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Chapter 14 Electrical Safety 

 

 

 About 10,000 device-related patient injuries per year in US 

 Improper use of device due to inadequate training and lack of experience 

 Safe design and safe use 

 Everything that can go wrong eventually will go wrong  fail-safe design is 

necessary 

 Potential hazards in clinical environment: fire, air, earth, water, chemicals, drugs, 

microorganisms, vermin, waste, sound, electricity, natural and unnatural disasters, 

surroundings, gravity, mechanical stress, people, x rays, ultrasound, magnets, UV 

light, microwave, laser, etc. 

 Minimum performance standards and regulations 

 

 

14.1 Physiological Effects of Electricity 

 

 If a human body becomes a part of a closed electric circuit and current flows, 

 Electric stimulation of excitable tissue (nerve and muscle) 

 Resistive heating of tissue 

 Electrochemical burns and tissue damage for dc current and very high voltage 

 Condition: 70-kg man holds AGW No. 8 copper wires in each hand and 60 Hz current 

flows for 1 – 3 s 

 

Threshold of Perception 

 Minimal current that an individual can detect 

 Large variability 

 Lowest threshold at 60 Hz with moistened hands: about 0.5 mA 

 Threshold for dc current: 2 – 10 mA, slight warming of the skin 

 

Let-Go Current 

 Higher current  vigorous stimulation of nerve and muscle  pain and fatigue  

 Involuntary muscle contractions and reflex prevent the subject from voluntarily 

withdrawing 

 Maximal current at which the subject can withdraw voluntarily: 6 mA 
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Respiratory Paralysis, Pain, and Fatigue 

 Higher current  involuntary contraction of respiratory muscle  asphyxiation 

 Respiratory arrest at 18 – 22 mA 

 

Ventricular Fibrillation 

 Major cause of death due to electric shock 

 VF continues even after the shock is removed  needs defibrillator 

 Threshold: 75 – 400 mA for an average sized human 

 

Sustained Myocardial Contraction 

 1 – 6 A  entire heart muscle contracts 

 Stops when the shock is removed 

 

Burns and Physical Injury 

 > 240 V  skin puncture 

 > 10 A  burns due to resistive heating, loss of excitability (brain and nerve), 

separate muscle from bone 
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14.2 Important Susceptibility Parameters 

 

 Must consider minimal values regarding safety 

 

Threshold and Let-Go Variability 

 Threshold of perception: Gaussian distribution 

 Mean: 1.1 mA (men), 0.7 mA (women) 

 Minimum: 500 A 

 Current application using ECG gel electrodes: 30 – 200 A with mean of 83 A 

 Let-go current: Gaussian distribution 

 Mean: 16 mA (men), 10.5 mA (women) 

 Minimum: 9.5 mA (men), 6 mA (women) 

 Variability is greater than that of threshold of perception 

 

 

 

Frequency 

 50 – 60 Hz: minimal let-go current 

 < 10 Hz: let-go currents rise 

 > 1 kHz: let-go currents rise 
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Duration 

 Strength-duration equation: I I
tt r FHG
I
KJ1


 

 It  = stimulation current threshold 

 Ir  = constant rheobase current 

  = chronaxie time constant 

 t = pulse duration 

 Heart is vulnerable to VF during T wave (repolarization) 

 60 Hz current applied to extremities: VF threshold increases sharply for pulse < 1 s 

 

Body Weight 

 VF threshold increases with body weight in dogs. 

 

 

 

Points of Entry 

 Macroshock 

 Large (usually) current 

 Only a small fraction of total current flows through the heart 

 Externally applied with no direct conductive connection to the heart 

 Between the same extremity  risk of VF is small 
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 Microshock 

 Direct conductive path to the heart 

 Path is insulated except at the heart  current concentration 

 VF: 80 – 600 A microshock (human), 20 A in dogs 

 Safety limit of microshock = 10 A 

 

14.3 Distribution of Electric Power 

 

 4800 V  step-down transformer  240 V and 120 V between hot (black) and 

neutral (white) 

 Hospital Grade receptacles 

 Additional redundant ground (green) 

 

 
 

Patients' Electrical Environment  

 Connection between hot and any grounded object  macroshock 

 Sufficient potential difference between exposed conductive surfaces  microshock 

 Maximal potential difference between any two exposed conductive surfaces in the 

vicinity of patient (1996 NEC, Article 517-15) 

 General-care area, 500 mV under normal operation 

 Critical-care area, 40 mV under normal operation 

 General-care area 

 4 single or 2 duplex grounded receptacles (minimum) 

 2 branch circuits with separate automatic overcurrent devices per patient bed 
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(minimum) 

 Critical-care area 

 All exposed conductive surfaces must be grounded to a single-point grounding 

 Periodic testing for continuity between patient ground and all grounded surfaces 

 6 single or 3 duplex grounded receptacles (minimum) 

 2 branch circuits with separate automatic overcurrent devices per patient bed 

(minimum) 

 One branch circuit must be an individual branch circuit from a single panel board 

(minimum) 

 Patient-equipment grounding point is permitted. 

 

Isolated Power Systems 

Detector

AlarmHot (B)

Neutral (W)

Ground (G)

Isolation Transformer

Device

Chassis

Ground

LIM

10 k

10 k

0.3 F

0.3 F

33 k

0.01 F

 

 Ground fault 

 Short circuit between hot and ground 

 Large current flow  circuit breaker 

 Isolation transformer 

 Isolation of hot and neutral from ground 

 Single ground fault from hot (or neutral)  normal grounded system 

 Second ground fault from neutral (or hot)  large current flow 

 LIM (line-isolation monitor) or dynamic ground detector: detection of the first 

ground fault 

 Alternately measure the total possible resistive and capacitive leakage 
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current (total hazard current) that would flow through a low impedance if it 

were connected between either isolated conductor (hot or neutral) and ground. 

 Total hazard current > 3.7 – 5.0 mA under normal line voltage  alarm 

 LIM itself has a monitor hazard current of 1 mA  total hazard current 

allowed by isolation transformer < 5 mA 

 LIM may produce switching noise. 

 NEC requires isolated-power system in OR and others using flammable 

anesthetic 

 

Emergency-Power System 

 NEC Article 517 requires the emergency electric system for health-care facilities 

 Automatic power restoration within 10 s 

 Emergency system 

 Life-safety branch: illumination, alarm, and alerting equipment 

 Critical branch: lighting and receptacles in critical patient-care areas 

 

14.4 Macroshock Hazards 

 

 Effect of electric shock depends on 

 Skin resistance 

 Spatial distribution of current throughout the body 

 

Skin and Body Resistance 

 Skin resistance  limit the amount of current 

 Change with location 

 Dry, intact skin: 15 k – 1M for 1 cm2 contact 

 Wet or broken skin : 1% of resistance of normal, dry skin 

 Internal body resistance 

 Each limb: 200  

 Trunk: 100  

 Higher for obese patients 

 Medical procedures reduce or eliminate skin resistance 

 Electrode with get 

 Electronic thermometer in the mouth or rectum 

 Intravenous catheters 
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Electric Faults in Equipment 

 Insulating case is better. 

 Metal chassis or cabinet must be grounded with green ground wire 

 Hot – chassis fault  current flows through green ground due to its low 

resistance  open circuit breaker  attention to the fault 

 Macroshock occurs if 

 Metal chassis is not grounded or ground connection is broken (AND) 

 Insulation or component failure  short circuit between hot and chassis 

(equipment operates normally) (AND) 

 A person touches the chassis and grounded object simultaneously 

 Broken green ground inside power cord + frayed cord connecting ground to hot  

chassis connected to hot 

 Periodic test for continuity of ground wire 

 Fluids often conduct electricity  good mechanical design is necessary 
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14.5 Microshock Hazards 

 

 Leakage current in line-operated equipment 

 Potential differences between grounded surfaces due to large current in the grounding 

system 

 
 

Leakage Currents 

 Leakage current: small current in A range between any insulated conductors with 

different potentials 

 Capacitive leakage current: stray capacitance 

 Resistive leakage current: insulation, dust, moisture 

 Leakage current from conductors inside a device to lead wires connected to chassis 

or patient  chassis potential rises if broken ground  chassis – patient heart – 

ground connection  microshock 
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Conductive Surfaces 

 Potential difference between two conducting surfaces  one surface – patient heart 

– the other surface connection  microshock 

 

Conductive Paths to the Heart 

 Patients susceptible to microshock 

 Epicardial or endocardial electrodes of externalized temporary cardiac 

pacemaker 

 Electrodes for intracardiac electrogram (EGM) measuring devices 

 Liquid-filled catheter placed in the heart to 

 Measure blood pressure 

 Withdraw blood 

 Inject substances such as dye or drugs into the heart 

 Current density is important for producing VF  size of electrode or catheter 

 Microshock via ground potential difference: Fig. 14.11 

 Single patient-grounding point is desirable 

 Modern medical devices (BP, ECG, etc.) provide electrical isolation for all 

patient leads 
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14.6 Electrical-Safety Codes and Standards 

 

 Documents 

 Code: mandatory requirements, explanations in notes, footnotes, appendices 

 Standard: mandatory requirements, more detailed notes and explanations 

 Manual or guide: informative or tutorial 

 NFPA No. 99 – 1996  

 NEC 1996, Article 517 

 ANSI/AAMI ES1 – 1993  
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Electric Appliance Chassis 
Leakage, A 

Patient-lead 
Leakage, A 

Not intended to contact patients  100  NA 
Not intended to contact patients and single fault  500  NA 
With nonisolated patient leads  100  10 
With nonisolated patient leads and single fault  300  100 
With isolated patient leads  100  10 
With isolated patient leads and single fault  300  50 

 IEC 601-1: UL, HEMA, NEMA, FDA 

 

 

14.7 Basic Approaches to Protection against Shock 

 

 Isolation and insulation from all grounded objects and electric sources 

 Same potential on all conductive surfaces 

 

14.8 Protection: Power Distribution 

 

Grounding System 

 Low-resistance ground that can carry current up to circuit-breaker ratings 

 Very important even with isolated power system 

 Keep all conductive surfaces and receptacle ground at the same potential 

 Protection against macroshock and microshock 

 Protection against ground faults at other locations 

 Patient-equipment grounding point: < 0.15 , < 40 mV, all conductive surfaces and 

receptacle grounds around a bed 

 Reference grounding point: many patient-equipment grounding points 

 Building service ground: all reference grounding points 

 

Isolated Power-Distribution System 

 Large ground fault  large ground current  large ground potential difference 

 Isolated power system  

 Protection against large ground fault and macroshock 

 Reduced leakage current but > 10 A  microshock is possible (stray C between 

transformer secondary and ground) 

 

Ground-Fault Circuit Interrupters (GFCI) 

 Principle 
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 Detect difference in current between hot and neutral using differential 

transformer 

 If this ground fault > 6 mA  GFCI disconnects electric power source in trip 

time using solid-state circuitry 

 Used in wet locations where continuity of power is not essential 

 Protection  

 Protection against some macroshock 

 Not sensitive to leakage currents  no protection against microshock 
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14.9 Protection: Equipment Design 

 

Reliable Grounding for Equipment 

 Most failure of equipment grounds 

 Ground contact of receptacle 

 Plug and cable 

 Use  

 Hospital-grade receptacles and plugs 

 Hard Service (SO, ST, or STO) or Junior Hard Service (SJO, SJT, SJTO) power 

cords 

 Strain-relief device 

 Cord-storage compartment 

 Do not use  

 Molded plugs 

 Three-prong-to-two-prong adapter (cheater adapter) 
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Reduction of Leakage Current 

 Low-leakage power cord: < 1.0 A/m 

 Inside chassis: minimize capacitances between all hot conductors and chassis by 

careful layouts and insulating materials 

 Patient connection: maximize impedance between patient leads and hot conductors 

and between patient leads and chassis ground 

 Check and use modern equipment 

 

Double-Insulated Equipment 

 Primary insulation: normal functional insulation between energized conductor and 

chassis 

 Secondary insulation: separate insulation between chassis and outer case 

 Outer case made of insulating material 

 All switch levers and control shafts must also be double insulated 

 Protection against both macroshock and microshock 

 

Operation at Low Voltage 

 Low-voltage equipment are generally safer than high-voltage equipment. 

 

Electrical Isolation 

 Electrical isolation  

 No ohmic connection between input and output 

 Different voltage sources on each side of isolation barrier 

 Different grounds on each side of isolation barrier 

 Isolation amplifier: instrumentation amplifier + unity-gain isolation stage 

 v v
v

CMRR

v

IMRR
Gaino SIG

CM SIG  F
HG

I
KJ   
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RISO

CISO

 

 RISO  = isolation resistance, > 10 M 

 CISO  = isolation capacitance 

 vISO  = isolation voltage, potential between two commons, > 1 – 10 kV 

 IMRR = isolation-mode rejection ratio 

 vCM  = input common-mode voltage, 10 V (typical) 

 CMRR = common-model rejection ration, > 100 dB 

 vSIG  = input signal voltage 

 Methods of signal isolation 

 Transformer isolation: FM or PWM, up to 30 kHz signal bandwidth (baseband) 

 Optical isolation: LED and photodiode, level shift, nonlinearity 

 Capacitive isolation: differential ceramic capacitor, digital signal transmission, 

FM, maximal vISO  of 8 kV, bandwidth up to 70 kHz 

 Method of power source isolation 

 Dc-to-dc converter: 25 kHz oscillator, transformer, rectifier, filter 

 

Isolated Heart Connection 

 Fully insulated connectors for external cardiac pacemaker 

 Blood pressure sensor with triple insulation between liquid, sensor case, and electric 

connections 

 Catheters with conductive walls: electric contact all along the part inside body  

distribute current  prevent microshock 
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Figure 14.15  Isolation in a disposable blood-pressure sensor. Disposable blood pressure 
sensors are made of clear plastic so air bubbles are easily seen. Saline flows from an 
intravenous (IV) bag through the clear IV tubing and the sensor to the patient. This flushes 
blood out of the tip of the indwelling catheter to prevent clotting. A lever can open or close 
the flush valve. The silicon chip has a silicon diaphragm with a four-resistor Wheatstone 
bridge diffused into it. Its electrical connections are protected from the saline by a compliant 
silicone elastomer gel, which also provides electrical isolation. This prevents electric shock 
from the sensor to the patient and prevents destructive currents during defibrillation from the 
patient to the silicon chip.

Gel

Clear plastic

4 cm

Saline Flush valve

IV tubing

Electrical cableSilicon chip

To patient
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14.10 Electrical-Safety Analyzers 

 

 Commercial electrical safety analyzer 

 Testing medical-facility power system and medical appliances 

 Accuracy, ease of use, testing time, cost 

 

 

 

14.11 Testing the Electric System 

 

Tests of Receptacles 

 Tests for proper wiring, adequate line voltage, low ground resistance, mechanical 

tension 

 Three-LED receptacle tester: wiring test, not sufficient 

 Ground or neutral resistance: < 0.2  at 1 A 

 Minimal mechanical retaining force for each of three contacts > 115 g (4 oz) 

 

Tests of the Grounding System in Patient-Care Areas 

 Voltage between a reference grounding point and exposed conductive surfaces  

 For new construction: < 20 mV 

 For existing construction: < 500 mV (general care), < 40 mV (critical care) 

 Impedance between a reference grounding point and receptacle grounding contacts 

 For new construction: < 0.1  
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 For existing construction: < 0.2  

 

Tests of Isolated-Power Systems 

 Must have equipotential grounding as in unisolated power system 

 LIM must generate alarm when total hazard current > 5 mA under normal line voltage 

conditions 

 LIM should not trigger alarm when total hazard current < 3.7 mA 

 

14.12 Tests of Electric Appliances 

 

Ground-Pin-To-Chassis Resistance 

 Resistance between ground pin of plug and chassis during the life of the appliance < 

0.15 
 Resistance between ground pin of plug and exposed conductive objects during the 

life of the appliance < 0.15 
 Power cord must be flexed at attachment plug and strain relief of entrance to 

appliance 

 

Chassis Leakage Current 

 Measurements of leakage current emanating from chassis 

 Should be measured using a current-measuring device of 1000  or less 

 Under normal polarity and reversed polarity 

 Power switch ON or OFF 

 All the control switches in the most disadvantageous position 

 Chassis leakage current limits 

 Appliance not intended to contact patients with single fault: < 500 A, rms, dc – 

1 kHz 

 Appliances intended for use in patient care vicinity: < 300 A, rms, dc – 1 kHz 

 Several appliances in a rack or cart with one power cord the complete rack or card 

must be tested as one appliance 
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Leakage Current in Patient Leads 

 Measurements of lead leakage current 

 Between individual lead and ground 

 Between interconnected leads and ground 

 Between any pair of leads 

 Between any single and all other leads 

 Patient leads must be active during measurements 

 Lead leakage current limits 

 Nonisolated patient leads < 50 A 

 Isolated patient leads < 10 A 

 Only isolated leads can be connected to catheters or electrodes making contact with 

the heart 

 Isolation current or risk current 

 Leakage current that would flow through patient lead to ground if line voltage 

were to appear on the patient 

 Application of line voltage to isolated patient lead isolation current < 50 A  
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Conclusion 

 Good power distribution 

 Careful selection of well-designed equipment 

 Periodic testing of power systems and equipment 

 Modest training program for medical personnel 

 

 


