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Abstract
Purpose—To develop a scanner-independent dosimeter for measuring the average radio frequency
(RF) power deposition and specific absorption rates (SAR) for human MRI exposure.

Materials and Methods—A prototype dosimeter has a transducer with orthogonal conducting
loops surrounding a small signal-generating MRI sample. The loops contain resistors whose values
are adjusted to load the scanner’s MRI coils equivalent to an average head or body during MRI. The
scanner adjusts its power output to normal levels during setup, using the MRI sample. Following
calibration, the total power and average SAR deposited in the transducer are measured from the root-
mean-square (rms) power induced in the transducer during MRI.

Results—A 1.5 Tesla head transducer was adjusted to elicit the same load as the average of nine
adult volunteers. Once adjusted, the transducer loads other head coils the same as the head does. The
dosimeter is calibrated at up to 20 W total deposited power and 4.5 W/kg SAR in the average head,
with about 5% accuracy.

Conclusion—This dosimeter provides a simple portable means of measuring the power deposited
in a body-equivalent sample load, independent of the scanner. Further work will develop SAR
dosimetry for the torso and for higher fields.
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THERE ARE CURRENTLY over 20,000 MRI scanners performing over 60 million studies
world-wide (1). About half of these scans are performed in the United States, where the number
of scans has been doubling about every three years for the past decade. In the United States,
over one-half of the existing scanners operate at 1.5T (2), while most luminary institutions
active in medical imaging research have added 3T MRI systems, and 4T (3) and 7T (4) whole
body systems are also commercially available. While MRI is not considered a significant risk
(5), it is not hazard-free.

The potential for radio frequency (RF) power deposition and heating in human MRI was
realized as early as 1978 (6). The mechanism for heating is the induction of eddy currents in
the body by the time-dependent RF magnetic field in accordance with Faraday’s Law, due to
the finite conductivity of the body. Models comprised of homogeneous cylinders of tissue of
measured conductivity and dielectric constant, were solved analytically for various
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configurations (6-8). The key results were: 1) local peak and average specific power absorption
rates (SARs) in W/kg or W/cm3 can be determined from the known RF pulse width, duty cycle,
flip-angle, and sample size using relatively simple formulae (6-8); 2) SAR varies
approximately quadratically with MRI frequency or field strength, and with sample radius at
lower frequencies (<100 MHz); and 3) peak SAR is related to the average SAR by simple
numerical factors (7). That excess RF power deposition can cause heating and burns is
evidenced by voluntary reports to the U.S. Food and Drug Administration (FDA) of injuries
received during clinical MRI, as summarized in Table 1 for 2005 and 2006 (9). Many of these
injury reports are not linked to patient proximity to leads, metal, separate receiver coils, or the
magnet bore, which may pose additional risk.

The safety of RF exposure during clinical MRI is regulated via government and industry
guidelines (10,11). RF exposure is also a factor in assessing the safety of MRI in human
research overseen by Institutional Review Boards (IRBs). Consequently, accurate RF
dosimetry is central to the safe operation of thousands of MRI scanners and millions of human
MRI scans. Indeed, issues relating to SAR are listed among the top three unsolved problems
and unmet needs by each of three study groups of the International Society of Magnetic
Resonance in Medicine (ISMRM) (12), underscoring the need for providing accurate and
independent methods of measuring it. In Europe, the International Electrotechnical
Commission (IEC) defines the whole-body SAR as the absorbed RF power (PA in Watts)
divided by patient mass (m), and the partial body SAR is calculated based on the body mass
in the coil, which may be modeled by homogeneous cylinders (11). The local SAR in 1 g (9)
or 10 g (11) of tissue is determined from experimentally-validated models or by experiments
on phantoms (11). For homogeneous cylinders and spheres, the models yield a local SAR two
to four times the average SAR (7). Heterogeneous models with quadrature excitation yield
ratios of 4.5-6 for the head at 63-175 MHz (13-15), and 10-16 for male and female torsos at
1.5T and 3T (16,17). Thus, once an average SAR is determined via PA/m, a model-based local
maximum can be obtained by simple multiplication by the corresponding model factor, at least
for the above frequency ranges.

One simple method of measuring SAR that satisfies the IEC guidelines and does not require
MRI parameters, determines PA from the incident (forward minus reflected) root-mean-square
(rms) power PI at the transmitter coil, but requires the coil’s quality factors (Q) measured with
(QL), and without (QU), the subject load (18,19). The amount of power deposited in the subject
is:

(1)

Although determining these parameters at each exam would provide a straightforward
approach to measuring SAR, various expediencies are commonly adopted for reporting and
limiting SAR in many commercial clinical MRI scanners. For example, the Qs and PI are
generally not measured at the coil terminals by the scanner during setup for a patient study,
particularly in older scanners. Instead, fixed factory-determined parameters characterizing the
selected coil-type are typically entered into scanner configuration files to calculate the SAR
for a desired duty cycle, with conservative safety factors added to accommodate variations that
may occur in the field. These “scanner SAR” values are utilized by the scanner for limiting
pulse sequence parameters, and are generally accessible to the MRI operator.

The accuracy with which such “scanner SAR” values measure the true average SAR may be
compromised when coil Qs and power losses in the transmit line change with time, and/or
when such conservative safety factors are introduced into the scanner’s SAR calculation by
the manufacturer. This uncertainty is further compounded by those cases in which RF burns
are sustained by patients undergoing MRI (9,20) (Table 1). Although such cases represent a
tiny fraction of the millions of clinical MRI scans performed annually, they are evidence that
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“scanner SAR” was incorrect, or at least not limiting, at the time of the injury. Thus, the
accuracy of “scanner SARs” reported by MRI scanners today, is a concern, and in any case,
the SAR is currently not verifiable independent of the scanner.

Indeed, if one seeks to independently measure deposited power via Eq. [1], access to the coil
for power as well as QL and QU measurements is generally unavailable to scanner users,
researchers, or medical physicists running routine checks on clinical units. Further problems
arise with the testing of implanted devices, whose use in patients in need of diagnostic MRI
grows exponentially. Devices that test safe at a specified “scanner SAR” level, may not be
reliable if the “scanner SAR” includes unknown factors, or is scanner-dependent, as has been
recently reported (21,22). A device testing as safe at a “scanner SAR” level of 4 W/kg, for
example, may in fact have only been tested at, say, 2 W/kg if SAR is being conservatively
overstated. In summary: 1) if patients report burning sensations during MRI (Table 1); or 2) if
internal device/implant makers wish to determine that their devices are safe at a certain SAR
exposure level; or 3) if questions arise during IRB assessment concerning the safe conduct of
research studies, there are currently no convenient scanner-independent means of determining
whether the machine is operating within regulatory SAR guidelines, other than performing
thermal testing of instrumented phantoms (23).

We propose and demonstrate herein a novel prototype RF dosimeter for measuring average
head or body SAR, entirely independent of the MRI scanner. Peak SAR can then be determined
from average SAR by applying an appropriate model factor as above (7,13-17). The dosimeter
has a transducer that is placed in the magnet during an MRI scan, from which the time-averaged
SAR is read. Because the scanner automatically sets the flip-angle based on MRI signal and
load, the transducer contains a small signal-generating sample which the scanner uses for setup.
The sample is surrounded by resistively-loaded orthogonal conducting loops, such that the
transducer provides a load to the scanner that is equivalent to the head or torso. Such a
transducer can also be used for SNR measurements as described previously (24). The time-
averaged (rms) RF voltage is measured across the loop loads, from which PA and the equivalent
body or head SAR are determined after calibration.

MATERIALS AND METHODS
Transducer

A prototype 1.5T SAR dosimeter transducer that is accommodated in the bore of a head coil
for measuring average head SAR, is fabricated from two 18-cm square copper loops, affixed
to acrylic board. The loops are oriented orthogonal to each other to permit detection of both
components of a quadrature excitation field in the XY-plane, should one exist. They are tuned
to the 1.5T MRI frequency, and loaded with resistors. The center of each board is removed to
accommodate a small spherical CuSO4-doped water phantom whose only purpose is to
generate just enough MRI signal for the scanner to adjust its pulse power level and/or set up
the pulse sequence flip-angles. The transducer and the circuit formed by each loop are
illustrated in Fig. 1.

To determine the value of the total load resistance, RL, for each loop such that the transducer
presents a load equivalent to that of the head to the MRI scanner, QU and QL of a standard GE
1.5T Signa MRI quadrature birdcage head-coil are measured with the heads of a number of
volunteers, and the average head QL is calulated. The head is replaced by the dosimeter’s
transducer, and the load resistance on the transducer is adjusted to reproduce the average head
QL. Different head coils will, of course, have different Qs, but all that is required is that the
transducer produces the same QL in each head coil that the average head produces. This is
experimentally tested with Q measurements of different head coils. Note that the net load
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resistance presented to the head coils by the transducer after calibration of RL is greater than
RL by an amount attributable to the water phantom and other losses in the dosimeter.

Power Measurement
With the head-coil connected to the scanner and the transducer inside the MRI coil, an RF
voltage with rms value Vrms, is induced on the transducer during MRI, in direct proportion to
the input RF voltage. This can be measured with an RF oscilloscope, or a true rms RF voltmeter
as exemplified in Fig. 2. The power on the head-equivalent transducer measures the total power
in the head after calibration. Indeed, if power losses in the water phantom and monitoring leads
are negligible, the total power deposited in the transducer loops is equal to the power deposited
in the head. PA measured in the transducer is proportional to Vrms

2 over the time-course of the
MRI experiment.

MRI typically utilizes a pulse sequence that repeats with period TR. This period includes short
periods (∼1-4 msec) during which one or more type of AM and/or FM modulated high power
(≫1 kW peak) RF pulses are applied, separated by longer periods (∼4-1000 msec or more)
during which no RF is applied. Thus, determining Vrms will generally involve a measurement
of the rms voltage during the ith RF pulse, vi

rms and the duty cycle  where τi is the width
of the ith RF pulse. Thus for each loop:

(2)

With the phantom in the middle of the transducer, the total power deposited in the two loops
is:

(3)

where RL is the measured total resistance of each loaded transducer loop at the RF frequency.
The average SAR is then just PA/m with m as the average head mass, in accordance with the
IEC definitions (11).

However, in most cases it is prudent to calibrate the SAR dosimeter by measuring the power
in the resistive load of each transducer loop as a function of the total power deposited in the
dosimeter. Because RL can have a number of values depending on the sample load it is designed
to represent, it is convenient for the purpose of calibration to divide the total load resistance,
RL, into a smaller standard reference resistor, RR, in series with a load adjusted to provide the
correct QL, and to measure the power in RR (Fig. 1b). This also reduces the amplitude of the
peak RF voltage that must be detected. To minimize the effects of connecting cable impedance
on transducer power measurements, connection cables are tuned to integral multiples of the
wavelength and preferably include in-line baluns.

Calibration
The SAR dosimeter is calibrated independent of the MRI scanner, by connecting a true rms
RF Wattmeter or RF voltmeter to the MRI coil input to measure PI during excitation, with the
dosimeter placed in the coil. Bench experiments with head MRI coils can use a continuous
wave (cw) RF amplifier of lower power than the scanner’s peak power (e.g., a few hundred
Watts) but which still produces average SAR levels that are comparable to those used in MRI.
Different power levels, PI are applied to the MRI coil, and the fraction of that power deposited
in the dosimeter, PA, is determined from Eq. [1]. PA is plotted against either Vrms

2 or the power
measured by an rms Wattmeter in each transducer loop. The result is a linear calibration curve
relating the observed power deposited in the dosimeter’s load resistors, to the actual power
deposited in the dosimeter in Watts. The IEC “exposed body SAR” can be derived using mean
girth measurements to calculate the mean body mass enclosed by the coils for the average adult,
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and dividing PA by that, as reported previously (18). Peak SAR is obtained from the model
factor relating average and peak SAR, as noted above (7,13-17). A block diagram of the
complete dosimeter placed in a standard MRI “bird-cage” RF coil for calibration is depicted
in Fig. 3.

Protocol for Use
The SAR dosimeter is used as follows:

1. The SAR transducer is placed in the scanner and MRI coil whose SAR is being
measured, and advanced to the normal scan position. The transducer is connected to
a true rms RF voltage or power measuring device (Fig. 3) outside the magnet (e.g., at
the end of the patient table).

2. The scanner is started using the MRI pulse sequence for which the SAR measurement
is desired, entering the average weight of the load for which the dosimeter is calibrated
for, as the “patient weight.”

3. The rms power is measured during MRI, and the average and/or peak SAR for the
average subject is calculated using the average subject mass and average-to-peak
model factor.

4. The transducer is removed and replaced by a subject for scanning.

RESULTS
To test dosimeter feasibility, QL and QU measurements are performed on nine adult
coinvestigators positioned in a standard GE 1.5T head coil (baluns intact) on a metal-free bench.
These data are plotted in Fig. 4. Mean QU was 97 ± 6. QL was 35 ± 6. The transducer load
resistance is easily adjusted to produce the same loading. The maximum head circumference
(c) and head length (chin-to-top; l) are also recorded from the group and used to estimate the
average head mass exposed to the coil for the group, assuming a prolate spheroid with neutral
specific gravity. This yields mh = lc2/6π = 3.95 ± 0.33 kg.

To test whether, once the load is set, the transducer exerts the same loading effect as the head
on different head coils with different Qs, the transducer load was set to match that of an author,
and Q measurements repeated with the standard GE head coil from another 1.5T scanner,
without changing the load. The results summarized in Table 2, show that although Q varies
from coil-to-coil, the load presented by the dosimeter probe remains equivalent to the head
used to calibrate the load (49.2 vs. 50.9; 65.5 vs. 65.0).

The setup in Fig. 3a was used to test and calibrate the dosimeter using ENI 300L and ENI
MRI-2000 RF power amplifiers operating at continuous RF power levels of ≤3 W and ≤40 W
rms power levels, respectively. Figure 5 details the power losses at each stage of the setup. Of
a maximum of 40 W output from the MRI-2000 power amplifier, about 35W arrives at the
coil, of which only about 20 W is deposited in the dosimeter’s transducer, with about 17 W
going into the load, RL. The cyan curve relating the net power deposited in the dosimeter to
the power deposited in RL is used for calibration. Thus, 86% of the power attributable to the
dosimeter based on the Q measurements and Eq. [1] is deposited in RL, and the net power
deposited in the head-equivalent load is 1.16 times the power measured in RL: this is the
dosimeter’s calibration factor. The 3-W difference in power deposited in the transducer vs. that
in RL is attributable to losses in the water phantom and elsewhere in the transducer’s loops,
connectors, and structure. The measured and actual deposited power in RL are in linear
proportion to the input power. The SD of the measurements from the calibration curve is 5%
(excluding two outliers), which constitutes the predicted error in using this dosimeter for
measuring power. However, the scatter in the data at higher power levels here is primarily due
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to instability in the RF power amplifier operating in continuous mode, and not to the dosimeter
or measurement devices per se. The red curve relates the power measured in the dosimeter’s
reference load, to the average SAR in the mh = 3.95 kg head on the right hand scale.

DISCUSSION
We have presented and demonstrated the feasibility of a novel SAR dosimeter for measuring
the average SAR for a subject whose load it mimics, with bench measurements employing
different coils and subject loading. In practice, the interaction between volume MRI coils and
the scanner bore that typically alters MRI coil resonant frequencies, also necessitates that
transducer tuning and final calibration be performed in the scanner or in a scanner-equivalent
bore. Once calibrated for a given load and MRI frequency, the dosimeter provides SAR
measurements that are independent of the MRI scanner. We are aware of no other scanner-
independent SAR dosimeter devices for MRI.

Independent determinations of the deposited power using Eq. [1], require direct access to the
coil ports during MRI to measure incident power, QL and QU during an exam, which is generally
not feasible for scanner users and patient protocols. However, access to the bore is readily
available for researchers or medical physicists performing routine safety assessment, and the
proposed dosimeter is amenable to such practice since no such connections are required. The
purpose of adjusting the dosimeter’s load to that of the head (or body) is not to obtain measures
for Eq. [1], but to ensure that the scanner applies a level of RF power during setup and MRI
that is equivalent to that applied to a standard head (or body). The rms power deposited is
measured directly from the transducer’s loads: no other scanner measurements are required.
In our case, the need for an independent SAR assessment was prompted by loss of confidence
in “scanner SAR” values for setting up MRI safety evaluations of devices being developed for
implantation, as well as a need to provide an independent means of assessing scanner function
when investigating RF burns in an albeit small number of clinical MRI cases reported to our
medical physicist. Even so, RF power deposition in MRI is far less of a risk than that posed
by ionizing radiation in nuclear scanning, positron emission tomography (PET), X-ray, and
computed tomography (CT), where failure to independently monitor exposure would not be
an option.

While we have tested this SAR dosimeter concept with a head prototype at 1.5T, the importance
of RF dosimetry increases with field and body size, upon which SAR depends approximately
quadratically (6-8). Thus, at fields of 3T and higher, the IEC and FDA guidelines already limit
the use of some MRI pulse sequences that are in routine clinical use at lower fields. We are
planning to develop transducers for the torso, for 3T MRI, and possibly even for 7T systems,
which are currently limited to research applications. Dosimeter transducers for different sized
heads and torsos are also envisaged: for example, the adult head and body, the youth or infant
head and body, and transducers designed for given weight ranges are conceivable. It is also
possible that one dosimeter could be used for several study groups simply by applying different
calibration factors. In such studies it will be important to obtain data that establishes more
representative average loads for the dosimeter transducers than the limited group studied here.
Finally, although we measured the power deposited in the prototype transducer with an
oscilloscope, the setup envisaged is a transducer in the magnet connected to a meter that reads
SAR directly (Fig. 3b). This involves incorporating the calibration factor into the meter, with
allowance for the entry of different factors for different study groups.
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Figure 1.
Photograph (a) and circuit diagram for each loop (b) of the 1.5T head SAR dosimeter
transducer. RL is the total value of the load resistance (250 Ω) divided into a fixed reference
resistor, RR and a variable resistor used to match the QL of the transducer to that of the head.
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Figure 2.
Induced RF voltage measured across the loop load resistor, as a function of RF voltage applied
to the MRI head coil.
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Figure 3.
a: Block diagram of the experimental setup used for calibration. The frequency synthesizer (a
PTS 160) connects to an ENI MRI-2000 RF power amplifier, whose output is monitored by a
Bird 4410A RF Wattmeter at the input to the quadrature hybrid on the MRI head coil. Voltage
across the transducer reference resistors are monitored by a 200 MHz oscilloscope, which is
also used to cross-check the input power. b: Block diagram of the proposed SAR dosimeter,
with readout in W/kg.
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Figure 4.
Unloaded (crosses) and loaded 1.5T head coil Qs loaded with the human head (diamonds), and
with the dosimeter (triangles) adjusted to provide a loaded Q equal to one of the authors for
comparing the loaded Qs with the head and dosimeter in different head coils.
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Figure 5.
Power and SAR measurements from the prototype SAR dosimeter. The measured output power
from the RF amplifier (blue diamonds and line of best fit), the measured input power to the
birdcage coil (incident minus reflected power; green squares and line), and the total power
deposited in the transducer as deduced from Eq. [1] (cyan crosses and line), all as a function
of the power measured on the dosimeter load RL on the horizontal axis. The cyan curve relating
actual-to-measured power in the dosimeter, is used for calibration. The red line (red triangles)
plot the SAR (vertical axis at right) for the average head in W/kg, as a function of the power
measured in RL on the horizontal axis. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Table 2
Coil Qs With Transducer and Head

Condition Head coil
Measurements

MHz Q

Unloaded MRI 1 64.4 102.6 ± 0.9
MRI 4 64.1 135.4 ± 1.1

Loaded with human head MRI 1 63.9 49.2 ± 0.6
MRI 4 64.0 65.5 ± 0.5

Loaded, SAR transducer MRI 1 64.2 50.9 ± 0.4
MRI 4 64.1 65.0 ± 0.4
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