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Abstract

There has been an increase in the potential use of wireless devices in healthcare domain for
a variety of reasons. The most commonly used device is the cellular phone which emits
strong electromagnetic energy affects the functioning of the vital medical equipment such as
ventilators, ECG monitors, cardiac monitors, and defibrillators. This prompted the healthcare
concerns to restrict the use of these phones in the in the proximity of critical and non-critical
care medical equipment. Due to the developments made in the design of medical equipment
to comply with the EMC standards, the restriction had been slowly laid off. Still, the
researchers are concerned about the electromagnetic interference with medical devices by
cellular phones in the healthcare domain and recommend for conducting continuous research
to study their interaction with medical equipment. This paper overviews the certain
investigations carried out in the recent years to study the electromagnetic interference
between medical devices and 2G/3G/4G LTE cellular phones. During the initial development
of cellular phones, the 2G cellular phones had caused more interference that affects
the function and operation of some medical devices. The possibility of interference from 3G
cellular phones with medical devices is considerably lower than the 2G phones, but still exist.
Furthermore, almost all of the 4G phones have little to no interference with the medical
devices. Currently, with the development of the medical devices industry, the current medical
devices are designed to operate safely under any conditions of usage. Finally, a careful
analysis would require statistics on the frequency of adverse events across the healthcare

system, which apparently do not exist.
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Introduction

Cellular phones provide a convenient mean of communication to every walk of life in the
society [1-4]. During the two past decades, there has been a significant increase in customers
who prefer this technology for their personal communication. The accessibility, ease of use,
and low cost of these phones resulted in electromagnetic (EM) pollution [5-10]. In
healthcare; patients tend to use cellular phones at their bedside to communicate with their
relatives and friends during their treatment [11-15]. Moreover, doctors, staff members, and
nurses make the best use of cellular phones not only for their personal use, but also for the
purpose of healthcare services [16-18]. Consequentially, EM radiation from different radio
sources in the hospitals has arisen. According to the literature, a cellular phone emits a peak
amount of power not only during the ringing phase [19, 20] but also during its standby mode
[21].

Studies [22-53] revealed that the cellular phone is one of the potential sources of
interference to the working of many numbers of medical devices. The radiation from cellular
phones will make either the nearby medical device malfunctioning or alter the parameters
measured. Moreover, it could make changes in the monitors. In the literature, most devices
vulnerable to the cellular phone radiations are the mechanical ventilators, infusion pumps,
Electrocardiogram (ECG) recorder, patient monitors, defibrillators [54-56], and pacemakers
[57-62]. Meanwhile, the alteration of measured parameters may change the diagnostic
process that may lead to improper treatment [63]. As a consequence of these facts, hospitals
around the world banned the use of cellular phones in the critical care units or emergency
departments [64]. This prohibition has been gradually lifted off during the course of time,
since some changes had been made in the design of medical devices to have better immunity
to EM radiations from cellular phones. The evolving standard designed for better EMC
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revised version of International Electro-technical Commission (IEC) Standard 60601-1-2.
This increases the immunity level of non-critical care and critical care devices to 3 V/m and
10 V/m respectively as well as the frequency of operation is extended to 2.5 GHz [54].
Additionally, the medical devices should be protected with better shielding materials to
protect them from any kind of EMI. Furthermore, in order to enhance the quality of service,
hospitals are utilizing other wireless devices such as the Radio Frequency ldentification
Devices (RFID) for the purpose of patient identification, asset tracking, monitoring patient
care to reduce innumerable medical error and for infant - mother matching. Similarly,
Wireless Local Area Networks (WLAN) are employed in hospitals for monitoring patient’s
vital parameters such as ECG, heart rate and blood pressure; then they are sent to the central
monitoring system in the hospital to check patient’s health continuously. Literature revealed
that employment of the devices such as the RFID readers and WLAN devices also caused
malfunctions in the nearby medical devices [65-79]. Thus, care must be taken to ensure that
these devices be kept at an adequate distance from these EMI sources to avoid inadvertent
events of EMI in the medical devices.

Consequent to the relaxation in banning the usage of mobile phones in the hospital,
patients, visitors, or nurses are allowed to use their cellular phone to 2 m apart from the
concerned medical devices [54]. This has been further relaxed to be at a distance of 1 m.
Researchers cautioned that the rapid changes in the technology of the cellular phone, or
medical equipment, might mitigate the interference from cellular phones. But, sometimes
they worsen the situation! So, it is essential to carry out the testing of medical devices in the
hospitals to verify whether the radiation from the new radio devices interferes with them, or
not. The results obtained will help the hospitals to check out Electromagnetic Interference
(EMI) policy on their premises.

The EMI on medical devices by cellular phones depends on various factors, including



power emitted by cellular phone, the frequency of operation, the distance between the cellular
phone and the medical device, mode of operation of the cellular phone, and the immunity of
the medical device concerned [68]. The malfunctioning of medical devices is ranging from
distortion in monitors, noise in ECG recordings, switching-off the devices, resetting of the
devices, and alteration in flow rates. All these changes in the functioning of the medical
devices are called as EMI incidents. Depending on the type of EMI incident occurred, it can
be classified as, light or significant or hazardous [71]. According to Food and Drug
Administration of USA [80], the light event is defined as an effect on monitoring with little
attention required. Similarly, a significant event is defined as an effect or impact on
monitoring with a substantial attention needed to make the considerable level of destruction
in patient diagnosis. Finally, the hazard is defined as a direct physical on the patient by an
unintended change in equipment function. The devices exhibit hazardous or significant
events either at short or long distances from Radio Frequency (RF) sources, particularly
cellular phones, should be kept away from all possible RF sources in hospitals. This may
reflect the poor effectiveness of shielding of the concerned medical devices. Devices that
have a long measurement lead such as ECG monitors are susceptible to EM radiations from
both Second Generation (2G) and Third Generation (3G) cellular phones and may cause a
significant EMI event when they are kept in close proximity. Accordingly, this work
overviews the literature concerning the EMI of various kinds of cellular phones such as 2G,
3G, 4G LTE, two-way radios and walkie talkies, and the medical devices that belong to the
critical care and the non-critical care categories.
Material and methods

The literature for this study is based on many searches in various databases including IEEE
Xplore digital library, MEDLINE database, Elsevier digital library, and from the research

available through Google Scholar. The index terms used for searching these databases were



“EMI in medical devices by cellular phones”, “Cell phone interference in medical devices”,
and “EMI, Medical Devices, and Cellular Phones”. Nearly 200 publications were taken from
these databases. Only the articles written in the English language were considered. Regarding
these publications, articles concerning about EMI between cellular phones and critical care
devices as well as monitoring devices were considered. The impact of cellular phones on
other devices such as auditory devices, ophthalmologic devices was not considered in this
study. This literature is organized in chronological order based on the year of publication, and
a systematic review was performed. Furthermore, the entire literature is divided into two
categories. The first one is the EMI between non-critical care devices and cellular phones.
The second one is the EMI between emergency care, ICU devices, and cellular phones.
EMI between critical care devices and cellular phones

Evaluation of EMI between critical care devices and cellular phones is essential for various
reasons. Most of the studies have concentrated on these EMI issues in different aspects, i.e.
studies involved with different types of cellular phones, various operating modes of cellular
phones and the environment at which the full evaluation has been carried out. In general, the
evaluation had been performed on-site (ad hoc test) where the equipment is located since it
provides the actual outcome of the EMI test with varying environments. At the same time,
this on-site ad hoc test will not reflect the actual EMI performance of the devices since the
EMI effect was also influenced by various factors, including some nearby wireless
transmitters, and the presence of reflecting materials near the medical devices.

Hanada et al. [81] analyzed the EMI between medical equipment and the Personal Handy-
phone System (PHS) handsets, which is very common in Japan, for both voice and data
communication (ad hoc test). It used 1.9 GHz as the operating frequency and had a peak
output power of 80 mW that was considerably low compared to the peak output of a cellular

phone. The study monitored the mutual EMI between 2 phone handsets, cordless phone and



PHS, and 25 pieces of medical equipment that had been in use in the Intensive Care Unit
(ICU). The results illustrated that the PHS handsets did not have any EMI with medical
devices, and the functioning of medical devices was not affected by the PHS. The results of
the study pointed out that although the PHS handsets are safe to be used in hospitals; the
close location of PHS base stations to the hospital buildings may cause interference in the
medical devices.

Two studies have examined the EM susceptibility of Automated External Defibrillators
(AED) with cellular phone radiation in various working modes [82, 83]. Karczmarewicz et
al. [82] conducted a test to observe the interference in AED during three modes of operations
of a cellular phone, such as Discontinuous Transmission (DTX) mode, connection setup, and
standard connection. As far as results are concerned, no cases of interferences were observed
in the ECG pattern recorded in the AEDs during all modes of operations of the cellular
phones. Trigano et al. [83] observed the interference in AED during the ringing phase of the
cell phone. Similarly, no disturbance was observed during the ECG recording of the
defibrillator and the only disturbance noticed was the noise generated by the AED speaker
when the cellular phone was kept close to AED.

On the other hand, Tri et al. [64] evaluated the potential EMI that occurred between four
different technologies of 6 cellular phones such as Global System for Cellular
Communication (GSM), Code Division Multiple Access (CDMA), Time Division Multiple
Access (TDMA), analogue and 16 numbers of medical devices. Totally, there were 510 tests
conducted (ad hoc test). The results revealed that EMI was observed in 108 tests as well as
malfunctions, and abnormalities were noticed in 7 devices. The authors concluded that
periodical evaluation of EMI with medical devices by cellular phones was required to know
their effects accurately. Fung et al. [73] examined the interference with medical devices in

critical care units by studying emissions from 3 different cellular phones kept at three
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different distances. Multiple numbers of medical devices were involved in this ad hoc test.
The test results revealed that only the CO, airway adapter and the haemo-glucostix meter
were disturbed when a cellular phone was in close proximity. Even though the EMI observed
was clinically insignificant, the authors concluded that a thorough study is required to assess
the policy of using cellular phones in the critical care units and its restrictions.

The electromagnetic interference immunity of ventilators to radiations from different
wireless devices was observed in different studies [84-86]. Shaw et al. [84] took a GSM 900
MHz cellular phone as an interference source. Jones and Conway [85] and Dang et al. [86]
considered GSM 900 MHz cellular phone and two way radios for their tests. In addition to
that, Dang et al. [86] considered the interference by the TDMA phones. In all these studies,
the test was conducted following the American National Standard Institute (ANSI)
recommended practice ANSI C63.18-2014 for on-site ad hoc testing method for the
immunity of medical devices to radio transmitters. The number of ventilators undergone the
evaluation in each study was 14, 5 and 7 respectively. According to the results obtained, only
one ventilator was exhibited light interference by the GSM 900 MHz cellular phone in Shaw
et al. [84]. Similarly, only one ventilator was slightly interfered by both the GSM 900 MHz
cellular phone and the two way radios in Jones and Conway [85]. However, one ventilator
was slightly interfered by GSM 900 MHz phone and all the 7 ventilators are interfered by the
two-way radios at closer distances in Dang et al. [86].

Van Lieshout et al. [87] assessed the EMI between critical care medical equipment and a
new generation of cellular phones under a controlled environment (bench test). This study
included a total of 61 medical devices under 27 categories. The signals used for the tests were
the Global Packet Radio Service (GPRS) of 2 GSM phones operating at 900 MHz and a
Universal Cellular Telecommunication System (UMTS) signal at 1800 MHz. The results

exhibited that higher number of devices were considerably affected by the GPRS signals
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causing a higher number of hazardous incidents than the UMTS signal. It was also noticed
that the median distance for all types of EMI incidents was 3 cm. Based on the results
presented, the authors have recommended keeping cellular phones at 1 m distance from a
critical care medical equipment.

Nidhi Hans and Kapadia [88] tested the EMI between specific ICU devices and different
working modes of GSM and CDMA phones. The devices considered in this study were a
syringe pump, a mechanical ventilator, and a bedside monitor. The tests were conducted in
rooms, where the devices were accommodated. After several trials, it was found that only one
infusion was affected by the GSM phone in talk mode and the other devices were unaffected
by the other modes of GSM and CDMA phones. The authors concluded that even though
adverse events are not noticed, it is recommended to keep cellular phones one foot away from
critical care devices. Also, Iskra et al. [89] investigated the effect of EMI on critical care
equipment resulted from GSM 900/1800 MHz, 1900 MHz Wide Code Division Multiple
Access (WCDMA) wireless system and 80% AM 1 kHz radio signal. The tests were
conducted as per the ANSI C63.18 in a semi-anechoic chamber with balanced half wave
dipole replacing the actual handsets (bench test). The devices included in this test were a
pulse oximeter, a blood pressure monitor, a patient monitor, a humidifier, a defibrillator, and
infusion pumps, representing the set of pieces of medical equipment used in the ICU. The
results highlighted that the medical devices are more immune to high-frequency WCDMA
handsets than that of the GSM or GPRS handsets when they work at maximum power. The
nature of interferences occurred in this test were annoying flicker, distortion or spikes on
traces on screen, drift in the baseline, a buzz in speaker or device operation halted in the
failsafe mode.

Tang et al. [54] evaluated the EMI susceptibility of 532 critical care devices under 10

categories with 3 different cellular systems such as 2G, 3G, and PCS 1800. This ad hoc test



was carried out in 3 different hospitals in Hong Kong. It was found that 9 devices under 6
categories were susceptible to EMI from 2G cellular phone. Only one device was found to be
susceptible to EMI from 3G cellular phones. Also, it was observed that 8 devices under 5
categories found to be susceptible to EMI from PCS 1800. The results indicated that the
critical care devices are more sensitive to EMI from 2G and PCS 1800 systems than the 3G
phones. The study highlighted that the 3G cellular phone may be an appropriate option for
hospital staff and doctors for their voice and data communications.

Helhel et al. [90] investigated the immunity of medical devices used in healthcare from the
radiations of 2G and 3G cellular phones. The entire test was conducted in the hospital
environment where the actual devices were kept. The test was carried out in ad hoc manner as
per the guidelines mentioned in ANSI C63.18. 16 medical pieces of equipment were tested
including ECG monitor, intensive care monitor, ultrasound equipment, X- ray equipment and
dialysis equipment. The numbers of devices affected by 2G cellular phone are four and three
devices were affected by 3G cellular phones. The maximum distance at which the
interference observed for 2G cellular phone and 3G cellular phone is 1.5 m and minimum
distance at which interference observed for 2G cellular phone, and 3G cellular phone are 0.5
and 0.35 m, respectively. Ultrasound equipment is the device affected by both 2G and 3G
cellular phones at greater distance. During this study also, the acquisition of ECG signals was
affected by proximity of both 2G and 3G cellular phones. This is incompatible with earlier
studies stating that devices having longer leads or electrodes can easily be affected by
radiations from cellular phones.

Hatara et al. [91] investigated EMI between different types of critical care devices used in
ICU unit and 3G cellular phones including Long Term Evolution (LTE) phone. This study
has critically analyzed the relationship between the occurrence of EMI in medical devices

and the different parameters of mobile phones including radiation power, the frequency of
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operation, the mode of transmission (continuous vs. discontinuous) as well as the distance
between the mobile phones and the medical devices. This study was performed as an ad hoc
test following the procedures laid out in ANSI C63.18 as well as EMCC and MIC of Japan.
During the test, the backside of the mobile phone was oriented towards the medical device
since the backside of the mobile phone is emitting the maximum power. The results have
shown that 2 medical devices have exhibited EMI from the 32 medical devices that
undergone the evaluation. The revelations obtained from the results pointed that the emitted
peak power from the mobile phone and the distance between the mobile phone are the
significant factors to induce EMI in the medical device. Devices emitting higher nominal
power produced more number of EMI incidents at the greater distance than the devices
emitting a lower power. Also, it was found that the frequency of cellular phone did not have
an influence on the occurrence of EMI in medical devices. It was observed that discontinuous
modes of transmission of cellular phones have caused more EMI than the continuous mode.
Similarly, the half-wave dipole antenna emitted a higher amount of electromagnetic fields
than other mobile phones tested.

Salceanu et al. [92] analyzed the EMI in neonatal ventilators used in ICU unit by the
radiation from DECT phone and microwave oven (ad hoc test). This was done because of the
frequent change that occurs in the tidal volume of the baby ventilator. The measurements in
the ICU unit indicated that a higher density EM radiations in the frequency band of DECT
phone and microwave oven were present. The test was conducted in the ICU with other
devices switched off. A spectrum analyzer was used to measure the peak power radiated by
the radiating sources. The results have shown that a minor abnormal response was observed
in the baby ventilator whenever it was placed between the DECT phone and its base station.
At the same time, an unexpected high EM radiation was observed from the microwave oven.

The authors concluded that it was better to avoid the use of the DECT phones and microwave
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ovens in the vicinity of neonatal ICU to avoid any unexpected outcome from the medical
devices. Also, Duan [93] found that the proximity of the digital cellular phone during ECG
recording of the patient has altered the QRS complexes in the observed ECG. It leads to the
interpretation that the patient has ventricular tachycardia. After cautious check, it was found
that the patient was playing with gaming console on a cellular phone while recording the
ECG! Normal ECG was observed after removal of mobile phone from the ECG recording
room.

Trigano et al. [94] investigated the reliability of EM filters of pacemakers during the
ringing phase of cellular phones since a cellular phone emits peak radiated power during its
ringing phase. Nearly 330 tests were conducted among 158 patients during their routine
check-up (case study). Two cellular phones were utilized for this purpose. One was a GSM
phone operating at 900 MHz, and the other one was a PCS system operating at 1800 MHz.
During the test, a cellular phone was placed in the pocket of the patient and call was made to
that phone. The results exhibited that only 5 tests were shown minimal interference, which
was attributed to naked models of pacemakers. Apart from these 5 incidents, all the
peacemakers tested were completely immune to EM radiations from cellular phones during
their ringing phase.

Periyasamy and Dhanasekaran [95] investigated the immunity of a particular group of
medical devices under the categories of both critical and non-critical care during the ringing
and the conversation phase of 2G and 3G cellular phones. The equipment undertaken in this
ad hoc test was including a pulse oximeter, ECG recorder, ultrasonic fetal heart detector,
ventilators, and defibrillators. The study was conducted according to the ANSI C63.18
recommendations. The results indicated that all the monitoring devices having long leads
such as ECG recorders, pulse oximeters, treadmills are sensitive to EMI from both 2G and

3G cellular phones during their ringing and conversation phase. At the same time, the other
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devices were insensitive to the EMI. Though the EMI incidents were observed, it occurred at
closer distances with minimal effects on the devices except in one case with the ECG
recorder was ceasing to operate.

Ismail et al. [96] evaluated the EM susceptibility of pacemakers to the radiations from 3G
cellular phones (UMTS). The study was performed on 100 patients who have implanted with
permanent pacemakers (case study). The study was conducted with two numbers of UMTS
cellular phones in three different working modes such as standby, dialing, and conversation.
All the pacemakers were conditioned to work under worst case conditions. ECG patterns
from the pacemakers were observed for the interference. All the tested pacemakers have
shown complete immunity to radiations from 3G cell phones, and they were safe to use in
proximity to the pacemakers.

Regarding the 4G phones, Burri et al. [97] investigated the EM susceptibility of
Implantable Cardioverter Defibrillators (ICD) to the radiation from 4G phones. The test was
performed on 69 patients (case study) who were carrying 29 models of cardioverter
defibrillators from five makers. Two different models of recent 4G phones were used for this
purpose. In each test, the smartphone was kept on the ICD generator in three different
working modes such as dialing, standby, and operational mode. During each test, the artifacts
appeared on the generated ECG was observed. None of the ICDs have shown interference in
their operation, and no cases of noise have emerged in the recorded ECG. It was seen from
the results that the 4G smartphones did not interfere with the functioning of the ICDs since
the 4G phones emit less power as well as the established filters in the ICDs models.

EMI between monitoring devices and cellular phones

Brande et al. [98] found that while recording ECG of a patient having a history of coronary

bypass surgery, the automatic ECG diagnostic algorithm has shown that the patient had an

atrial flutter with a very high atrial rate of 315 beats per minute (case report). In the earlier
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diagnosis, the patient had no abnormalities in his ECG pattern or his palpitations. After
careful investigations, the authors found that one of the family members had a cellular phone
in a standby mode at a distance of 1.5 m from the ECG recorder, and that could be a reason
for the observed abnormalities in the ECG recording. As the family members were gone
away from the emergency ward, the ECG records had shown a normal sinus pattern. The
authors concluded that the cellular phones are sources of interference to the ECG recording
and that they should be kept away from nearby ECG recorders at a considerable distance.

Calcagnini et al. [99] investigated the EMI effects from GSM phones, Wi-Fi antennas, and
Digital Enhanced Cordless Telephone (DECT) phones on infusion pumps, and estimated the
safety distance as well as the safe power at which no interference was occurring. The cellular
phone was set so that it radiated its maximum power and it was free to move around the
equipment in all the accessible positions. The results indicated that only 5 out of 17 pumps
were affected by the GSM phones of either 900 MHz or 1800 MHz. The shutdown of the
pumps and the stop of flow of the fluid with and without alarms were the types of the
malfunction occurred. The occurrence of different EMI incidents was credited to the specific
infusion pumps and the electronic circuitry inside the pumps.

Alliyev et al. [100] observed that a charging phone sharing the same electrical socket with
a test equipment could create a disturbance in the ECG recording, and that could be
interpreted as tachycardia (case report). After careful investigation, the patient was re-
examined with another ECG machine, and it was found that the patient had no history of
tachycardia.

Buczkowski et al. [101] examined the possibility of interference in ECG recording while
the GSM cellular phone was operated in DTX, normal, and deactivated modes (ad hoc test).
During the DTX mode, the cellular phone emitted frequency power bursts of 2 and 8 Hz

corresponds to 120 or 480 pulses per minute that mimics atrial fibrillation during ECG
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recording. The tests were conducted with an aid of base station blasters, a GSM cellular
phone and ECG recorder connected to the patient. With the help of power settings and
control panel in the base station blaster, the cellular phone was set to radiate the maximum
amount of power and operated in DTX and normal modes. Based on the results obtained, it
was found that during DTX and normal modes, a considerable level of disturbance was
observed in the ECG recording through lead number 20. The magnitude of interference
increases while decreasing the distance. The authors concluded that the severity of the
interference during ECG recording depended on the distance between electrodes and cellular
phone as well as circuitry inside the electrode system.

The effect of radiations from 3G cellular phones on the recording of EEG was analyzed in
Roggeveen et al. [102] and effect on EEG as well ERP recording by 3G phone was analyzed
in Stefanics et al. [103]. The test was involved with human volunteers in both studies. During
EEG recording of each participant in Roggeveen et al. [102], a 3G cellular phone was kept in
silent mode so that the candidates are not aware of the incoming call. Then, a sham phone
was kept in the chest, and ear of the each candidate and the same procedure was followed.
The EEG recording of each participant was stored for further computer processing. Each
EEG recording was statistically analyzed using SPSS software for the potential presence of
interference. The results have confirmed that the placement of cellular phones near to the ear
have a detrimental effect on the recording of the EEG than the cellular phones placed near to
the chest; this pointed out that as the distance from the brain increases; the impacts of the
cellular phones on the EEG recording decreases. In Stefanics et al. [103], twenty-nine human
volunteers participated in the test. During the ERP recording, 3G mobile phone was kept
nearer to the volunteer and effects on the recording was observed for 20 minutes of duration.
From the results of the ERP recording, it was found that the ERP recording not interfered.

Trunk et al. [104]. studied whether the emissions from the 3G phones had an impact on the
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EEG recording of the human brain or not (case study). During the EEG as well as ERP
recordings, the human volunteers were requested to watch a silent documentary film. In each
experiment, the mobile phone was kept near to the volunteer for 30 minutes approximately.
After the study, it was observed that none of EEG recordings interfered by the placement of
the 3G phones near the EEG recording facility. Also, in Kleinlogel et al. [105], the
interference in the recording of ERP by the radiations of both 2G and 3G cellular phones
were studied (case study). Two types cellular phones such as 900 MHz and 1950 MHz
UMTS were considered for this study. The results validate that the presence of 2G and 3G
phones did not interfere with the recording of the ERP.

Barutcu et al. [106] studied the potential effect of EM radiations from the cardiovascular
devices and thereby changing the measured parameters or not (case study). Fifteen male
volunteers were included in the test. During the ECG recording, each participant was tested
in a supine position and mobile phone was operated at three different working modes. They
were turned off, turned on, and kept at the calling mode. In each mode, the mobile phone was
held for 5 minutes of duration. It was noticed that the measured cardiac parameters not
interfered by phone radiations.

Hurstel et al. [107] and Sidhu et al. [108] examined the possibility of electromagnetic
interference between 3G cellular phones (Bench test) and Electronic Apex Locator (EAL)
used by dentists during root canal therapy for measuring working length. Hurstel et al. [107]
utilized twenty-six human premolars for this purpose. Two numbers of 3G phones were used.
During each test, the cell phone was kept on the surface of EAL in two different modes of
operation; standby and call making. During all the tests, it was observed that none of the
mobile phones induced EMI in the EAL and it provides the freedom to the patients to keep
cell phones in their shirt pocket during root canal therapy. Sidhu et al. [108] utilized one of

the latest smartphones for this purpose. Fifteen teeth premolars were prepared for this study.
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The test protocol consists of the following steps. During each teeth therapy, keeping the
mobile phone on the surface EAL and operate the mobile phone in calling mode for the
duration of 25 seconds. Then, keeping the mobile phone at the distance of 40 cm from EAL
and proceed in the call mode for the duration of 25 seconds. In each case, the change in the
EAL is observed. From the results obtained, it was observed that the 3G cellular phones have
no effect on the performance of the EAL. Hence, it can be used safely by the patients during
their teeth treatment.

Finally, a summary of the different research works undertaken on the EMI with medical
devices by 2G/3G/4G cellular phones, is given in Table 1. It is observed that 2G cellular
phones had a strong influence on the functioning of the medical equipment than other cellular
phones. However, the 3G/4G phones and the PCS devices are found to be less interfered with
the medical devices.

Discussion

This study reviews the EMI in medical devices of various types of wireless devices such as
2G and 3G/4G cellular phones at different operating modes, two-way radios, UMTS phones,
WCDMA phones, and PHS devices. Also, the effects of the GPRS signal of 2G, and 3G
phones on various medical devices were observed. From the literature, it was observed that a
cell phone generates significant power even during standby mode. At the same juncture, it
generates a higher amount of power during the ringing mode, call initiating phase, and while
receiving weak signal strength from the base station. As far as cellular phones are concerned,
2G cellular phones emit high and variable amount of peak power (maximum 2W) than the
other wireless services such as 3G, TDMA, two-way radios, and the PHS cordless phones.
Thus, 2G cellular phones may have a strong influence on the functioning of medical
equipment than other cellular phones. This is the explanation that the studies concerned with

the EMI effects by 2G cellular phones during the 2000s. As well, during the initial
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development of the digital cellular phones, 2G was the first technology deployed for voice
and data communication.

The studies have proved that critical care devices such as ventilators and infusion pumps
are significantly affected by the 2G cellular phones before the development made in the
design of medical devices to have better immunity. In the early and mid-2000s, this
prevented the use of the 2G cellular phones in close to the ventilators. Similarly, the
radiations from 2G cellular phones had the capacity to alter the algorithms in AED since the
treatment is given to the patient based on the ECG pattern generated in the AEDs and these
ECG patterns were altered by radiations of 2G cellular phones. Almost all the studies have
observed that EMI incidents in AEDs are either light or negligible except one study where the
AED experienced a hazardous incident. Even though a hazardous incident was observed with
the AED, however, it is desirable to keep the 2G cellular phones away from AEDs. Infusion
pumps (IP) are one of the most commonly affected medical devices in the various studies. As
they have shown different responses in different studies, ranging from the shutdown of
pumps, passing with changes in flow rates and ending with changes in the display settings. In
some of these studies, infusion pumps are greatly immune to radiations from both 2G and 3G
cellular phones.

Besides, devices carrying longer leads such as ECG monitors, patient monitors, and pulse
oximeters are greatly affected by the presence of cellular phones of both 2G and 3G
categories [101]. Some studies have proved that the unnoticed presence of cellular phones
near the ECG recorders or a treadmill equipment has altered the ECG pattern; accordingly, if
physicians do not properly notice such phones; patients may get improper treatment.
Similarly, pulse oximeters have got affected by the proximity of cellular phones [89]. During
the discontinuous transmission mode, cellular phone emits peak bursts of 2 Hz and 8 Hz. If

signals of such types affect the ECG recorder, then, it may mimic the tachycardia in the
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recorded ECG pattern. In general, the studies concerning EMI between measurement devices
with electrodes and cellular phones proved that the intensity of interference increases with the
decrease in distance between the electrodes and the cellular phones. Hence, to avoid the
interference, it is desirable to keep off the cellular phones at close distances from
measurement electrodes than the measurement system itself. On the other hand, other studies
have emphasized the fact that 2G cellular phones are no more a source of threat to the
functional usage of medical devices since most of the disturbances observed in the medical
devices were light in nature [87, 95]. The EMI incidents have occurred at closer distances in
the range of centimeters than the meters; this would have reflected the better EMC of the
devices concerned than the devices tested in the early and mid-2000s.

Usually, the 3G cellular phones are used in the hospitals by patients and doctors for better
voice and data communication. The radiations from these phones are also affecting the
performance of the medical devices. The clear distinction between 2G and 3G cellular phones
is that the peak power emitted by 3G cellular phones is much lower (maximum 1W)
compared to the corresponding value issued by the 2G phones. Also, the power will be faded
away quickly when the distance increases. These were the reasons for less number of EMI
incidents reported via 3G cellular phones compared to the 2G phones. In particular, the
studies by Tang et al. [54] and Van Lieshout et al. [87] proved that the possibility of
interference of 3G cellular phones with medical devices is considerably lower than that of the
2G phones. These researches have paved the way for the utilization of 3G cellular phones for
efficient transmission of voice and data in the healthcare sector.

Modern wireless technologies such as WCDMA and UMTS have similarly been tested
with medical devices for their possibility of interfering with medical devices. However,
studies have proved that they interfered with a fewer number of devices at closer distances;

also, the severity of the interference is not as much as those of the 2G cellular phones. Other
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technologies, such as the PHS technology that is used in Japan, TDMA phones, and two-way
radios used in some countries, were also tested with both critical and non-critical care
devices. TDMA, PHS, and two-way radio devices had negligible interference with medical
devices and proved to be worthwhile in various healthcare purposes. In contrast, the tested
GPRS signal has caused a higher number of devices to be affected than the signals
transmitted by voice [87].

As far as the EMI incidents are concerned, in most of the studies, they were observed in
less than one meter from the source of transmission (wireless device) and more devices have
exhibited complete EM immunity even at 0 cm distance. Rarely, some incidents occurred at
more than one meter. So, as a precautionary measure, it is advisable to use cellular phones
and other wireless transmitters at greater than the one-meter distance to prevent the
occurrence of EMI incidents.

Conclusion

Based on the literature, it was realized that during the initial development of cellular phones,
the 2G cellular phones had caused more interference in the functioning of some medical
devices. This has been observed because the medical devices were not originally designed to
interact with cell phones on their first come on the scene. By instant, it is the same way that
the aircraft was not originally planned that passengers might use an RF emitting equipment
onboard. At present, the situation has changed a lot, and the current medical devices are
designed to operate safely under any conditions of usage. Maybe the situation is different in
some developing countries, where a lot of older equipment may still be in use, and the

immunity levels of locally constructed equipment may not be sufficiently high.

Reports of interference with medical devices a decade or more ago have little relevance to

present day, since immunity standards and cell phone technologies have both changed
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significantly. Anecdotal reports of problems or results of ad hoc testing show that a problem
might occur. That is unrelated to the likelihood that an adverse event will occur. Since the
prevalence of cell phones is very high and the prevalence of injury to patients from
interference from cell phones is very low or possibly zero, the risk (probability) of problems
is clearly very low. In the context of medical devices, "interference™ means any change in
operation, but that is not to say that the change is detrimental to the patient. For example,
noise on a stored waveform in an ICD counts as "interference™ even though the patient may
not have noticed any effect on the device and the device continued to operate safely. But for
sure some level of caution is still needed. Finally, there is no systematic collection of data
that allows a comprehensive analysis of risk (likelihood of adverse events from cell phones in
ordinary use in hospitals). There does not appear to be cause for concern due to the negative
studies, and generally, you have to put a cell phone very close to a device to cause
interference, (which may or may not pose a safety risk). But a careful analysis would require
statistics on the frequency of adverse events across the healthcare system, which apparently

do not exist.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgement

The authors gratefully thank the anonymous reviewers for their comments that enhanced this

paper.

=21 -



References

[1] Sorri MJ, Piiparinen PJ, Huttunen KH, Haho MJ. Solutions to Electromagnetic
Interference Problems between Cochlear Implants and GSM Phones. IEEE Trans.
Neural Syst. Rehabil. Eng. 2006; 14(1): 101-108.

[2] Periyasamy M, Dhanasekaran R. Electromagnetic Interference on Critical Medical
Equipments by RF Devices. In: 2nd IEEE International Conference on
Communications and Signal Processing (ICCSP’13), Melmaruvathur, Tamilnadu,
India, IEEE, Apr. 3-5, 2013, pp. 78-82.

[3] Clifford KJ, Joyner KH, Stroud DB, Wood M, Ward B, Fernandez CH. Mobile
telephones interfere with medical electrical equipment. Australas Phys Eng Sci Med.
1994; 17(1): 23-27.

[4] Irnich WE, Tobisch R. Mobile Phones in Hospitals. Biomed Instrum Techn. 1999; 33:
28-34.

[5] Patterson P. Cellular phones may interfere with some medical equipment. Brit. J.
Intensive Care. 1995; 11: 24-25.

[6] Klein AA, Djaiani GN. Mobile phones in the hospital-past, present and future.
Anaesthesia. 2003; 58(4): 353-357.

[7] Yeolekar ME, Sharma A. Use of mobile phones in ICU- why not ban?. J Assoc
Physicians India. 2004; 52: 311-313.

[8] Iskra S, Thomas B. Final Report — An Evaluation of potential GPRS 900/1800 MHz
and WCDMA 1900 MHz interference to medical devices. IEEE Trans. Electromagn.
Compat. Report of GSM Association by Telstra Research Lab., Version: 3, 2004.

[9] Aziz O, Sheikh A. Use of mobile phones in hospital: Time to lift the ban?. Lancet.

2003; 361(9359): 788.

-22 -



[10] Lyznicki JM, Altman RD, Williams MA. Report of the American Medical
Association council on scientific affairs and AMA recommendations to medical
professional staff on the use of wireless radio-frequency equipment in hospitals. Biomed
Instrum. Techn. 189-195, 2001.

[11] Jeffrey LT, Rodeny PS, Allen RF, David LH, John PA. Cellular Telephone
Interference With Medical Equipment. Mayo Clin Proc. 2005; 80(10): 1286-1290.

[12] Klein AA, Djaiani GN, Shayan C, Karski J. The cell phone in the cardiac operating
room- A presentation of evidence. Anesth Analg. 2003; 96, Abstracts SCA87.

[13] Saraf S. Use of mobile phone in operating room. J Med Phys. 2009; Apr. 34(2): 101
102.

[14] Gilligan P, Somerville S, Ennis JT. GSM cell phones can interfere with ionizing
radiation dose monitoring equipment. Brit J Radiol. 2000; 73: 994-998.

[15] Myerson SG, Mitchell ARJ. Mobile phones in hospitals. Brit MED J. 2003;
326(7387): 460-461.

[16] Hietanen M, Sibakov V, Hallfors S, Von N. Safe Use of mobile phones in hospitals. J
Health Phys. 2000; 79: S78-S84.

[17] Banistas KA, Song YH, Owens TJ. OFDM over IEEE 802.11b hardware for
telemedical applications. Int J Mob Comm. 2004; 2(3): 310-327.

[18] Chu Y, Ganz A. A mobile teletrauma system using
3G networks. IEEE Trans. Inf Technol Biomed. 2004; 8(4): 456-462.

[19] Wiart J, Dale C, Bosisio AV, Le Cornec A. Analysis of the influence of the power
control and discontinuous transmission an RF exposure with GSM mobile phones.

IEEE Trans. Electromagn. Compat. 2000; 42(4): 376-385.

-23-



[20] Trigano A, Blandeau O, Dale C, Wong MF, Wiart J. Reliability of electromagnetic
filters of cardiac pacemakers tested by cellular telephone ringing. Heart Rhythm. 2005;
2(8): 837-841.

[21] Lawrentschuk N, Bolton DM. Mobile phone interference with medical equipment and
its clinical relevance: a systematic review. Med J Aust. 2004; 181(3): 145-149.

[22] Barbaro V, Bartolini P, Belocci F, Caruso F, Donato A, Gabrielli D, et al.
Elecromagnetic interference of digital and analog cellular telephones with implantable
cardioverter defibrillators: in vitro and in vivo studies. Pacing Clin Electrophysiol.
1999; 22(4): 983-989.

[23] Robinson MP, Flintoft ID, Marvin AC. Interference to medical equipment from
mobile phones. J Med Eng Technol. 1997; 21(3): 141-146.

[24] Sibakov V, Appelgvist M. Immunity of medical electronic devices to electromagnetic
fields of mobile phones in hospitals. VTT research notes: 1910. Tech. Res. Centre of
Finland, 1998.

[25] Iskra S, McKenzie R, Pleasants Z, Characterising the electromagnetic interference of
medical equipments to GSM900/1800 MHz and CDMA 800 MHz mobile telephones.
In: The Engineering and Physical Sciences in Medicine Conference (EPSM), Rotorua,
New Zealand, Nov. 10 — 14, 2002.

[26] Morrissey JJ, Swicord M, Balzano Q. Characterisation of electromagnetic
interference of medical devices in the hospital due to cell phones. Health Phys. 2002;
82(1): 45-51.

[27] Yang L, Frize M. Exploring the current risks of mobile telephony in hospital and
clinical environments. In the 25th Annual International IEEE Conference on EMBS,

Cancun, Mexico, IEEE, Sept. 17-21, 2003, pp. 3609-3612.

-24 -



[28] Calcagnini G, Censi F, Floris M, Pignalberi C, Ricci R, Biancalna G, et al. Evaluation
of Electromagnetic Interference of GSM Mobile Phones with Pacemakers Featuring
Remote Monitoring Functions. Pacing Clin Electrophysiol. 2006; Apr. 29(4): 380-385.

[29] Baba I, Furuhata H, Kano T, Watanabe S, Ito T, Nojima T, et al. Experimental study
of electromagnetic interference from cellular phones with electronic medical
equipment. J Clin Eng. 1998; 23(2): 122-134.

[30] Barbaro V, Bartolini P, Benassi M, Di Nallo AM, Reali L, Valsecchi S.
Electromagnetic interference by GSM cellular phones and UHF radios with intensive —
care and operating room ventilators. Biomed Instrum Techn. 2000; 34(5): 361-369.

[31] Iskra S, Thomas B, McKenzie R, Rowley J. Evaluation of potential GPRS 900/1800
MHz and WCDMA 1900 MHz interference to consumer electronics. IEEE Trans.
Electromagn. Compat. 2005; 47(4): 951-962.

[32] Lapinsky SE, Easty AC. Electromagnetic interference in critical care. J Crit Care.
2006; 21: 267-270.

[33] Hamilton J. Electromagnetic interference can cause medical devices to malfunction,
McGill group warns”, CMAJ. 1996; 154: 373-375.

[34] Richardson NH. Interference from mobile phones in ICU. Brit J Intensive Care. 1995;
7:233-234.

[35] Silberberg JL. Performance degradation of electronic medical devices due to
electromagnetic interference. Compliance Eng. 1993; 10: 1-8.

[36] Tan KS, Hinberg I. Radiofrequency Susceptibility tests on medical equipment. In the
16th Annual International Conference of IEEE on Engineering in Medicine and Biology
Society, Baltimore, MD, IEEE, Nov. 3, 1994, pp. 998-999.

[37] Xideris LM. Understanding mobile phone EMI in the hospital setting. Sprint Nexttel

Corporation, 2007.

-25-



[38] Hanada E, Takano K, Antoku Y, Matsumura K, Watanabe Y, Nose Y. A practical
procedure to prevent electromagnetic interference with electronic medical equipment. J
MED Syst. Feb. 2002; 26(1): 61-65.

[39] Glenister H. How do mobile phones affect electromedical devices?. Nurs Times, Apr.
1998; 94(15): 44-45.

[40] Hietanen M, Sibakov V. Electromagnetic interference from GSM and TETRA phones
with life-support medical devices. Ann Ist Super Sanita. 2007; 43( 3): 204-207.

[41] Hayes PR. Efficient EMI characterization of unshielded buildings. In the IEEE
Antenna and Propagation International Symposium (AP/ URSI), Washington, DC,
IEEE, July 3-8, 2005.

[42] Hanada E. The electromagnetic environment of hospitals: How it is affected by the
strength of electromagnetic fields generated both inside and outside the hospital. Ann Ist
Super Sanita. 2007; 43(3): 208-217.

[43] Hanada E, Kodama K, Takano K,, Watanabe Y, Nose Y. Possible electromagnetic
interference with electronic medical equipment by radio waves coming from outside the
hospital. J Med. Syst. 2001; 25(4): 257-267.

[44] Hanada E, Takano K, Mishima H, Kodama K, Antoku Y, Watanabe Y, et al.
Possibility of electromagnetic interference with electronic medical equipment by
residual magnetization in a building with a steel structure. IEEE EMC Soc. Newslett.
2001;189: 15-19.

[45] Hanada E, Watanabe Y, Nose Y. Electromagnetic interference with electronic
medical equipment induced by automatic conveyance systems. J. Med. Syst. 2000;

24(1): 11-20.

-26 -



[46] Hanada E, Itoga S, Takano K, Kudou T. Investigations of the quality of hospital
electric power supply and the tolerance of medical electric devices to voltage dips. J.
Med. Syst. 2007; 31(3): 219-223.

[47] Robinson MP, Wainwright NJ. EMC of Medical Equipment. Workshop 48, EMV 99,
Dusseldorf, Germany, March 25, 1999.

[48] COMAR Report. Radiofrequency Interference with Medical Devices. IEEE Eng Med
Biol Mag. May-June 1998; 17(3): 111-114.

[49] Emergency Care Research Institute. Cellular telephones and radio transmitters -
interference with clinical equipment. Guidance article-Health Devices. 1993; 22: 416—
418.

[50] Medical Devices Agency. Electromagnetic Compatibility of medical devices with
mobile communications. MDA, Devices Bulletin, DB 9702, London, UK, March 1997.

[51] Davis D, Segal B, Pavlasek T. Can Minimum minimum separation criteria ensure
electromagnetic compatibility in hospitals? An experimental study. Biomed Instrum
Techn. 1999; 33(5): 411-416.

[52] Hahn IH, Schnadower D, Dakin RJ, Nelson LS. Cellular phone interference as a
cause of acute epinephrine poisoning. Ann Emerg Med. 2005; 46(3): 298-299.

[53] Segal B, Davis D, Trueman CW, Pavlasek TJF. Risk of patient injury due to
electromagnetic interference malfunction: Estimation and minimization. In Proceeding
of International Symposium on Electromagnetic Compatibility, Montreal, Que, IEEE,
Aug. 13-17, 2001, pp. 1308-1312.

[54] Tang CK, Chan KH, Fung LC, Leung SW. Electromagnetic Interference Immunity
Testing of Medical Equipment to Second
and Third-Generation Mobile Phones. IEEE Trans. Electromagn. Compat. 2009;

51(3):659-664.

-27-



[55] Bassen HL, Moore HJ, Ruggera PS. Cellular phone interference testing of
implantable cardiac defibrillators, in-vitro. Circulation. 1995; 92(8): 35-47.

[56] Fetter JG, Ivans V, Benditt D, Collins J. Digital Cellular telephone interaction with
implantable cardioverter—defibrillator. J Am Coll Cardiol. 1998; 31:623-628.

[57] Elshershari H, Celiker A, Ozer S, Ozme S. Influence of D-Net (EUROPEAN GSM-
Standard) Cellular Telephones on Implanted Pacemakers in Children. Pacing Clin
Electrophysiol. 2002; 25(9): 1328-1330.

[58] Calcagnini G, Censi F, Floris M, Pignalberi C, Ricci R, Biancalana G, et al.
Evaluation of Electromagnetic Interference of GSM Mobile Phones with Pacemakers
Featuring Remote Monitoring Functions. Pacing Clin Electrophysiol. 2006; 29: 380-
385.

[59] Ismail MM, Bardreldin AMA, Heldwein M, Hekmat K. Third-Generation Mobile
Phones (UMTS) Do Not Interfere with Permanent Implanted Pacemakers. Pacing Clin
Electrophysiol. Jul. 2010; 33(7): 860-864.

[60] Trigano AJ, Azoulay A, Rochdi M, Campillo A. Electromagnetic interference of
external pacemakers by walkie-talkies and digital cellular phones: experimental study.
Pacing Clin Electrophysiol. 1999; 22(4): 588-593.

[61] Triganao AJ, Blandeau O, Dale C, Wong MF, Wiart J. Risk of cellular phone
interference with an implantable loop recorder. INT J CARDIOL. 2007; 116: 126-130.

[62] Ramesh J, Carter AO, Campell MH, Gibbons N, Powlett C, Moseley H, et al. Use of
mobile phones by medical staff at Queen Elizabeth Hospital, Barbadoss: evidence for
both benefit and harm. J Hosp Infect. 2008; 70(2): 160-165.

[63] Knight BP, Pelosi F, Michaud GF, Strikberger SA, Morady F. Clinical Consequences
of Electrocardiographic Artifact Mimicking Ventricular Tacycardia. N Engl J Med.

1999; 341(17): 1270-1274.

-28 -



[64] Tri JL, Hayes DL, Smith TT, Severson RP. Cellular phone interference with external
cardiopulmonary devices. Mayo Clin Proc. 2001; 76(1): 11-15.

[65] Christe B, Cooney E, Maggioli G, Doty D, Frye R, Short J. Testing Potential
Interference with RFID Usage in the Patient Care Environment. BIOMED INSTRUM
TECHN. 2008; 42(6): 479-484.

[66] Houliston B, Parry D, Webster CS, Merry AF. Interference with the operation of
medical devices resulting from the use of radio frequency identification technology. N Z
Med J. 2009; 122(1297): 9-16.

[67] ladanza E, Dor F, Miniati R, Corrado E. Electromagnetic Interference (EMI) from
Active RFID on Critical Care Equipment. In IFMBE Proceedings of Mediterranean
Conference on Medical and Biological Engineering and Computing. IFMBE
Proceedings 29, Florence, Italy, Jan. 2010, pp. 991-994.

[68] Kapa S, Pierce T, Hayes DL, Holmes DRJr, Asirvatham SJ. Electromagnetic
Interference of Magnetic Field Based Auto Identification Technologies in Healthcare
Settings. INT J MED INFORM. 2011; 80(4): 239-250.

[69] Pantchenko oS, Seidman SJ, Guag JW, Witters DMJr,
Sponberg CL. Electromagnetic Compatibility of Implantable Neurostimulators to RFID
Emitters. Biomed Eng Online. 2011; 10(50):1-10.

[70] Seidman SJ, Guag JW. Adhoc electromagnetic compatibility testing of non-
implantable medical devices and radio frequency identification. Biomed Eng Online.
2013; 12(71):1-10.

[71] Van der Togt R, Van Lieshout EJ, Hensbroek R, Beinat E, Binnekade JM, Bakker PJ.
Electromagnetic Interference from Radio Frequency Identification Inducing Potentially
Hazardous Incidents in Critical Care Medical Equipment. JAMA-J AM MED ASSOC.

2008; 299(24): 2884—2890.

-29-



[72] Ying Y, Fishcher D, Holscher U. Electromagnetic Interference with RFID Readers in
Hospitals. In IFMBE Proceedings of World Congress on Medical Physics and
Biomedical Engineering. Munich, Germany, Springer, Sept. 7-12, 2009, pp. 872-875.

[73] Fung LC, Leung SW, Tang CK, Chan KH, Hui PK. Electromagnetic Interference
Immunity Testing of Medical Equipment to WLAN IEEE 802.11 Systems. International
Symposium on Electromagnetic Compatibility. EMC’09/Kyoto, Kyoto, 2009, pp. 477—
480.

[74] Hanada E, Hoshino Y, Kudou T. Safe introduction of in — hospital wireless LAN.
Stud Health Technol Inform. 2004; 107(2):1426-1429.

[75] Hanada E, Hoshino Y, Oyarna H, Watanabe Y, Nose Y.
Negligible Electromagnetic Interaction Between Medical Electronic Equipment and 2.4
GHz Band Wireless LAN. J MED SYST. 2002; 26(4): 301-308.

[76] Lasorte NJ, Akunne IB, Refai HH. In vitro Protocol to Study the Electromagnetic
Interaction of RFIDs and Infusion Pumps. Asia Pacific International Symposium on
Electromagnetic Compatibility. Beijing, China, IEEE, Apr. 12-16, 2010, pp. 1084-1087.

[77] Rice WP. 2.4 GHz WLAN EMI in medical devices. J Clin Eng. 2000; 25(5): 260-
264.

[78] Wallin MKEB, Marve T, Hakansson PK. Modern Wireless Telecommunication
Technologies and Their Electromagnetic Compatibility with Life- Supporting
Equipment. Anesth. Analg. 2005; 101(5):1393-1400.

[79] Tan KS, Hinberg I. Effects of a Wireless Local Area Network (LAN) System, a
Telemetry System, and Electrosurgical Devices on Medical Devices in a Hospital
Environment. Biomed Instrum Techn. 2000; 34: 115-118.

[80] US Food and Drug Administration. Draft guidance for industry and FDA Staff—

radio-frequency wireless technology in medical devices, Jan. 2007.

-30 -



[81] Hanada E, Antou Y, Tani S, Kimura M, Hasegawa A, Urano S, et al. Electromagnetic
Interference on Medical Equipment by Low — Power Mobile Telecommunication
Systems. IEEE Trans. Electromagn. Compat. 2000; 42(4): 470-476.

[82] Karczmarewicz S, Janusek D, Buczkowski T, Gutkowski R, Kulakowski P. Influence
of mobile phones on accuracy of ECG interpretation algorithm in automated external
defibrillator. Resuscitation. 2001; 51(2):173-177.

[83] Trigano A, Blandeau O, Dale C, Wong MF, Wiart, J.
Clinical testing of cellular phone ringing interference with automated external
defibrillators. Resuscitation. 2006; 71(3): 391-394.

[84] Shaw CI, Kacemarek RM, Hampton RL, Riggi V, El Masry A, Cooper JB, et al. Cell
phone interference with operation of mechanical ventilators. Crit. Care Med. 2004;
32(4): 927-931.

[85] Jones RP, Conway DH. The effect of electromagnetic interference from mobile
communication on the performance of intensive care ventilators. Eur J Anaesthesiol.
2005; 22(8): 578-583.

[86] Dang BP, Nel PR, Gjevre JA. Mobile communication devices causing interference in
invasive and noninvasive ventilators. J Crit. Care. 2007; 22(2): 137-141.

[87] Van Lieshout EJ, Van der Veer SN, Hensbroek R, Korevaar JC, Vroom MB, Schultz
MJ. Interference by new- generation mobile phones on critical care medical equipment.
Crit. Care. 2007; 11(5): 1-6.

[88] Hans N, Kapadia FN. Effect of mobile phone use on the specific intensive care unit
devices. Indian J Crit. Care. 2008; 12(4): 170-173.

[89] Iskra S, Thomas BW, Mckenzie, R Rowley J. Potential GPRS 900/1800 MHz and
WCDMA 1900- MHz Interference to Medical Devices. IEEE Trans. Biomed. Eng.

2009; 54(10):1858-1866.

-31-



[90] Helhel S, Oze S, Basyigit 1B, Kurnaz O, Yoruk YE, Bitirgan M, et al. Radiated
Susceptibility of Medical Equipment in Healthcare Units: 2G and 3G Mobile Phones as
an Interferer. Microw. Opt. Technol. Lett. 2011; 53(11): 2567-2571.

[91] Hatara S, Higashiyama J, Onishi T, Tarusawa Y. Electromagnetic Interference with
Medical devices from Third Generation Mobile Phone Including LTE. In 2014
International Symposium on Electromagnetic Compatibility, Tokyo (EMC'14/Tokyo).
Tokyo, May 2014, pp. 217-217.

[92] Salceanu A, lacobescu F, Luca C, Anghel M. Analyze of the disruptive potential of
two RF sources inside a neonates ICU. In 20th IMEKO TC4 International Symposium
and 18th International Workshop on ADC Modeling and Testing Research on Electric
and Electronic Measurement for the Economic Uptum. Benevento, Italy, Sept. 2014,
pp. 647- 651.

[93] Duan X. Electrocardiographic artifact due to a mobile phone mimicking ventricular
tachycardia. J Electrocardiol. 2014;
47(3): 333-334.

[94] Trigano A, Blandeau O, Dale C, Wong MF, Wiart J. Reliability of electromagnetic
filters of cardiac pacemakers tested by cellular telephone ringing. Heart Rhythm. 2005;
2(8): 837-841.

[95] Periyasamy M, Dhanasekaran R. Evaluation of Electromagnetic Interference Between
Critical Medical Devices and New Generation Cellular Phones. J Microwave Power Ee.
2015; 49(3): 160-170.

[96] Ismail MM, Badreldin AM, Heldwein M, Hekmat K. Third Generation Mobile
Phones (UMTS) do not interfere with Permanent Implanted Pacemakers. Pacing Clin

Electrophysiol. 2010; 33(7): 860-864.

-32-


http://www.ncbi.nlm.nih.gov/pubmed/?term=Ismail%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=20180913
http://www.ncbi.nlm.nih.gov/pubmed/?term=Badreldin%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=20180913
http://www.ncbi.nlm.nih.gov/pubmed/?term=Heldwein%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20180913
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hekmat%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20180913

[97] Burri H, Mondouagne Engkolo LP, Dayal N, Etemadi A, Makhlouf AM, Stettler
C,et al. Low risk of electromagnetic interference between smartphones and
contemporary implantable cardioverter defibrillators. Europace. (2016). doi:
http://dx.doi.org/10.1093/europace/euv374

[98] Brande FV, Martens P. A false positive arrhythmia on electrocardiogram induced by a
cell phone. Eur J Emerg Med. 2003; 10(4): 357-360.

[99] Calcagnini G, Censi F, Triventi M, Mattei E, Losterzo R, Marchetta E, et al. Bartolini
P. Electromagnetic Interference To Infusion Pumps. Update 2008 From GSM Cellular
Phones. In Proceedings of 30th Annual International Conference of the IEEE
Engineering in Medicine and Biology. Vancouver, BC, IEEE, Aug. 20-25, 2008; pp.
4503-4506. doi: 10.1109/IEMBS.2008.4650213

[100]Alliyev F, Turkoglu C, Celiker C, Uzunhasan |. Electromagnetic interference with
electrocardiogram recording of exercise test equipment. Turk Kardiyol Dern Ars. 2010;
38(5): 352-354.

[101]Buczkowski T, Janusek D, Zavala-Fernandez H, Skrok M, Kania, M, Liebert A.
Influence of Mobile phones on the Quality of ECG Signal Acquired by Medical
Devices. MEAS SCI REV. 2013; 13(5): 231-236.

[102]Roggeveen S, Os JV, Viechtbauer W, Lousberg R. EEG changes due to
experimentally induced 3G mobile phone radiation. PLOS ONE. 2015; 10(6): 1-13.
[103]Stefanics G, Thurdczy G, Kellényi L, Hernadi I. Effects of twenty-minute 3G mobile
phone irradiation on event related potential components and early gamma

synchronization in auditory oddball paradigm. Neuroscience. 2008; 157(2): 453-462.

[104] Trunk A, Stefanics G, Zentai N, Kovacs-Balint Z, Thuroczy G, Hernadi I. No effects

of a single 3G UMTS mobile phone exposure on spontaneous EEG activity, ERP

correlates, and automatic deviance detection. Bioelectromagnetics, 2013; 34(1): 34-42.

-33-


http://www.ncbi.nlm.nih.gov/pubmed/?term=Burri%20H%5BAuthor%5D&cauthor=true&cauthor_uid=26857191
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mondouagne%20Engkolo%20LP%5BAuthor%5D&cauthor=true&cauthor_uid=26857191
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dayal%20N%5BAuthor%5D&cauthor=true&cauthor_uid=26857191
http://www.ncbi.nlm.nih.gov/pubmed/?term=Etemadi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26857191
http://www.ncbi.nlm.nih.gov/pubmed/?term=Makhlouf%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=26857191
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stettler%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26857191
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stettler%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26857191
http://dx.doi.org/10.1093/europace/euv374
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stefanics%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18835335
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thur%C3%B3czy%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18835335
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kell%C3%A9nyi%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18835335
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hern%C3%A1di%20I%5BAuthor%5D&cauthor=true&cauthor_uid=18835335
http://www.ncbi.nlm.nih.gov/pubmed/18835335
http://www.ncbi.nlm.nih.gov/pubmed/?term=Trunk%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22674213
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stefanics%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22674213
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zentai%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22674213
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kov%C3%A1cs-B%C3%A1lint%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=22674213
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thur%C3%B3czy%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22674213
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hern%C3%A1di%20I%5BAuthor%5D&cauthor=true&cauthor_uid=22674213
http://www.ncbi.nlm.nih.gov/pubmed/18421712

[105]Kleinlogel H, Dierks T, Koenig T, Lehmann H, Minder A, Berz R. Effects of weak
mobile phone- electromagnetic fields (GSM, UMTS) on event related potentials and
cognitive functions. Bioelectromagnetics. 2008; 29(6): 488-497.

[106]Barutcu I, Esen AM, Kaya D, Turkmen M, Karakaya O, Saglam M, et al. Do mobile
phones pose a potential risk to autonomic modulation of the heart?. Pacing Clin
Electrophysiol. 2011; 34(11): 1511-1514.

[107]Hurstel J, Guivarch M, Pommel L, Camps J, Tassery H, Cohen S,et al.
Do cell phones affect establishing electronic working length?. J Endod, 2015; 41(6):
943-946.

[108]Sidhu P, Shankargouda S, Dicksit DD, Mahdey HM, Muzaffar D, Arora S.
Evaluation of Interference of Cellular Phones on Electronic Apex Locators: An

In Vitro Study. J Endod, 2016; 42(4): 622-625.

-34 -


http://www.ncbi.nlm.nih.gov/pubmed/?term=Kleinlogel%20H%5BAuthor%5D&cauthor=true&cauthor_uid=18421712
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dierks%20T%5BAuthor%5D&cauthor=true&cauthor_uid=18421712
http://www.ncbi.nlm.nih.gov/pubmed/?term=Koenig%20T%5BAuthor%5D&cauthor=true&cauthor_uid=18421712
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lehmann%20H%5BAuthor%5D&cauthor=true&cauthor_uid=18421712
http://www.ncbi.nlm.nih.gov/pubmed/?term=Minder%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18421712
http://www.ncbi.nlm.nih.gov/pubmed/?term=Berz%20R%5BAuthor%5D&cauthor=true&cauthor_uid=18421712
http://www.ncbi.nlm.nih.gov/pubmed/18421712
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barutcu%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21797894
http://www.ncbi.nlm.nih.gov/pubmed/?term=Esen%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=21797894
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaya%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21797894
http://www.ncbi.nlm.nih.gov/pubmed/?term=Turkmen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21797894
http://www.ncbi.nlm.nih.gov/pubmed/?term=Karakaya%20O%5BAuthor%5D&cauthor=true&cauthor_uid=21797894
http://www.ncbi.nlm.nih.gov/pubmed/?term=Saglam%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21797894
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hurstel%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25799536
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guivarc%27h%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25799536
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pommel%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25799536
http://www.ncbi.nlm.nih.gov/pubmed/?term=Camps%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25799536
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tassery%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25799536
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cohen%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25799536
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sidhu%20P%5BAuthor%5D&cauthor=true&cauthor_uid=26850688
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shankargouda%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26850688
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dicksit%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=26850688
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mahdey%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=26850688
http://www.ncbi.nlm.nih.gov/pubmed/?term=Muzaffar%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26850688
http://www.ncbi.nlm.nih.gov/pubmed/?term=Arora%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26850688

Table 1. Summary of the undertaken studies on the EMI in medical devices from the 2G/3G/4G

cellular phones

Reference

Hanada et al. [81]

Karczmarewicz et al. [82]

Tri et al. [64]

Shaw et al. [84]

Jones and Conway [85]

Trigano et al. [94]

Trigano et al. [83]

Van Lieshout et al. [87]

Dang et al. [86]

Hans et al. [88]

Calcagnini et al. [99]

Fungetal. [73]

Iskra et al. [89]

Year

2000

2001

2001

2004

2005

2005

2006

2007

2007

2008

2008

2009

2009

Type of
study

Ad hoc
test
Ad hoc
test

Ad hoc
test

Ad hoc
test

Ad hoc
test

Case
study

Ad hoc
test

Ad hoc
test

Ad hoc
test

Ad hoc
test

Ad hoc
test

Ad hoc
test

Bench
test

Numper of Number of List of affected
Cellular system  experienced . .
devi affected devices devices
evices
PHS system . .
1.9 GHz 25 Nil Nil
GSM 900 MHz 4 - AED Nil Nil
GSM 900 17
MHz, CDMA, Cardiopulmona , Cardiopulmonary
TDMA, and pu devices
ry devices
Analogue
GSM 900 MHz 14-Ventilators 6 Ventilators
GSM 900 1-GSM 900
MHz, and two- 5-Ventilators MHz, and 1- Ventilators
way radio two-way radio
158- Unprotected
GSM 900 MHz 5 model of
Pacemakers
pacemakers

GSM 900 3-Automatic
MHz, and External 1 -GGL/IZQOO AED
PCS1800 MHz Defibrillators

- 25- GPRS1, 15-
GTJRI\?’Tan 61al;<llli1é'gsle GPRS2, and 8- Multiple devices
UMTS
M, TOMA 7-wo-way
andzt,wo-way 7-Ventilators  radio, and 1- Ventilators
i GSM 900 MHz
radio
GSM 900

3-Multiple 1-GSM 900

MHz, and . Infusion pump
CDMA devices MHz
GSM, DECT,  18-Infusion A .
and Wi- Ei PUMps 1-Wi-Fi Infusion pump
CO, airway
PCS I\/Iuljuple 9 adapter and _
devices haemo-glucostix
meter
GSM 900/1800 8- GSM 900
MHz, . MHz, .
WCDMA and 14&';’\'/%25'6 1- WCDMA Crg:\:/?(':gs""re
80 % AM 1 9-80% AM 1
kHz kHz
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Table 1. (Continued) Summary of the undertaken studies on the EMI in medical devices from
the 2G/3G/4G cellular phones

Number of .
Reference Year Type of Cellular system  experienced Number O.f List of gffected
study devices affected devices devices
Adhoc 2G,3G,and 532-Multiple 9-2G, 1-3G, 8- Critical care
Tang etal. [54] 2010 test PCS devices PCS devices
Case 100
Ismail et al. [96] 2010 study 3G Pacemakers Nil Nil
Case Cardiovascular
Barutcu et al. [106] 2011 study 3G devi Nil Nil
evices
Helhel et al. [90] 2011 AANOC HGangag to-Criticalcare oG ongggg  Critical care
test devices devices
3G, LTE and . 12 - Devices .
Hatara et al. [91] 2014 Ad hoc Half-wave 32-Cr|t|_c al care altogether by all C”“C?' care
test . devices devices
dipole phones
Ad hoc 36 and One neonatal ~ One neonatal Neonatal
Salceanu et al. [92] 2015 Microwave ) . .
test oven ventilator  ventilator by 3G ventilator
. GSM 900 MHz 10-Critical care o
ey s A0 G0 wazioo amamontorng 2524 Moo
MHz (3G) devices
Hurstel et al. [107] 2015 3G Bench test Electronic Nil Nil
Apex Locator
Sidhu et al. [108] 2015 3G Bench test Electronic Nil Nil

Apex Locator
49- Implantable
2016 4G LTE  Case study Cardioverter Nil Nil
Defibrillators

Burri et al. [97]
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