paper included probe punc-
tures as injuries [32]. This definition could be criticized since
0.8-mm skin punctures are similar in size to puncture wounds
for vaccinations, blood tests, and intravenous access [33]. Ba
et al. reported no decrease in subject injuries but the definition
of injury was left to police officers rather than medical per-
sonnel with no gradation of injury levels. The authors accept-
ed that they did not know how often probe injuries were
counted in their data [34].

Mortality Reduction

The non-firearm ARD (arrest-related death) rate, temporal
to law enforcement force interactions, is generally esti-
mated to be around 1:1000 [35]. Karch calculated a fairly
consistent rate of 1:1234 using US data from 2003 to
2005 [36–38]. A comprehensive search, of media and le-
gal databases, could only find 1081 residual ARDs in the
USA since the inception of the CEW to date [39]. The
USA had 83.6% of annual reported CEW discharges in
2010 providing an estimate of 3.26 million total US dis-
charges to date (and 3.9 million worldwide). This gives an
ARD CEW temporal—not causal–mortality rate of about
1:3017. Thus, the CEW reduced all-cause mortality by
about 66% compared with the classical estimate and
59% compared with Karch’s estimate. The reduction in
non-firearm ARDs is consistent with the 2/3 reduction in
firearm fatalities in agencies where CEW usage was not
overly restricted [40]. That, in turn, is supported by the
prospective Eastman study finding that 5.4% of CEW
uses replaced lethal force [41].

Fig. 1 The majority of the drive-
stun current is confined to the fat
and dermis layer
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Complications

Eye Penetrations

A CEW has both LASER targeting and fixed sights. The
X26(E) CEW series has a single LASER that approximately
aligns with the top probe. The lower probe is launched at a
separation angle of 8° below the LASER line. To obtain a high
level of motor-nerve-mediated NMI, there must be a probe
separation of at least 30 cm on the front of the body [42].
This requirement, of a large spread, adds to a risk of a probe
contacting the face, especially if the subject ducks to “avoid”
the probes.

Globe rupture can be expected (p = 0.5) when the eye is
within 6 m of the CEWmuzzle and decreases with an increas-
ing distance [43]. Some of the penetrating eye injuries involve
only a perforation by the dart portion of the probe. As of 2017,
there had been 29 reported penetrating eye injuries out of 3.44
million field uses [44]. The risk of enucleation or unilateral
blindness was 69 ± 18%, partial blindness 19 ± 15%, and nor-
mal vision after surgical correction 8%. Surgical correction
can restore normal vision in some cases. The mean age was
31.1 ± 12.1 years which is consistent with the typical CEW-
force recipient (32.0 ± 10.7) [45]. A surprising finding was the
4 accidental CEWdeployments resulting in globe penetrations
of officers or a family member; there was single case of total
blindness. These 4 incidents are not included in the risk sta-
tistics as there is no meaningful denominator.

Since the publication of the most recent data concerning
eye injuries in 2018, there have been 2 further reports of globe
rupture and enucleation. Openmedia reported the case of a 23-
year-old male from New York City, NY, USA, with enucle-
ation. There is also a published case report of a young adult
male with successful globe repair and an elective enucleation
[46]. Taken together, there have been 20 documented cases of
complete unilateral blindness or enucleation giving a risk of
5.1 per million [95% CI 3.3–7.9] by the Wilson score interval.

Fall Injuries

With sufficient probe spread (30 cm in the front or 20 cm in
the back), an uncontrolled fall to the ground is likely [42]. The
most significant hazard associated with a fall is the possible

head impact on the ground that can lead to severe or even life-
threatening injuries of the head or neck.

The relationship between the physical parameters of the fall
and the risk of life-threatening injuries is very complex and
influenced by many factors, such as the form and material
properties of the object impacted by the head, the exact fall
kinematics, the individual anatomy, and the biomechanical
tolerance of various tissues of the person. Forward falls have
lower risks of life-threatening injuries compared with back-
ward falls [47]. A severe impact on the face causes fractures
(nose, orbitals, and jaw) at moderate force levels resulting in
energy absorption and a reduction of the resulting head accel-
eration similar to the function of crush zones in an automobile
body. For backward falls, the higher stability of the occiput
region leads to higher accelerations and a higher risk of intra-
cranial injuries (coup and counter-coup contusions with sub-
dural hematoma). The head impact velocity in falls from a
standing position can reach values exceeding 6 m/s [47, 48].
Such impact on a non-yielding surface (concrete, stone, or tile)
can cause severe or life-threatening injuries even on a flat
ground surface.

There have been 16 deaths from traumatic brain injury due
to CEW-induced falls [49]. The age of the fatal-fall subjects
was 46 ± 14 years which is significantly higher than that of
ARDs in general (compared with Ho with 35.7 ± 9.8, n = 162,
p = .0002) [50].

There have been 2 deaths reported from cervical fractures
caused by a CEW-induced fall. Overall, we are aware of 18
deaths from falls giving a CEW-induced fall mortality risk of
4.6 per million [95% CI 2.9–7.3]. Bozeman reported 2 non-
fatal head injuries from falls—that resolved without neurosur-
gical intervention or long-term sequelae—out of 1201 CEW
uses for a rate of 0.17% [95%CI 0.05–0.61%] [31].

Ignition of Flammable Fumes

Fresh petrol has a lower explosive limit (LEL) of 1.4%. This
means that a mixture that is 98.6% air and 1.4% petrol vapor is
barely explosive. Surprisingly, this concentration level (1.4%)
is not considered acutely toxicologically dangerous but in the
“recreational” intoxication range for petrol sniffers [51, 52].
The upper explosive limit (UEL) is 7.6% and thus petrol, per
se, is not explosive. The minimum ignition energy (MIE) for

Fig. 2 Probe conducting to cloth
over aluminum foil, with arcing in
the wire-probe connection eye
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petrol is 0.24 mJ which occurs at the “optimal” concentration
roughly midway between the lower and upper limits. This is
lower than the ≈ 1 mJ of the popular TASER X26(E) CEW
probe-wire connection and thus the fumes are easily ignited by
the arc in the “needle-eye” at the back of the probe with an
optimal concentration. See Fig. 2.

There are other liquids that have similar explosive ca-
pabilities. Benzene (commonly used for methamphetamine
production) has a LEL of 1.34%. Butane (often used to
manufacture hash oil) has a higher LEL of 1.81–1.86% in
different forms. Its isomer, isobutene, is also present in
cigarette lighters. Oleoresin capsicum (pepper or OC) aero-
sol often uses flammable propellants, such as isopropyl
alcohol, ethanol, and methyl isobutyl ketone. A few aero-
sols use nitrogen or other non-flammable propellants,
which is inherently non-flammable. Many of the OC aero-
sols that are labeled as “non-flammable” actually can be

ignited by a CEW [53]. Most of these develop a small
flame that is unlikely to produce a severe burn injury.

The probes are deployed at an initial velocity of ≈ 43 m/s
and the pulse rate is 19–22 pps (pulses-per second). The
probes thus travel 2.3 m per pulse. Since the maximum arc
is 4 cm, it is unlikely that a probe would ignite a gas by arcing
from the probe tip as it approached the subject. The probe-
wire arcs are the most likely source of the ignition. While each
pulse delivers about 100 mJ of energy to the load, the amount
of energy delivered to the arc (in each probe) is estimated at ≈
1 mJ [54]. However, in the event of heavy or probe-resistant
clothing, or a probe lodged in the clothing on the subject’s
side, there can be an arcing connection with more energy.

The minimum ignition energy for each substance is given
in Table 1. The ignition energy increases rapidly for concen-
trations not centered between the higher and lower explosive
limits [55]. This can explain why many electrical weapon

Table 1 Relevant flammable
substances Substance LEL UPL MIE (mJ) Fatal

cases
Source or usage

Petrol 1.4% 7.6% 0.24 6 Motor vehicles, arson, suicide, sniffing

Methane 5% 15% 0.21 2 Natural gas

Isobutane 1.8% 9.5% 0.009 0 Spray-paint propellant, lighter fluid

Ethanol 3.3% 19% 0.23 0 Spray-paint propellant, OC spray propellant

Isopropyl alcohol 2% 12% 0.65 0 OC spray propellant

Methyl isobutyl
ketone

1% 8% 0.21–0.53 0 OC spray propellant (values are for methyl
ethyl ketone)

1,1-DFE 3.7% 18% UNK 0 Refrigerant aka “dust-off” sniffed
recreationally

TATP NA NA NA 0 Explosive

Fig. 3 Electric fence safety
standards compared with modern
CEWs
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probe deployments do not cause an explosion even in the
presence of a given fuel.

The published literature reports 6 fatal burns (4 petrol and 2
methane) from CEW ignition [54]. Since that publication,
there have been 2 deaths, both of whom had petrol on their
clothing in suicide threats (39-year-old male from Texas and a
52-year-old male from Oklahoma). This gives a total of 8 fatal
fire deaths out of 3.9 million CEW discharges giving a risk of
2.1 per million [95% CI 1.0–4.0].

Electrocution Myth

The low rate of residual ARDs (of 1:1037) provides strong
evidence of the mortality reduction with the CEW. Ironically,
some activist groups have suggested that these residual ARDs
are electrocutions and caused by the CEW.

Safety Standards

All present TASER brand CEWs deliver less than 2 W which
is far less than the 5–7 W allowed by the Underwriters
Laboratories (UL) electric fence standard [56], such that
CEW-induced electrocution is not expected (Fig. 3). The UL
limit depends on the stimulus pulse width and is > 5 W for a
100-μs pulse (applies to the X26P) but 7 W for a 45-μs pulse
of the T7. Modern CEWs even satisfy the conservative IEC
(International Electrotechnical Commission) and European
(Cenelec) 2.5-W limit [57–59].Were a CEWever to be proven
to have caused death by electrocution, millions of kilometers
of electric fences would have to be removed from gardens and
agricultural businesses worldwide.

There is also an electrical standard designed specifically for
the CEW: ANSI-CPLSO-17. It requires certain minimum out-
puts for effectiveness and has maximum limits for safety as
shown in Table 2. All TASER brand CEWs satisfy this
standard.

The typical effects of various AC currents are shown in
Table 3. The 1.8 mA of pulsed DC (aggregate) current (for
the TASER X2 CEW) is equivalent to 16 mA AC [60]. This
level is substantially lower than the 40-mA IEC safety limit
used with residual current limiters. Present CEWs thus satisfy
all relevant electrical safety standards [61, 62].

A limitation, with applying electrical safety standards,
is that they are largely based on external skin contact.
However, the heart is very close to the skin in the 4th or
5th left parasternal intercostal spaces with a distance as
little as 10 mm from the right ventricular myocardium to
the skin surface in a thin adult [63]. The apex can also be
this close but that is less relevant to electrocution since
the left ventricle (and apex) is much thicker and hence has
a higher VF (ventricular fibrillation) threshold [64, 65].
Hence, the electrical safety standards set an upper bound

of ≈ 10 mm for the DTH (dart-to-heart distance) for VF
induction. Therefore, a probe penetrating the skin directly
over the right ventricle could theoretically induce VF
even while satisfying these safety standards if the probe
was nearly touching the ventricular epicardium. Horowitz
found that the induction of VF in humans by right ven-
tricular epicardial bursts required pulse charges of 97 μC
(= 24.3 mA × 4 ms) which suggests that the 100 μC
TASER X26(E) CEW charge would have to be delivered
almost directly to the epicardium [66]. For this reason, the
relevant animal and human testing focuses on the critical
DTH for the tip of the probe.

Animal Cardiac Studies

Due to longer QT intervals, shorter repolarization times, and
intramural Purkinje fibers, the porcine model’s heart is 3 ×
more electrically sensitive than that of humans [67–70].

Some small swine have had VF induced with a CEW probe
very close to the heart. These studies demonstrate that the
theoretical risk of electrocution is confined to very small or
very thin humans. Walcott et al. showed that swine are 3 times
as sensitive to electrical current as humans [71]. The largest
swine which was electrocuted by a CEW was reported by
Valentino et al. and weighed 36 kg [72]. The levels of danger-
ous currents scale with body mass just like a drug dosage.

Table 2 ANSI-CPLSO-17 output limits

Raw charge
(μC)

Normalized
charge (μC)

Pulse rate
(Hz)

Normalized
aggregate
current (mA)

Minimum 40 60 17 1.15

Maximum 125 120 30 2.2

Table 3 AC currents and their typical effects

AC Current (mA) Effect
1500 Nerve Damage

1000

500 Cardiac Arrest Probable

200

100 Cardiac Arrest Possible

50 Interference w Breathing

20

16 X2 CEW (AC Equivalent)

15 Male No-let-go threshold

10 Muscle Contractions Begin

5 Pain Sensation

1.1 Male Hand Perception

0.7 Female Hand Perception
Color significance: Red is danger, yellow is muscular effects, green is
sensation only

     Hum Factors Mech Eng Def Saf (2019) 3: 77 Page 6 of 13



Since swine are 3 times as sensitive to electrical current (as
humans), we can translate the Valentino 36 kg pig to a 12 kg
human. [72] This calculation uses a direct proportion relation-
ship for VF threshold to the body mass. Some authorities
argue that the VF threshold scales with the square root of body
mass [73].With such a relationship, the Valentino pig is equiv-
alent to a larger 21 kg human. Using this more conservative
calculation, the best evidence suggests that the risk of CEW
electrocution is limited to humans with a body mass under
21 kg.

Nanthakumar et al. induced VF in 1 of 6 swine weighing
50 kg. However, the swine were given an epinephrine in-
fusion shortly before the CEW exposure, which signifi-
cantly (but only temporarily for 3–5 min) reduces the VF
threshold by up to 26–28% [74, 75]. The DTH or the
timing from the start of the epinephrine infusion was not
disclosed. By the time officers would arrive to an agitated
individual, at least 5 min after a call, the epinephrine actu-
ally increases the VF threshold [74, 75].

The required DTH (for VF induction in swine) was studied
using spacings of 2–12 mm [76]. They found that the probe
tip, through a pre-bored hole to the heart, had to be 5.8 ±
2.0 mm from the epicardium with an X26(E). The return

(reference) dart was placed in the inferior part of the abdomen
and no myocardium was in a straight vector between the elec-
trodes. This refuted the common misperception that a “trans-
cardiac vector” was relevant to the CEW electrocution risk.
Other swine studies have also refuted the transcardiac hypoth-
esis [77]. Lakkireddy et al. also tested close probe spacings to
the heart (12–23 mm) without inducing VF with an X26(E),
and demonstrating an eightfold safety margin in ≈ 35 kg swine
[78, 79]. Wu et al. evaluated probe spacings of 2–12 mm [76].
Based on the Lakkireddy (12–23 mm) and Wu results, the
probability of inducing VF (in swine) based upon DTH can
be estimated by logistic regression as shown in Fig. 4 [80].

The critical DTH in humans is highly likely to be less than
that in swine since swine are more sensitive to external cur-
rents inducing VF [81]. This can be quantified as seen in
Table 4.

The VFT (VF threshold) ratio column refers to the human
VFT being 3 × that of swine and the VFT with maximum
catecholamines being 73% of the baseline. The DTH (dart-
to-heart) distance ratio refers to the corresponding distance to
the heart for inducing VF. For example, the human DTH is
1÷2.41 of the swine DTH and the maximum catecholamines
1÷0.78 (or 1.28x) of that since they temporarily lower the

Fig. 4 Probability of VF
induction vs DTH in swine

Table 4 DTH (mm) for VF with
X26(E) CEW Condition VFT

ratio
DTH
ratio

DTH
mean

DTH
st. dev.

Maximum Notes

Swine 1 1 5.8 2.04 8 Wu-Webster [76].

Human 3.0 2.41 2.41 0.85 3.32 Walcott [71].

With maximum
catecholamines

0.73 0.78 3.10 1.09 4.27 Han 26% and Papp 28% VF
threshold reduction [74, 75]
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VFT. The result is an estimated 3.10 ± 1.09 mm for the DTH
for VF in a human with maximum catecholamine effect.

A “linear” relationship between the current density andDTH
suggests dividing the 5.8-mm swine value by the 3 × swine-to-
human sensitivity ratio to get a predicted human DTH of
1.93 mm. However, the current density varies with the distance
from the tip (of a percutaneous needle electrode) by a − 5/4
exponent so the correction is slightly smaller [80, 82].

Because of the human anatomy, this is very unlikely in a
normal adult but possible in small children. A prospective
study of CEW usage in minors (by age) found no complica-
tions beyond probe punctures [83]. Risk calculations, using a
distribution of body habitus and echo and CT scan data, have
been performed [84, 85]. The VF risk is estimated at approx-
imately 1 in 3 million field probe uses.

The primary utility of the swine studies is establishing the
critical DTH comparisons between different waveforms and
probe configurations. A secondary value is in providing esti-
mate of the lower limits of body mass for safety.

Human Cardiac Clinical Studies

There have been 66 humans monitored continuously during a
discharge with precordial CEW probes. See Table 5. There
was no VF induction but a single case of asymptomatic car-
diac pacing in 2009. That was with an experimental prototype

CEW which was never manufactured. However, we are con-
servatively listing it here.

The margin between cardiac pacing and the induction of
VF is quite high and typically about 12:1 [89]. Thus, these
clinical data suggest a very low risk of VF induction evenwith
precordial probes.

Since modern CEWs satisfy all relevant electrical safety
standards, there have been suggestions of hypotheses for elec-
trocution that do not involve the induction of VF including
fatal acidosis induced by muscle contractions and induced
respiratory arrest [90]. Over a century of electrocution, re-
search has never demonstrated a single death from electrically
induced acidosis from muscle contractions. The acidosis from
respiratory arrest theory was popular in the later 1800s but
Jones questioned this based on witnessed human accidents in
1895 [91]. Oliver and Bolam then did animal experiments
which showed that electrocution was due to an immediate
cardiac arrest, in their 1898 paper [92]. Fatal acidosis from
respiratory arrest was demonstrated by Cunningham in the
1890s in dogs but only with 10min of continuous currents just
below those required for VF [93]. This is irrelevant to CEWs
since they do not cause respiratory arrest [94–98].

A more curious hypothesis was that the muscle contrac-
tions could cause a delayed death from rhabdomyolysis and
subsequent acute kidney failure. This has been refuted with
numerous clinical studies showing no meaningful increases in
myoglobin or creatine kinase [99].

Diagnosing a CEW Electrocution

Objective criteria can be given for an electrocution diagnosis
in a CEW incident as shown in Table 6.

Asystole (flatline) and PEA (pulseless electrical activity)
are not inducible with electrical stimulation [100]. Asystole
is rarely confused by EMS personnel—and almost never if
multiple leads are used [101]. Electrically induced VF does
not deteriorate to asystole in < 20 min [102–104] and the

Table 6 Diagnosis of
electrocution by CEW. Each
criterion must be satisfied

Item Notes

1 Presenting rhythm is VF [100]. Asystole and PEA are not inducible [100].

2 Dart-to-epicardial distance is ≤ 4 mm [76]. The critical DTH is 5.8 ± 2.1 mm in swine [76].

3 No documented pulse after CEW application. When a pulse is detected, this has a 95%
accuracy [110, 111].

4 Cessation of normal breathing within 60 s
of CEW application [112, 113].

5 Cessation of agonal breathing within 6 min of
CEW application [113, 114].

Commonly referred to as “dying gasps” and not
confused with normal breathing.

6 If defibrillation (up to 3 shocks) is attempted
within 10 min (or 14 min with CPR) it is
successful [109].

Electrically induced VF is defibrillated with a 90%
success rate at 10 min with any chest
compressions [109].

Table 5 Human testing with precordial probes and continuous
monitoring

Author n Exposure (s) Monitoring Pacing VF

Stopyra [86] 3* 5 Electrogram 0 0

Dawes [87] 10 5 Echo 0 0

Ho [88] 53 10 Echo 1 0

*Stopyra had 4 subjects but the pacemaker prevented recording in a single
case
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median time in swine is 34min [105]. The delay is longer with
chest compressions [106].

The best evidence suggests that electrocution in a human
would require that the tip of the probe be within ≈ 4 mm of the
epicardium (outer part of the heart). This is not an issue with
the drive stun as no probe penetrates the skin and gets suffi-
ciently close to the heart. A probe in the sternum is considered
too far away as the sternum is an insulator in adults [107, 108].

With any chest compressions, defibrillation has a ≥ 90%
success rate up to 10 min of electrically induced VF—with 3
or fewer shocks [109]. Hence, the failure of prompt defibril-
lation exculpates an electrical cause for VF.

After a cardiac arrest, normal breathing ceases in 12–60 s
[112, 113]. However, some subjects will also have “agonal”
breathing (dying gasps) for a maximum total of 6 min [114].

Electrocution Anecdotes

There exist 12 published case reports suggesting electrocution
by a CEW [115–120]. Case reports generally provide ex-
tremely weak evidence of causality because they are particu-
larly prone to bias and are incomplete, uncontrolled, retro-
spective, and lack operational criteria for identifying when
an adverse event has actually occurred [121, 122]. This is
especially true regarding the CEW since the vast majority
were generated in litigation [123]. A total of 9 of these 12
reports were from the expert witnessing activities of a single
retired cardiologist [117, 118]. However, in the interest of a
complete complication analysis, we will consider these case
reports below.

In 49% of field uses a probe lands in the front chest [31].
Thus, we estimate that there have been about 1,911,000 field
uses with a probe in the chest giving a potential incidence of
3.1 per million [95% CI 1.8–5.4] for any CEW discharge and
6.3 per million [95% CI 3.6–11.0] for a precordial probe ap-
plication. Only 7 presented in VF. Another 2 can be eliminated
as they included a case with missed probes and another case
with a documented pulse afterwards. See Table 7 for the 5
remaining cases.

Electrocution can be diagnostically eliminated in the above
cases by:

1. DTH ≥ 20 mm (vs. 3 mm): 5/5
2. Failure of prompt defibrillation [124]: 5/5
3. Breathing > 1 min [112, 113]: 3/5 (2 unknown)

All of the alleged VF case reports were analyzed by the
Canadian Council of Science [125]. Their peer-reviewed re-
port was produced by a deliberative panel that included nu-
merous Canadian and US experts on electrical weapons and
ARD, and was extensively peer-reviewed. This panel
dismissed the controversial expert witness case series [117].
The Canadian Council report was very direct:

The study by Zipes is particularly questionable since the
author had a potential conflict of interest and used eight
isolated and controversial cases as part of the analysis.

In summary, the risk of CEW-induced VF remains a theo-
retical concern with an extremely low probability. The risk
appears to be confined to a very small or thin subject with a
probe nearly touching the right ventricle. To date, no reported
electrocution anecdote has withstood careful scrutiny [35, 99].

Conclusions

While reducing subject injury and death by about 2/3, CEW
usage has a fatal complication rate of ≈ 6.7 per million, from
uncontrolled falls and fume ignition. Penetrating eye injury
appears to be the primary non-fatal major complication
followed by rare non-fatal major burns and a single case of
permanent brain injury from a fall. The non-fatal major com-
plication rate is ≈ 6.4 per million.
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funding for this work. MWK is member of Axon’s Scientific and
Medical Advisory Board (SMAB) and corporate board. MAB is an
Axon employee, including legal advisor to the SMAB. HMOP is
Secretary of CPLSO. RML is a SMAB member and consultant to
Axon. SNK is a SMAB member. KKW declares no disclosures. MWK,
MAB, and RML have served as litigation or inquest experts in multiple
countries.

Table 7 Reported VF cases from
CEW use Age/race DTH (mm) Breathing (min) failure of prompt

defibrillation
Cardiac pathology

25 B > 20 UNK Y Hypertrophy, fibrosis

48 C No penetration UNK Y Long QT

17 B Right side 4 Y Hypertrophic cardiomyopathy

17 B 50 4 Y None on autopsy

16 B 55 8 Y Arrhythmogenic right
ventricular cardiomyopathy
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