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Abstract-The results of a magnetic and electromagnetic nmeant survey are presented, which was carried
out around a Magnetic Resonance Imaging device. ifitestigation is performed with the twofold aim of
characterising the field source under the differgmeérating sequences and evaluating the exposun@riers
both to the static and time-varying magnetic fielthe exposure levels are estimated, as a functfotineo
position of the workers and the field charactessstiand their compliance with the existing and {idssnew
limits is discussed. Critical situations are putewidence in relation to both the exposure limitsl gdhe
performance of the available measuring instruments.

I. Introduction

Magnetic Resonance Imaging (MRI) is a non-invasigehnique that allows the acquisition of images of
slices/planes from inside the body. To obtain ghiml the technique exploits the interaction betwbedy
tissues and an electromagnetic field, the lattenpmsed of radio-frequency pulses and a strong baokd DC
field. The patient is exposed to a high static netigrfield and a radiofrequency (RF) pulse, whaosgdency is
proportional to the strength of the DC field, whistapplied to “disturb” the alignment of the hydem nuclei in
the living tissues. The image-constructing sigsagénerated during the re-alignment of the nudter @uch a
RF pulse. These devices are sources of magneticeluiromagnetic fields over a large fraction oé th
electromagnetic spectrum from DC to several hurgl@fdmegahertz. Thus, the use of Magnetic Resonance
Imaging devices both as a diagnostic tool or aggical intervention support is a critical issueamtcompliance
with the prescription concerning the exposure ofk&os has to be assessed.

MRI equipment essentially consists of a source tafic magnetic field, gradient coils which work the
frequency range from tens to several hundreds it lad a series of coils excited through a racéopfiency
(RF) signal whose fundamental frequency is arouB®@® MHz. For the smaller devices, the static fied
generated by a circuit of hard magnetic materiats germanent magnets, for the larger ones it idymed by a
superconducting magnet. The higher the static ntagfield, the higher the definition of the recomstted
images; so a MRI scanner is characterized by itsl lef static magnetic field. MRI scanners for diagtics
work with static fields from 0.5 T up to 7 T withamufacturers geared towards devices with increastiatic
field. Moreover, the levels of time-varying maguefields cannot be disregarded, taking into accadlat the
medical staff might stay close to the patient athencase of children or newborns or in the prospéthe MRI
use during surgical interventions.

The complexity of the MRI exposure situation, ahd great number of people involved are among thsores
that have led to investigate the field emissionsumfh kind of equipment [1, 2]. Moreover, becauste thorny
subject, the implementation of the Directive 2062/Eoncerning the exposure of workers to electroraign
fields has been postponed.

In the framework of an Italian national researcbjgct, which aims at developing MRI shielding simos
implemented by superconductive and traditional elat$; a magnetic and electromagnetic measuremergysu
has been carried out around a 1.5 T Magnetic Resenianaging scanner. The investigation has beeonesd
with the manifold aim of characterising the fieldusce under different operating conditions and iifigng
critical aspects as concerns the exposure of wetiath to the static and time-varying field.

After a brief review of the exposure evaluation hoels, the adopted measurement procedures andsiksre
obtained are presented. Starting from the meastakets, the compliance with the exposure limitasgsessed,
by considering the reference levels presently renended by the Guidelines issued by the Internationa
Commission on Non-lonising Radiation ProtectionNIRP) [3, 4] and, for the relevant frequencies, ibeently
proposed limits [5].

I1. Exposure evaluation
According to the ICNIRP Guidelines, the conformitythe exposure prescriptions to the static magrfiids
can be directly verified by comparing the measumevith the limits, expressed as magnetic fluxsitgn

which are shown in Table | for occupational expesurhe evaluation of the compliance in the casénoé-
varying fields has to be verified in terms of basgstrictions (e.g. induced current densities up@dviHz and
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Specific Absorption Rate from 100 kHz to 300 GHapwever, for practical reasons, the first on-sgeemssment
can be performed by comparing the electric and miggiield measurement values with the proper esfee
levels. If compliance with the reference levelasiid, then compliance with the basic restrictioarisured [4].

In case of exposure to multi-frequency fields, aaleation method based on a frequency domain aisatgs be
adopted according to the procedure described ifialf@ving. An exposure indeX, is computed by summing
the amplitudeB(f;) of the spectral components at the frequeficgach one weighted by the inverse of the
corresponding reference levg}, (f). Compliance is found if the obtained indBxis less than unity [4, 6]. This
approach gives a realistic evaluation for simultarseexposure to fields produced by sources witkcoberent
phase. However, for exposure to distorted fielddpoed by only one source or by phase coherent eputice
above technique becomes unnecessarily conservaWeeeover, different sampling frequencies and time
windows of the recorded signal can modify the speaetand consequently the estimatied7]. Thus, ICNIRP
suggests alternative methods to verify the compéan the reference levels and basic restrictibmparticular,

for distorted waveforms in the low and intermediftegjuency range (from 8 Hz to 65 kHz for the waosiea
specific approach is recommended in [6]. Accordimghe latter, the recorded magnetic field is weaghby a
complex function whose magnitude is given by th@raf the reference levég (fars) at the arbitrarily chosen
frequencyfars (€.0.fare = 10 kHz) to the reference lev}, (f;) at the frequencty.

Current reference values (a)
Filter output with a 30.7 uT

. P input (b)
Table | - ICNIRP occupational exposure limi proposed reference values (c)
for static field — \ —— Filter output with a 100 T
Former limit | Current limit S 10004\ input (d)
(issued in (issued in 3
1994) 2009) 3
Whole working day 200 mT Not defined §
o N
Exposure of head ang T T S 100 $ N~
of trunk @
Exposure of limbs 5T 8T
10" 10°  f(Hz)l0’ 10°*

Figure 1. Comparison between in-force and revissfdrence
level from 8 Hz to 65 kHz

The exposure indeXy is then computed as ratio of the weighted signakpealueBy|peax t0 Bri(fars). AN
immediate evaluation of compliance is obtainet,jf< 1.

Taking into account the behaviour of the refereteeels versus frequency, this weighting approach is
conveniently implemented by making use of an anaogligital first order high-pass filter [6, 7]. d=i 1
compares the current reference levels for the werKeurve §)) with the corresponding filter output to
sinusoidal fields of rms amplitude equalBg_(fars)=30.7 UT (curvely)). A deviation of the filter output up to 3
dB is clearly found around the cut-off frequenc2@8Hz). The recently proposed ICNIRP draft guidedini5],
which reconsider the basic restrictions and refezelevels, do not give any indication about thespue
architecture of a filter which approximates theresponding new piece-wise curve (Fig. 1, cug)® (The only
constraint suggested is to keep a maximum deviaifo® dB between the limit piecewise curve and filter
response.

According to this requirement; the following gaimgmitude is suggested:

f O+ %2)2 )
W( ) =)3 - ~3
o]

wherey = 4.10° s, the two zeros arg, = 0 Hz andz = 400 Hz, the two poles arp, = 100 Hz
p> = 1000 Hz andk is a constant related to the filter gain expressadr. The output of the filter with a 100 puT
(k=100 puT) input is shown in Fig. 1 (curv)

The MRI device generates magnetic fields in thifferént bands of the frequency spectrum. Thankbeofact
that the three bands are very distant and theactiens with the human body are governed by differe
mechanisms, the assessment of the compliance létheference value can be separately carried ¢uitn4he
next section, the analysis for the time varyinddeis performed by comparing the exposure indeXsained
with the less conservative approach, consideripgettisting reference levels and the proposed n@s.on
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I11. M easurement procedures and results

Different instruments and procedures were adopieddasure the magnetic flux density generated byhiree
field sources contemporary acting: the supercomagianagnet, the gradient coils and the RF coild. thé

instruments were previously calibrated over theyeaof amplitudes and frequencies of interest byintakse of
the INRIM systems for the generation of referenc@ &hd AC magnetic field and RF electromagneticdel
Measurement points were selected after havingigdrihe paths and possible standings of the indbiwedical
staff in proximity to the machine bore.

A. Field generated by the super conducting magnet

Taking into account the value of the static fieehgrated by the superconducting magnet, the D@ figls
measured by a meter equipped with a tri-axial i[dedbe, having measurement range from 10 pT to 3The.
investigation was performed on the outside of theia, in the area facing its front. Field valuesrevrecorded

in correspondence of a grid with 0.25 m square nugsto 3 m distant along the device axi$ &nd up to 2 m
laterally (Y-axis). Further measurements were gerém on a plane surface on one side of the desi@meter
above the floor. Fig. 2a shows a sketch of theT1MRI machine and the two areas investigated. Awomap

of the measured field values is shown in Fig. 20 &ig. 3c for the lateral and front areas respebtivThe
maximum magnetic flux density (860 mT) was measuredorrespondence of the bore. This value can be
directly compared with the exposure limit for warkewhich has been recently set by ICNIRP to 2 T.

Y (cm)

<)

Figure. 2 a) Sketch of the MRI device; colour m&magnetic flux density (L T) on the blue layer (b)
and on the red layer (c).

B. Field generated by the gradient coils

The task of the gradient coils is the generatiom @ontrolled spatial gradient in the distributiohthe static
magnetic field along th¥, Y andZ directions, with respect to the constant valyarBthe volume surrounding
the MRI isocenter. The set up for each axis is gdlyemade of two anti-Helmholtz coil pairs suppliby
square-wave currents. The three anti-Helmholtzesystcan be fed at the same time with differenterus:;
consequently, the wave-shape of the detected madisdd varies with the measurement point.

The field generated by the gradient coils was meakhy a time-varying magnetic flux density metguipped
with a tri-axis concentric coil probe, with bandwidl Hz to 400 kHz and measurement range from 6@onT
80 mT. In addition to the rms value of the measureld, the chosen meter allows the recording e&f time-
behaviour of the three orthogonal field componaht®ugh an analog to digital converter. The prokss w
positioned on the patient cot, in the positionhaf patient head at about 1 m from the floor. Theetibehaviours
of the field components were recorded at two pashdegY axis in correspondence of the bore and 1.35 m far
from it. Table Il shows the time behaviours of fredd components measured close to the bore andethted
resultant frequency spectrum for three MRI sequeiiEeho planar, Turbo Spin Echo, Spin Echo), tagrettith
the exposure index evaluated by using the lesseceative approach and considering the current dir(liy,)
and the proposed on@y,). As can be seen, the exposure indexes are alkligher than unity, for both the
approaches. A strong dependence on the MRI sequsrfoend. Compliance with reference levels is aisva
verified when the probe is 1.35 m from the boree @an note that for the same sequence (Spin-Edbt¢ted
both close to the bore and 1.35 m far from it,ed#ht time waveforms have been measured; thiséstathe
combination of the spatial field components.

It must be remarked that the recorded field behasiao not reproduce accurately the “square” pgéseerated
by the gradient coils, because of the instrumespt sésponse. In fact, the field meter is fitted with a high-
pass filter, which behaves like a second order-piggs filter with a non-linear inductance and whoseoff
frequency can be selected. In presence of a fielkkeform with a time behaviour characterised byrirtts with

a constant value, the measurement system respordtected by the filter, the latter giving risea@adumped
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oscillation. As an example, in presence of a gdadranagnetic field with a square waveform, the mess$
signal can tend to a saw-tooth, depending on the ttonstant of the filter. This decay effect istigatarly
evident for the Spin-Echo sequence recorded betayiable Il sequencd).

Comparative tests, performed on simulated squasepushow that the error introduced in the evadnatf the
exposure index is quite negligible, since the ffitees not modify the highest frequency componemitéch give
the most significant contribution to the exposumeeix.

Table Il Summary of the gradient field measurements
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C. Field generated by the radio-frequency coils

As in the previous cases, measurements were paxbimthe area facing the machine, by keeping titenaas
and probes at a safety distance from the devieadid the “missile” effect. A wide-band (100 kHz 10GHz)
measuring instrument optically connected to isatr@pectric and magnetic field probes was usediddition, a
spectrum analyser (100 kHz to 13 GHz) connectedl ltmp antenna and a biconical antenna was emplimyed
narrow-band measurements. Spot measurements weiedaaut along a semi-circular path centred atlibee
with a radius of 1.5 m for the isotropic probe£ fn for the loop antenna and 0.7 m for the bicdrocee. The
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radio-frequency and the gradient coil fields wereasured simultaneously. As regards the wide-band
measurements, a maximum power density value of m®Wfs measured with the Turbo Spin Echo sequence
(1.5 m from the bore), which approximately correseto an electric field of 20 V/m and a magneigéddf of

50 mA/m, under the hypothesis of plane wave profpagaThese figures should be compared to the IGNIR
reference values of 61 V/m and 160 mA/m respectif@D W/nf), in the considered frequency range. In
addition, many narrow-band measurements were peefdmwith different MRI sequences. Fig. 4 showsfitts
results obtained by processing the values recobgetthe spectrum analyser connected to a loop aatérig.

3a) or a biconical antenna (Fig. 3b). The maximuagnetic field-strength (about 100 mA/m) was measure
with an Echo-Planar sequence at a frequency of BiB8 when the field probe is 1.2 m distant from twe.
The same frequency gives the maximum electric fttdngth (about 40 V/m) with a Turbo Spin-Echoaat
distance of 70 cm from the bore. Several harmaeiguencies are also present in the radiated emispiectrum

(up to 700 MHz) but their level is at least 40 @Bvér than the field level of the fundamental.
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Fig. 3 RF narrow band measurements: a) magneti:gteength, b) electric field-strength

IV. Conclusions
A measurement survey on the magnetic and electroeti@gfields generated by a 1.5 T MRI scanner heenb
carried out. The analysis of the recorded datadflasved the assessment, in terms of reference,|lefehe
compliance with the occupational exposure predonpi stated by the ICNIRP. With reference to the
considered operating sequences, the exposure aimhstare not exceeded as far as the static aniieiRIE are
considered. In the case of gradient fields, chitiituations are identified in the area close ®lore, even if the
evaluation is performed with the less conservatipproach. A strong dependence of the exposureslevethe
MRI sequence is also found. It is worth noticingttthe measured time waveforms do not faithfullgrogluce
the generated signal in the case of gradient fie@tsiuse of the filtering performed by the metesvéitheless,
the exposure index is not significantly influendsdthis effect, which is actually under further @stigation.
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