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ACCEPTANCE TESTING AND QA PROCEDURES FOR MRI FACILITIES

I. Introduction

This document was prepared to assist the medical physicist in defining an acceptance test
strategy and quality assurance procedures for magnetic resonance imaging (MRI) facilities.
Due to the wide variety of MRI systems available, with an equally wide range of options on
each type of system, this document does not seek to provide a definitive guideline for devel-
opment of such procedures. Instead, the goal of this document is to provide suggestions for
relevant, practical tests that qualified medical physicists can perform independently or with
the assistance of the magnetic resonance (MR) system vendor’s service personnel. The docu-
ment outlines a recommended general testing strategy, overviews phantom availability/
preparation issues, and then lists individual tests, each with a rationale for performing the test,
a suggested procedure, and, where appropriate, suggested acceptance criteria. In some cases,
alternative procedures are also provided.

This document was developed to replace the now dated reports of the American
Association of Physicists in Medicine (AAPM) Magnetic Resonance Task Group 1' and Task
Group 6%, although some materials from these original reports are referenced in the current
document. This document also refers to specific tests and acceptance criteria based on the
American College of Radiology (ACR) MR Accreditation Program MR phantom testing doc-
uments** and the ACR MRI quality control (QC) program documentation.’ The rationale for
specific inclusion of selected ACR phantom tests was made based on the large number of
ACR-accredited MR facilities and, therefore, the widespread availability and use of the ACR
MR Accreditation Phantom. For ACR phantom tests, it should be noted that some acceptance
criteria given in this document differ from action criteria noted in the ACR MR Quality Control
Manual 2004° and/or MRI Phantom Test Guidance* document. In such cases, the criteria rec-
ommended herein exceed the requirements suggested by the ACR, as acceptance testing
should establish the optimal operating characteristics for the MR system.

Clearly, the earlier the medical physicist becomes involved in the installation process
the better. Ideally, the physicist will be involved in the bid specification and review process,
the purchase decision, the site planning and construction meetings, and the testing of the
radiofrequency (RF) shielding. In addition to the actual performance of the acceptance tests,
the development of the system specifications, the testing and acceptance criteria, and the
review of the service contracts are all areas where medical physicist involvement is highly
advised. Without involvement at these early stages, mutual agreement between the site and the
vendor regarding specific tests and acceptance criteria can be difficult, if not impossible, to
obtain. Site planning requirements for MR systems include aspects quite unique as compared
to requirements for most other imaging modalities, particularly with respect to safety, vibra-
tion, magnetic field shielding, and RF interference shielding. It is strongly recommended that
the physicist carefully review site planning information contained in the pre-installation man-
ual for the specific system under discussion (now generally available online) as well as the
ACR Guidance Document for Safe MR Practices: 2007.° Additional reference information is
available in the 1992 AAPM Summer School proceedings.’

Currently, the level of rigor in acceptance testing of MRI systems is highly variable,
ranging from acceptance based on first patient examination, with no involvement of persons
other than the vendor’s service/installation personnel, to highly rigorous acceptance testing
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procedures. However, several changes in the clinical practice of MRI are causing the MR com-
munity to re-evaluate the prior and current levels of acceptance testing and quality assurance
programs. First, increasing numbers of imaging centers are using MR image data for treatment
planning (surgical as well as stereotactic and conformal radiation therapy applications) or for
actual guidance during interventional procedures. These applications require increased diligence
in ensuring that MR systems are optimally calibrated (and appropriate acquisition techniques
are utilized) such that the spatial accuracy of the resulting images is suitable for the intended
purposes. Second, the ACR MR Accreditation Program requires that its accredited facilities
adhere to the ACR Practice Guideline for the Performing and Interpreting Magnetic Resonance
Imaging (MRI) and the ACR Technical Standard for Diagnostic Medical Physics Performance
Monitoring of Magnetic Resonance Imaging Equipment, which include requirements for both
acceptance testing and quality assurance programs. (All ACR Standards, including those cited
above, are available at http://www.acr.org.) Medical physicists, with adequate training, experience,
and continuing medical education in MR physics, are clearly ideal candidates to develop and to
supervise such procedures.

Given the ever-increasing range of MR applications, from exquisite anatomical imaging
to functional imaging and spectroscopy, it is important that site-specific applications of the MR
system be considered in the specifications, bid reviews, and acceptance testing and quality
assurance program development. These site-specific applications affect the selection of the
tests to be performed in addition to the particular acceptance criteria for a given test. For
example, systems that will be used for ultrafast imaging and/or spectroscopy will have more
stringent magnetic field homogeneity and eddy current correction criteria than will systems
that will be used only for routine imaging applications.

Once the site preparation and system installation procedures begin, it is strongly
recommended that the physicist have regular involvement with the monitoring of these proce-
dures. Site planning for MR systems has numerous unique requirements relative to other
imaging modalities, and poor construction practices can easily turn into serious ‘“artifact
generators” later. Valuable time can be saved if the physicist has regular interaction with the
construction contractors, RF shield installation team, and, of course, the MR system installa-
tion personnel. Furthermore, as outlined below, certain system and site installation tests
require test equipment that is not readily available to the practicing medical physicist. If, how-
ever, the physicist is present during such tests, and understands the details of the tests being
performed, there is no reason such test data cannot be used as part of the acceptance test and
form the foundation for any subsequent quality assurance program.

Acceptance testing is by definition the determination of whether the system delivered
and installed is the system that was mutually agreed upon by both the buyer and the vendor
and whether the system performs as specified in the contract. Therefore, access to and review
of the original contract or sales agreement is highly desirable. All items related to the system
should be clearly specified, including all RF coils, imaging options and pulse sequences,
processing features, networking and filming options, etc. Ideally, the nominal performance
criteria for key features, such as field homogeneity, should be provided in the contract. With
this document in hand, and knowing the targeted applications of the MR system at the particular
site, the medical physicist can fine tune the acceptance test procedure and recommend relevant
aspects of a continuing quality assurance program.

2
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II. Acceptance Test Procedures Prior to MR System Installation

A. Vibration Measurements

Most MR system vendors specify acceptable transient and steady-state vibration levels, as a
function of frequency, for the intended installation site for a given system. Vibration levels
that exceed the specifications may result in phase artifacts in the images that can be difficult
to diagnose and to eliminate. Since tracing such artifacts to the source is more difficult after
installation, it is much more efficient to identify and determine solutions to vibration problems
before the system is installed. Furthermore, the range of possible solutions to such problems
becomes more limited after the system is delivered and installed.

Vibration issues are becoming increasingly important as vendors, in order to ease sit-
ing restrictions and to improve patient comfort, have designed newer generation magnets to
be lighter and smaller. As a trade-off to these improvements, the systems are more sensitive
to vibration than were previous systems with larger and more massive magnets. Therefore,
many vendors recommend or require building vibration testing before the MR system is
installed. Due to the specialized nature of this testing, such vibration tests are typically best
performed by an independent acoustic engineering contractor following completion of as
much of the construction as possible. Both steady-state and transient vibration levels are
assessed in three orthogonal directions using an accelerometer.® If possible, the physicist
should be present during such testing to verify that transient and steady-state vibration levels
are within the MR system vendor’s specifications. The vibration test report should be part of
the acceptance test and maintained at the facility. If the site vibration analysis indicates that
steady-state or transient vibration levels exceed specifications, the site can then proceed with
determining the source of the vibration and suitable means of achieving the necessary vibra-
tion specifications by either isolating the scanner pad from the building, if on grade floor or
below, or by determining the source of the vibration and isolating or reducing the vibration
from that source.

Note that it is not unusual for artifacts due to vibrations to arise well after system
installation and acceptance testing. For example, large ventilation systems can cause phase
artifacts in MR images if the fan assembly becomes unbalanced. Therefore, if phase ghosting
artifacts arise, and cannot be eliminated by system re-calibration and/or component replacement
by the vendor or service organization, the vibration analysis should be repeated to determine
if the vibration levels have significantly increased and, if so, to assist in determining the
source of the vibration and ways to minimize its effect on system performance. Note also that
as the patient table mechanics age, table vibration can increase, especially with lighter subjects
such as children and babies. Furthermore, the vibration induced by the pulsing of the gradient
coils will, over time, cause a loosening of some gradient, RF, and other connections to the
scanner that, if left uncorrected, can result in “white pixels” in ultrahigh speed imaging. The
vendor’s service personnel can usually prevent or correct the latter two problems by proper
maintenance of the scanner during scheduled service calls.

B. RF Shield Testing

The MR system, at its very basic level, is a very sensitive RF receiver, designed to receive
RF signals with amplitudes on the order of millivolts, most commonly in the 10-150 MHz

3
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frequency range. Due to the large variety of environmental RF signals in this frequency range
that may interfere with the desired signal, the RF shield is an integral part of any MR system.
As RF interference is a very common artifact in MR images, the RF shielding should be thor-
oughly tested.

The RF shield, in essence, is a Faraday cage completely surrounding the MR scanner.
Most commonly this shield is in the form of copper sheeting in the walls, ceiling, and floor;
copper mesh in the window(s); and specially designed RF doors which, when closed, maintain
the integrity of the shield. Most vendors specify the performance of the shield in terms of
attenuation (in decibels [dB]) at a particular frequency. For example, for <1.5 tesla (T) scan-
ners, common acceptance criteria are 100 dB attenuation at 100 MHz plane-wave. (The test
frequency typically increases to 150-170 MHz for 3.0T systems.) In addition, the shield is
typically required to be electrically isolated from building ground (before scanner installation)
at DC frequency. (A typical requirement is 1 kQ isolation at DC.) Note that both of these cri-
teria are specified for tests performed before the MR scanner is actually installed. Therefore,
the testing must be performed after the completion of the RF shield (most commonly by a
shielding vendor, not the MR system vendor), but before the MR scanner is installed and the
MR scan room construction completed.

The actual test of RF shield performance is accomplished by placing an antenna on one
side of the shield and broadcasting RF test signals (at the agreed-upon test frequency) through
the shield. A second RF antenna on the other side of the shield is used as the receiver and the
attenuation of the signal is determined by comparing these signals to unattenuated reference
signals obtained, for example, through the open RF door. Therefore, the test requires a fre-
quency generator, RF amplifier, two tuned antennas, and a spectrum analyzer. Such equipment
is not commonly available to the practicing medical physicist. Hence, this test is typically per-
formed by the shield vendor or an independent contractor. However, medical physicist
involvement is quite important in the thorough testing of the shielded room. The medical
physicist should ensure that the weak points of the room, not just the strongly attenuating
regions, are tested and the results documented on a drawing of the room under test. Weak
points are most commonly the RF door, the window(s), the area near the cryogen vent pene-
tration through the shield, the shield penetrations for the room ventilation ducts, and the pen-
etration panel where the MR scanner connections to the rest of the system are ultimately
made. If a dry pipe fire sprinkler system is not used, the RF shield test should be performed
with water in the sprinkler system. The physicist should insist on a copy of the test results, not
just the certificate of compliance, and such results should be made part of the acceptance test
and maintained in the facility.

Recall, however, that this test is performed after the RF shield is in place but before the
room is completed and the scanner installed. During scanner installation, a section of the
shield must be removed to install the MR system. The shield is then closed again and the con-
tractors complete the finish-out of the room. In finishing out the room, it is not uncommon for
construction workers to accidentally short the RF shield to ground by, for example, driving a
nail or screw through a grounded structure and into the RF shield. The shield integrity will be
violated by this action and, if undetected until the first MR images demonstrate excessive RF
noise, such a mistake can be difficult to find and repair. Therefore, to assist in preventing such
problems, a common alarm circuit can be installed after the shield tests. Essentially, the alarm
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system consists of a battery-operated buzzer connected between the shield and building
ground. If the shield becomes shorted during the finish-out phase of the construction, the
alarm sounds immediately and the problem can be easily rectified. Most RF shield vendors
will assist in providing such an alarm circuit.

It is recommended that a second RF shield test be performed after MR system installa-
tion and room construction is complete. However, the RF shield vendor’s acceptance test cri-
teria will undoubtedly be those obtained before the scanner is installed, not afterwards. If a
second test is performed, the site should not expect to achieve the same degree of attenuation.
For example, it is not uncommon for an RF-shielded room that attenuated a 100 MHz test sig-
nal by 100 dB before MR system installation to only attenuate the same test signal by about
85 dB once the MR system installation is complete. The DC isolation test, of course, is not
repeated after the MR system is installed.

Finally, it should be noted that the shield integrity can be assessed in a rudimentary
fashion using a battery-operated FM radio. With the RF door closed, radio reception should
not be possible in a well-shielded room. Of course, such a rudimentary test cannot be consid-
ered an acceptance test. However, if RF interference is seen and RF shield integrity is ques-
tionable, this simple test can detect a seriously compromised shield. Care should be taken, of
course, in performing this test because superconducting and permanent magnets are always
“on”. Since most portable FM radios contain some ferrous material, e.g., batteries, care should
be taken so that the radio is not pulled into the bore of the magnet.

ITI. Acceptance Test Procedures Following MR System Installation

Once the MR system has been installed and calibrated by the vendor’s installation and/or field
service personnel, the physicist must usually accomplish the acceptance tests in the most time
efficient manner. This can be a daunting challenge since most modern scanners have at least
five major types of pulse sequences, can acquire images in any plane (including oblique
planes), and have at least 10 RF coils. In addition, the scanner console may or may not have
the necessary imaging processing tools available to accomplish the tests. Finally, the appro-
priate phantoms must be available for the tests. A large part of the physicist’s work in devel-
oping the acceptance test procedures lies in determining just how much to test, what phantoms
to utilize for the tests, and how to acquire and analyze the data in the most time-efficient man-
ner. The following sections offer suggestions to assist the physicist in approaching these
issues.

A. Magnetic Fringe Field Mapping

Once the MR system has been installed and the magnet energized, the fringe fields associated
with the magnet should be measured and noted on a drawing of the facility. Preferably, the
physicist will have access to the site planning drawings on which the vendor overlaid the pre-
dicted fringe fields. If so, the physicist can simply make spot measurements to verify the accu-
racy of the predicted fringe fields, noting any discrepancies on the drawings. Particular
attention should be paid to the 5-gauss fringe fields since most MR facilities post 5-gauss
exclusion zone signage warning persons with pacemakers and neurostimulators not to enter
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the area bounded by the signs. Such documented measurements of fringe fields should become
part of the acceptance test documents and should be maintained by the facility. The physicist
should verify that the appropriate signage, multilingual as necessary, is posted at the 5-gauss
exclusion zone boundaries and, in addition, appropriate signage, noting additional restrictions,
is provided on the door(s) to the MR scan room.

The most common means of measuring magnetic fields is a handheld gaussmeter that
uses a Hall effect probe to determine the magnitude and direction of the magnetic field. While
such gaussmeters are not overly expensive (typically $800 to $1500), not all medical physi-
cists have direct access to such a device. However, MR system vendors will typically have a
gaussmeter that, assuming it is properly calibrated, can be used by the physicist for independ-
ent measures of the fringe fields. It should be noted that the accuracy, precision, and correct
operation of the particular gaussmeter should be well understood by the physicist should he or
she wish to verify the magnetic fringe fields independently. For example, most hand-held
gaussmeters use single-axis Hall effect probes rather than more expensive three-axis probes.
With single-axis probes, the magnetic field measured depends strongly on the orientation of
the probe in the field. With such probes, a sweeping motion should be used and the maximum
reading obtained recorded. If independent confirmation of the 5-gauss fringe field extent is not
possible, it is recommended that the physicist be present during such measurements taken by
the vendor’s installation or field service personnel.

B. Phantoms

Virtually all MR phantoms are fluid-filled spherical or cylindrical objects. The fluid filling the
phantoms, for field strengths <2T, is typically water doped with a paramagnetic substance to
reduce the spin-lattice (T;) and spin-spin (T,) relaxation times to values on the order of
200-500 milliseconds (ms) and 150-300 ms, respectively. In addition, NaCl may be added to
provide conductivities similar to those found in the human body. By doing so, the phantom is
made to electrically load the RF coil in a manner similar to human tissue. Two previously
reported filling solutions are: (1) 1 liter H,O, 3.6 grams (g) NaCl, and 1.25 g of pure CuSO,
or 1.96 g of CuSO,5H,0, as recommended in a previous AAPM MR Task Group report,” and
(2) 10 mM NiCl, and 75 mM NacCl, as is used in the ACR MR accreditation program phan-
tom.* The key advantage of using NiCl, as the doping material (instead of CuSO,) is the
decreased temperature dependence of the T, relaxation times of the resulting solution.
Phantoms can be purchased from multiple sources or can be made “in-house.” In addition, it
is not uncommon for the MR system vendor to provide a variety of phantoms with the scan-
ner to be used by the field service personnel. The physicist can put the phantoms to immedi-
ate use, and use of these phantoms provides common ground for the physicist and vendor
when discussing any problems and determining how the appropriate solutions to the problems
can be verified.

Particularly useful phantoms are spherical or cylindrical phantoms of dimensions sim-
ilar to the human head and abdomen (to evaluate signal-to-noise ratio [SNR], uniformity, and
ghosting), and cylindrical phantoms containing test objects to evaluate slice thickness and
spacing, geometric accuracy, high contrast resolution, and low contrast object detectability.
Of course, for sites that are part of the ACR MRI Accreditation Program, the ACR MRI
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Accreditation Phantom is required and can be used in acceptance testing as well as quality
assurance and MR accreditation tests. (This phantom is available for purchase by medical
physicists from J.M. Specialty Parts, San Diego, CA, (619) 794-7200.) Specific phantoms use-
ful for each recommended test are described in the sections below.

As more ultrahigh field magnets (=3T) systems are being installed for clinical imaging,
it should be noted that water-filled phantoms as described above are not optimal for some
acceptance and QC tests. As discussed below, this is due to RF penetration and dielectric
effects that become more pronounced with increasing frequency. For such systems, other
phantom filling solutions, such as oils, may be more appropriate. If water-filled phantoms are
used at these frequencies, some acceptance criteria, particularly the RF uniformity acceptance
criteria, must be appropriately modified.

C. MR System Inventory

Due to the complexity of the MR system, and the large variety of available options (pulse
sequences, RF coils, filming and/or networking interfaces, post-processing packages, etc.),
performing a complete inventory of all components is a necessary, although tedious, task.
Frequently the vendor will have a shipping log that a member of the installation team can pro-
vide to the physicist to minimize the time required to log each component’s model number,
serial number, version number, and date of manufacture (if applicable). It is not uncommon,
however, to discover that certain ordered options have not been enabled or installed, a surface
coil has not been shipped, or other “minor” errors. (In fact, this is one of the most common
problems at acceptance testing of MR systems.) This is also a good time to record Internet
protocol (IP) addresses for all computers and any Digital Imaging and Communications in
Medicine (DICOM) configuration information. Having such information in the acceptance test
documentation typically saves significant time later when new network connections or
DICOM transfer and/or print destinations need to be established.

D. General System Checks
Mechanical System Checks

The mechanical system checks to be performed are tests of (1) the table motion and table
docking and undocking mechanisms (if applicable), (2) table position accuracy, (3) magnet
bore ventilation and lighting, (4) image analysis and display option capabilities, and (5) image
archive and filming and/or networking capabilities.

For many of these checks, verification and operational tests are straightforward. Table
docking and motion mechanisms can be physically evaluated for smooth and proper operation.
Proper operation of the bore ventilation and lighting systems can be assessed through direct
observation. Table positioning accuracy can be verified by comparing the distance the weight-
loaded table actually moves (using a non-magnetic measuring tape) to that indicated on the
digital display. Image analysis and display options should be tested during the acceptance of
the system. Such options may include, but not be limited to, distance and angle measurements,
profile measurements, region-of-interest statistics, and 3D display modes (maximum intensity
projections, shaded-surface display, etc.). Local image archive operations should be verified
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as well as networking capabilities to PACS (Picture Archiving and Communication System),
soft-copy display, and/or hard-copy device destinations.

Emergency System Checks

All MR systems come with multiple safety features that should be tested. With only one
exception, it is recommended that each and every emergency system be tested. Some systems
have up to three levels of “emergency stop” controls. The first level typically disconnects
power from the RF and gradient hardware in the magnet bore. The second level may discon-
nect power to all system components, including the computer systems and, on some systems,
the cold head on the superconducting magnet. The third level, on superconducting magnet sys-
tems, “quenches” the superconducting magnet. This quench circuit should only be tested by
the MR system installation/service personnel, but the medical physicist should ensure that the
test was performed and the results documented.

It is strongly recommended that the medical physicist consult with the vendor prior to
undertaking any tests of the emergency shutdown systems and, if at all possible, a service
engineer should be available during such tests. While these systems generally work as
designed, reinitialization of the system following such an emergency shutdown may require
the intervention of the service personnel.

Finally, superconducting MR systems typically have cryogen exhaust systems that are
activated in the case of a quench. If there are manual cryogen exhaust system switches that can
be activated by the MR system operator (by means other than the emergency quench circuit),
they should be tested and clearly labeled.

Patient Monitoring, Anesthesiology Systems, Gating Systems, and MR-Compatible Injectors

All MR scanners have a “patient alert” system, commonly a pneumatically triggered alarm at
the scanner console, and two-way patient-operator intercom systems to allow communication
between the patient and the scanner operator. Both of these systems should be tested, with the
scanner in normal operation, during the acceptance test procedure. In addition, if closed-
circuit television monitoring systems are installed, correct operation should be verified.
Oxygen monitors, installed in the scan room of superconducting MR systems to detect
low levels of oxygen due to excessive boil off of cryogen gases, are less commonly installed
than they were previously. A simple test of this system can be performed by exhaling vigor-
ously on the oxygen sensor to cause a reduced oxygen reading. However, if the system has an
oxygen monitor system, proper operation should be initially verified by the facility’s biomed-
ical engineering department personnel after proper training has been given regarding the mag-
netic field environment. It should be noted that this system, like other emergency systems
associated with the MR scanner, can “shut down” components of the system. Therefore, such
tests should be performed after consultation with a member of the vendor’s service personnel.
Many modern scanner systems have dedicated MR-compatible patient monitoring
equipment, anesthesiology systems, and/or injectors installed along with the MR system. Such
patient monitors can be stand-alone or may interface with the scanner to provide, for example,
cardiac gating data for triggering purposes. It is relatively straightforward to verify proper
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communication between the monitor and the scanner using a physiological simulator, if available
at the site or from the MR system vendor. Verification of the accuracy of the patient monitor
data, however, is probably best addressed by biomedical engineering department personnel. It
should be noted that some monitoring equipment contains magnetic components and/or may
be affected by the static or RF magnetic fields of the scanner. Therefore, proper operation of
the equipment should be verified with the components placed at the planned positions in the
scanner room.

Even if there are no dedicated patient monitoring systems in the scanner room, most
MR systems still have some type of electrocardiograph (ECG), pulse oximetry, and/or respi-
ratory bellows monitoring equipment commonly used for gating the scanner during cardiac
and/or abdominal imaging studies. The medical physicist should test these components by ver-
ifying that an appropriate signal is produced on the system console and/or magnet housing.

One advisable test to perform if any such “peripheral” equipment is installed is to
obtain a baseline SNR measurement with all such equipment off and then repeat the measure-
ments as each peripheral system is switched on to its normal operating state and placed at the
position it will be used during routine operation. Such equipment can occasionally be a source
of RF interference. Noting and correcting such “noise sources” during acceptance testing
avoids costly downtime and frustration after the facility is in clinical operation.

If such peripheral devices are used in the scan room, the physicist should obtain the
vendor-specific maximum allowable magnet field strength for proper operation, if applicable,
and confirm that the location of the device when in use is in a location where the fringe field
amplitude does not exceed the stated maximum value. Permanent floor markings can be used
to indicate “safe zones” or operation for such devices.

E. MR Scanner System Tests

After completing all tasks related to siting, interfaces, and safety, the acceptance testing of the
MR system itself can begin. To accomplish the testing in the most time-efficient manner, it is
recommended that independent subsystems (magnet, RF, gradient) be tested first, followed by
tests that combine no more than two subsystems, ending with tests that combine all subsys-
tems. For example, an SNR measurement, while a relatively sensitive quality assurance tool,
is a non-specific acceptance test since every adjustable parameter and subsystem affects SNR.

A suggested test order is: (1) static magnetic field tests, (2) RF system tests, (3) gradi-
ent system tests, (4) RF/gradient combination tests, and, finally, (5) global system tests.

Static Magnetic Field Subsystem Tests
1. Magnetic Field Homogeneity

Overview: The primary test relative to the static magnetic field is the assessment of magnetic
field homogeneity, typically expressed in terms of the magnetic field variation over a given
diameter spherical volume (DSV). The actual homogeneity will be influenced by a variety of
factors, including inaccuracies in the coil windings, perturbations induced by external ferro-
magnetic structures near the magnet, and the degree to which the above influences can be
compensated using magnetic fields produced by superconductive, room temperature, and/or
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passive “shim” coils. The goal of the shim procedures is to optimize the field homogeneity
by compensating for all the above factors. One of the most common detrimental effects of
poor homogeneity on clinical imaging protocols is non-uniformity in the level of fat sup-
pression seen in images where chemical shift selective saturation techniques (“fat-sat” or
“chem-sat”) are utilized. However, such inhomogeneities can also contribute to geometrical
distortion of images and adversely affect image uniformity. These effects become more
severe in ultrafast imaging sequences, such as echo planar imaging. Finally, poor homogene-
ity of the static field has a particularly detrimental effect on spectroscopy data (on systems
with spectroscopy capabilities).

The magnetic field homogeneity (MFH) may be expressed in terms of part per million
(ppm) of magnetic field variation or in frequency units (Hz). The frequency unit measures
reflect the variation in Larmor frequency across the DSV. (The Larmor frequency is given
by o = yB,, where B, is the magnetic field strength and 7y is the gyromagnetic ratio, e.g.,
v/(2m) = 42.576 MHz/T for hydrogen ['H].)

Procedure: There are three proposed techniques, briefly summarized below, for assessing the
MFH. Each technique is discussed more fully in the references.>’

(a) Spectral Peak Measurement Technique. An MR spectrum is acquired from a spher-
ical, homogeneous phantom of the desired DSV centered at the isocenter of the
magnet. The full-width at half maximum (FWHM) of the spectral peak is meas-
ured. The FWHM measures can be converted from Hz to ppm using the Larmor
equation. For protons, this conversion is given by

FWHM(Hz)

FWHM(ppm) = .
42576000 (Hz/tesla) B, (tesla)

(1)

Advantages: Fast and simple to perform.

Disadvantages: (1) Provides a global assessment of the MFH, i.e., does not allow
for assessment of the MFH in individual planes, and (2) limited choices of DSV.

(b) Phase Mapping Technique. Two gradient-echo images (per plane) are acquired
with a small difference in echo times (a few milliseconds). The images are recon-
structed in “phase mode” rather than the standard magnitude mode and are then
subtracted. The MFH can then be computed pixel-by-pixel as

A

By =S @)
Y(TE, - TE))

where A¢ is the phase difference and vy is the gyromagnetic ratio.

Advantages: Fast, can assess multiple planes and DSVs, provides a measure of the
“spherical harmonic correction coefficients” for each of the shim coils.

Disadvantages: Requires specialized image reconstruction techniques frequently
unavailable to end-users of the MR system (phase reconstruction capability, phase
“unwrapping” algorithms, and image difference calculations).

10
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Since some of the necessary tools required for methods (a) or (b) above are not inde-
pendently available to the medical physicist, this test is probably most efficiently (and accu-
rately) performed by the vendor, with a final report of the optimized field homogeneity
provided to the medical physicist for inclusion in the acceptance test report to the facility and
serving as the baseline MFH measure for subsequent QC measures.

While the vendor’s MFH data are commonly used at acceptance testing and during
ongoing quality control, a medical physicist might, in the place of or in addition to, wish to
have an independent means of assessing MFH that does not require special test tools or access
to data not usually provided to individuals other than the vendor’s service personnel. In such
a case, a more recently reported means of assessing MFH, described below, can be considered.

(c) Bandwidth Difference Technique. Another method for assessing MFH has been
reported by Chen et al.” Spatial distortion in MRI depends on the MFH, but is also
affected by gradient strength. The “bandwidth difference” (ABW) method com-
pares the distortion for small and large bandwidth acquisitions to determine the
MFH. In general, one can assume that the gradient field is linear, B(x,y) = By +
AB(x,y), so that the main magnetic field, B(x,y), is a vector sum of B, the domi-
nating space-independent field, and AB(E,y), the field inhomogeneity in millitesla
(mT) over the DSV. The linear magnetic field gradient along the x-axis for con-
ventional Fourier transform MRI is related to BW by:

G, =(2n/y)x(BW, /FOV,), (3)

where v is the gyromagnetic ratio, BW is in Hz, and the FOV is the field of view
in meters. The test proceeds by acquiring the first scan in which BW, is small so
that G, ~ AB(x,y), and x” # x, reflecting the fact that AB(x,y) is similar in magni-
tude to G,. For the second scan, BW, is set to near its maximum value so that
G, >> AB(x,y) resulting in x” = x. While what constitutes “small” and “large”
bandwidths may vary, the former typically ranges down below 5 kilohertz (kHz)
while the later can extend above 100 kHz. The distance difference (x," — x,’) is
proportional to the MFH for a given DSV, which can be expressed in terms of the
bandwidths used for each acquisition as:

BW, x BW, X (x{ - x;)

, 4)
4« By« FOV «(BW, - BW,)

MFH(ppm) =

where 4 =7v/(2n). This measurement may then be repeated for a number of diam-
eters at different orientations and in different planes throughout the phantom.
Changing the bandwidth only produces distortions in the frequency-encoding
direction, so two images should be acquired at each bandwidth value in each
imaging plane, with the direction of the phase-encoding and frequency-encoding
gradients switched. The average of the values may be recorded at several positions
at a given DSV and used to determine an overall MFH.

Advantages: Can be used on almost all commercial clinical MRI systems.
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Disadvantages: It can be tedious to make multiple measurements and to perform
the various calculations by hand. Use of this technique also assumes that the gra-
dient fields are correctly calibrated. Therefore, this test is often more useful for
ongoing quality control than for acceptance testing unless accurate gradient cali-
brations (over the FOV used for the test) are confirmed before this technique is
used to assess MFH.

Acceptance Criteria: For modern cylindrical superconducting magnets, possible inhomogene-
ity criteria over a 35-centimeter (cm) DSV are <0.5 ppm root-mean-square (RMS) for systems
used for routine imaging, and <0.1 ppm RMS for systems used for ultrafast imaging (echo pla-
nar imaging, EPI) and spectroscopy applications. Unfortunately, MR system vendors report
their homogeneity specifications in various ways, using peak-to-peak or RMS measures, for
example, from a range of DSV values. This makes direct comparisons of field homogeneity
specifications from different vendors rather difficult.

2. Magnetic Field Drift

Overview: Changes in the magnetic field strength over time (magnetic field “drift”) can affect
the SNR of conventional imaging data and has a more profound detrimental effect on ultrafast
imaging (functional and diffusion MRI) and spectroscopy data. It should be noted that the drift
rate measured on superconducting systems will be significantly higher during acceptance test-
ing than it will be after a few weeks to months when it should settle down to a constant nearly
linear drift rate, unless the superconducting shim coils are used to re-shim the magnetic sys-
tem, at which time the drift rate will temporarily increase again. In superconducting magnets
this drift rate is due to small resistive losses in the superconducting wire, welds, and persist-
ence-mode switch. In low field non-superconducting magnets, the magnetic field drift rate is
temperature dependent. Furthermore, temperature fluctuations in the iron shims (if present) or
temperature changes in magnetic shielding (if present) will cause corresponding fluctuations
in the magnetic field strength. Therefore, the room temperature must be carefully maintained.

Procedure: Since the Larmor equation, ® = yB,, directly relates the magnetic field strength to
the resonant frequency, the magnetic field stability can be indirectly measured by tracking the
variation in the resonant frequency (also commonly called the “center frequency”). Virtually
all MR scanners provide this measure as part of the prescan procedure. A simple spherical
phantom is ideal for this test, but a cylindrical phantom with a homogeneous section can also
be used. The same phantom should be used for this test each time and care should be taken to
position the phantom consistently relative to the RF coil. Using a simple spin-echo sequence,
prescan the phantom to obtain the center frequency and record it daily over the maximum
available time allocated for acceptance testing. (Such a measure is often more useful in the
subsequent QC procedures, when the drift rate has settled down after installation.)

Acceptance Criteria: The drift rate for modern superconducting magnets should not exceed
1 ppm/day during acceptance testing. (The value should be significantly less, typically less
than 0.25 ppm/day, after 1 to 2 months of operation.)
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RF Subsystem Tests
1. Transmitter and Gain Calibration

Overview: To produce the desired nutation angle and Larmor frequency, the MR system must,
during prescan, determine the correct transmit frequency (center frequency) and the correct
transmit gain. Most scanners automatically determine each of the parameters, along with the
appropriate receiver gain such that the MR signal is digitized with maximal dynamic range but
without preamplifier saturation. It is useful at acceptance testing to check the accuracy with
which the scanner automatically determines the transmit frequency and the transmitter and
receiver gains.

Procedure: Using a homogeneous spherical phantom (preferable) or cylindrical phantom with
a uniform signal producing insert (acceptable), allow the scanner to prescan automatically
using the most commonly used pulse sequences, i.e., spin-echo, fast spin-echo, and gradient-
echo. Record the values of the center frequency and, if available, the transmitter and receiver
gains. If possible, manually prescan the phantom using the same acquisition sequences and
parameters and compare the gains obtained from manual prescan with those obtained using
auto-prescan. To determine the correct transmitter gain, vary the gain slightly (both above and
below the value obtained using auto-prescan) and observe the effect on a profile of the phan-
tom. (Make sure TR >> T, of the phantom solution.) At the transmitter gain corresponding to
a nutation angle of 90°, the profile amplitude should be maximized and this value should cor-
respond to the value obtained using auto-prescan.

Alternatively, for gradient-echo sequences (with TR >> T, of the phantom solution)
auto-prescan the phantom and then obtain images with nutation angle settings of 20°, 50°, 80°,
90°, 100°, 130°, and 160°. A plot of signal intensity versus flip angle should demonstrate a
maximum at 90° if the transmitter gain is properly calibrated.

Finally, for the most commonly used pulse sequences, obtain a set of multislice
images using the minimum slice gap. (When performing this test, make sure that the system
does not default to an interleaved acquisition mode.) Observe the images for artifacts such as
central “zipper” artifacts or ghost images. Their presence may indicate miscalibration of the
RF subsystem.

Acceptance Criteria: All images should be artifact free. Manually determined values of trans-
mitter gain should agree to within =5% with those determined automatically, and manual ver-
sus automatic determinations of center frequency should agree within =10 Hz.

2. Transmitter Gain Stability

Overview: Three stability measures characterize the overall transmitter gain: amplitude sta-
bility, frequency stability, and phase stability. Poor transmitter gain stability results in a vari-
ety of image artifacts, including ghosting, low SNR, and poor uniformity. Good stability is
particularly essential for high-quality fast and ultrafast imaging studies, such as those obtained
with fast spin-echo and EPI sequences, respectively, as well as for spectroscopy studies. The
RF subsystem should demonstrate acceptable amplitude, frequency, and phase stability as
each is critical to optimal image and/or spectral quality.
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Procedure: Previous AAPM acceptance testing and quality assurance documents have sug-
gested visually examining the variation in free-induction decay (FID) curves or spectral
peaks over time. However, modern MR systems, with digital transmitter and receiver elec-
tronics, demonstrate relatively small drifts that will likely be unperceivable using these pre-
viously proposed techniques. On the other hand, since the new classes of ultrafast imaging
and spectroscopy sequences are exceedingly sensitive to RF instability, most vendors have
developed sensitive amplitude, frequency, and phase stability assessment tools that are used
by the installation and field service personnel. Therefore, this is another test that is probably
best performed by the vendor, with a copy of the final results included in the acceptance test
report.

Acceptance Criteria: There are no uniform acceptance criteria for RF subsystem stability.
Therefore, the suggested criterion is that the stability meets or exceeds the minimum ampli-
tude, frequency, and phase stability levels established by the vendor, unless otherwise stated
in the bid and/or contract.

Gradient Subsystem Tests
1. Geometric Accuracy and Linearity

Overview: Assuming the static magnetic field is homogeneous (already assessed above), the
dominant hardware factor affecting geometric accuracy in an MR system is the gradient mag-
netic field subsystem. Ideally, the three orthogonal gradient coils encode position linearly to
frequency and phase. However, despite the best engineering design efforts on the part of the
vendors to produce perfectly linear gradient fields, all physically realizable coils produce
nonlinear gradient fields, mainly due to the finite extent of the coils. With the recent advent
of shorter bore systems, such gradient nonlinearities have become even more apparent. To
compensate, vendors incorporate a “warping” algorithm to correct the raw images for the
known nonlinearities of a given gradient coil design. Even with these corrections, however,
the geometric accuracy varies across the FOV, particularly for off-isocenter slices. (Typically,
the vendors specify geometric accuracy only for a single slice located at isocenter.)

At acceptance testing, the geometric accuracy of the MR system should be assessed. It
is recommended that this assessment be performed not only at isocenter, but at two or more
locations off isocenter. Furthermore, it is recommended that the geometric accuracy be
assessed in all three principal planes. For systems that will be used to obtain image data for
treatment planning purposes, particular attention should be paid to these tests, and the geo-
metric accuracy should be determined over a range of FOVs and slice offset locations to ade-
quately define the entire volume from which the data will be acquired.

Following the successful completion of this acceptance test step, the physicist will
have validated the accuracy of the spatial measuring tools on the scanner. These tools can then
be used for subsequent tests requiring distance measures, e.g., slice thickness.

Procedure: The percent geometric distortion can easily be measured with a phantom of known
dimensions or one containing a uniform grid or hole pattern. The phantom should be imaged
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in all three orthogonal planes and measures of percent geometric distortion, %GD, should be
obtained in each plane as

%GD — 100 ° Aactual — Ameasured , (5)

measured

where A, 1 the actual dimension of the phantom and A
on the image.

If a phantom containing a uniform grid or hole pattern is utilized, the linearity over the
entire FOV can be determined from the coefficient of variation of the hole or grid spacings.
(This provides a more thorough evaluation of the variation in gradient linearly across the
entire phantom, not just at two points.)

If using the ACR MR Accreditation Phantom, it should be noted that the diameter of
the phantom is 190 mm and the length is 148 mm. The phantom can be rotated in some of the
available head coils to allow for the assessment of geometric distortion in all three planes. In
some newer phased-array head coils, however, the phantom can only be scanned in the axial
plane and assessment of other planes will require the use of a different RF coil.

< 1s the dimension as measured

measure

Acceptance Criteria: The absolute value of the percent geometric distortion should not
exceed 2% (less than 2% if data are to be used for treatment planning purposes). (For the ACR
MR Accreditation Program, the maximum geometric distortion allowed when using the ACR
accreditation phantom is =2 mm.)

2. Eddy Current Compensation

Overview: During image acquisition, the gradient coils are switched on and off very rapidly.
The resulting time-varying magnetic fields induce eddy currents on conductive structures
nearby and the magnetic fields associated with these eddy currents oppose the applied gradi-
ent fields. As a result, the minimum rise time of the gradient fields and, therefore, the maxi-
mum image acquisition rates, are limited by the eddy currents.

Eddy current effects have long plagued MR system design engineers. Numerous arti-
facts arise from poor eddy current compensation, particularly in spectroscopy and fast and
ultrafast imaging applications. Therefore, optimal eddy current compensation is a necessity.
Unfortunately, proper eddy current compensation optimization is extremely difficult to verify
at acceptance testing using sequences and tools readily available to practicing medical physi-
cists. Previous AAPM acceptance testing and quality assurance documents have suggested two
techniques for characterizing eddy current compensation.? The first is a direct measure using
a small pickup coil and integrating circuit, the second is to examine the effect of a gradient
pulse, preceding a 90° pulse by a variable delay, on the free-induction decay (FID) or spec-
trum. Unfortunately, both techniques are rather impractical for most medical physicists, and
this is another area where the vendor’s software tools and phantoms are extremely useful.
Many vendors can print out the final report for the eddy current compensation settings. This
information should become part of the acceptance test documentation, and can be extremely
valuable for future QC monitoring.
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Acceptance Criteria: As is the case for RF subsystem stability tests, there are no uniform
acceptance criteria for eddy current correction measures. Therefore, the suggested criterium is
that the eddy current correction results meet or exceed the levels established by the vendor,
unless otherwise stated in the bid and/or contract.

Combined Gradient/RF Subsystem Tests
1. Slice Thickness and Spacing

Overview: Slice thickness in MRI is ideally determined by the bandwidth of the RF excitation
pulse and the amplitude of the associated applied gradient pulse, i.e., thickness = 2t AV/(YG),
where Av is the bandwidth of the RF pulse (Hz), y is the gyromagnetic ratio (y /(2rw) = 42.567
MHz/tesla, for protons), and G is the gradient field amplitude (tesla/m). Slice thickness is an
important parameter in MRI since erroneously thick slices result in partial volume effects that
degrade the apparent spatial resolution, while erroneously thin slices result in poor SNR.
Furthermore, poor slice selection profiles can be problematic when minimal slice gaps are
required. Factors that degrade slice profiles include gradient field non-uniformity, RF field
non-uniformity, poor RF pulse shape due to RF transmitter amplitude nonlinearity and insta-
bility of the RF phase and/or amplitude, and stimulated echo formation not being appropri-
ately spoiled.

Procedure: While several techniques exist for measuring slice thickness and spacing, by far the
most commonly used technique involves the use of a crossed-ramp phantom insert (Figure 1).
As discussed in the previous National Electrical Manufacturers Association (NEMA)!® and
AAPM"? acceptance testing and quality assurance documents, the use of crossed ramps
(inclined surfaces oriented at a fixed angle, ¢, with respect to one another) minimizes meas-

Slice Profile

10
Distanze (mm)

(a) (b)

Figure 1. Slice thickness phantom containing two sets of ¢ = 90° crossed-
ramps (a) and a representative slice profile (b).



ACCEPTANCE TESTING AND QA PROCEDURES FOR MRI FACILITIES

urement errors that result from a tilted or rotated phantom. If @ and b are the measured FWHM
values on the two crossed ramps, then the FWHM of the “true” slice profile is given by

_(atb)cosd+/(a+b)’cos’ o+4absin’ (6)

FWHM e

Note that for ¢ = 90°, the FWHM simplifies to ab.

It is recommended that the slice thickness be assessed (with time to repetition, TR >
3T,) using each of the sequences most commonly used clinically. This recommendation is
based on the fact that the results for each type of pulse sequence may vary due to the
sequence-specific RF waveforms being utilized for slice selective pulses. Since a different
gradient field is used for slice selection for each plane, it is also recommended that the slice
thickness be measured in all three principal planes using at least one pulse sequence. For slice
spacing measurements, one can simply prescribe multiple slices along the inclined ramps and
measure the spacing between the edges of the slice profiles on the ramp.

If using the ACR MR Accreditation Phantom, slice #1 contains a pair of 10:1 crossed
ramps. If the FWHM from the imaged profiles of the ramps in this phantom are denoted as
a and b, then the resulting FWHM of the slice profile is given by

ab

T 5(a+h) )

Acceptance Criteria: The measured slice thickness, for spin-echo sequences, should be within
+10% of the prescribed thickness for a 5 mm or greater slice thickness. (Note that the width
of the fluid-filled channel in the ramp determines the accuracy of the slice thickness measure-
ment.'*!%) For slice spacing, the disagreement between the prescribed and measured spacings
should be <10%.

Global System Tests
1. SNR

Overview: As mentioned above, the choice of every imaging parameter, as well as RF coil
selection and phantom positioning, affects the SNR. Therefore, although SNR is a sensitive QC
parameter, it is not a particularly informative parameter when it comes to determining where a
problem is located within the imaging chain. System problems that yield low SNR include RF
coil failure, poor RF coil decoupling, pre-amplifier and receiver failures, and reception of
external RF noise sources inadequately attenuated due to RF shield integrity problems.

Procedure: The preferred method for measuring SNR is the approach proposed by NEMA."
In this approach, two identical images of a homogeneous phantom are acquired with minimal
time separation between the image acquisitions. The images are then subtracted, and the SNR
is taken to be

V2§
SNRNEMA = T, (8)
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where S is the mean signal in a region of interest (ROI) containing at least 75% of the phan-
tom area defined in either of the two original images (or an average of the two), and ¢ is the
standard deviation from the same ROI in the difference image. Some scanners, of course, do
not allow the operator to form difference images, and the NEMA approach is not practical
unless the images are taken off-line to another workstation. In cases where the NEMA
approach is not practical, an SNR measure can be computed from measurements in a single
image using equation (9):

0.655 S

§ =
]
¢ 2

where G, is the standard deviation of an ROI in the background (air). (Note that the factor of
approximately 0.655 compensates for the fact that the background signal distribution in mag-
nitude images is Rician, not Gaussian.'*'¥) In any case, it is likely that the SNR measure cho-
sen for use by the vendor will differ from that chosen by the medical physicist. Therefore, an
agreement between the parties must be reached with regard to “acceptable measures.” Note
that SNR measures should be obtained for at least the head and body coils, and in the three
orthogonal planes for at least one of those coils. Furthermore, one might also consider obtain-
ing SNR measures in a single plane utilizing each of the pulse sequences commonly used in
clinical practice. If using the ACR MR Accreditation Phantom, slice #7 should be utilized for
these tests.

Reference SNR tests for all coils are preferable. For surface and phased-array coils,
where the signal varies significantly with spatial position, it is critical that a filmed or digital
image be obtained showing the locations of the ROIs. Furthermore, the use of “maximum”
SNR measures, as described in the Medical Physicist’s/MRI Scientist’s Section of the ACR MRI
Quality Control Manual,’ is recommended for the acceptance and on-going QC for all surface
and phased-array coils. For phased-array coils, reconstruction of images from each coil ele-
ment, not just the composite image, is preferable as it allows for SNR characterization of each
coil element in the array, not just the SNR of the composite image for all coil elements. Such
single-element, or intermediate, images can be reconstructed and displayed on many scanners,
but this typically requires the assistance of a service engineer or the ability to operate the scan-
ner in a service or research mode. With respect to SNR measures in phase-array coils, it should
be noted that equation (9) only applies to magnitude images from quadratic or linear volume
coils. For phased-array coils, the SNR measure obtained from magnitude images requires a
further correction that depends on the number of elements in the array.'*

O

Acceptance Criteria: Acceptance criteria for SNR cannot be given in general terms since the
values will always be system specific (due to RF coil, scan conditions, phantom T, and T,
values, etc.). However, SNR measures obtained during acceptance testing should form the
baseline or reference values used in the subsequent quality assurance program. The SNR
values should meet or exceed the values provided by the coil manufacturer(s), if provided,
when using the scanning parameters and phantom(s) recommended by the manufacturer.

18
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o
*Smin

Figure 2. PIU assessment using the ACR MR
accreditation phantom.

2. Percent Image Uniformity (PIU)

Overview: Image uniformity refers to the ability of an MRI system to depict uniform regions
of a phantom with the same intensity. Non-uniformity is most commonly the result of RF or
magnetic field inhomogeneities or poor eddy current compensation.

Procedure: The PIU measure is obtained from a homogeneous phantom in a ROI that com-
prises at least 75% of the cross-sectional area of the phantom. The ACR MR Accreditation
Phantom contains such a homogeneous region in slice #7. Typically, a small ROI (~1 cm?) is

chosen in the area of minimal pixel intensity (Emm) and in the area of maximal pixel intensity
(Em) (Figure 2). Then the PIU is then calculated as

(gmax_gmin)
PlU=100 e [1- 57— |. (10)
(Smax +Smin)

Acceptance Criteria: For a volume head coil, the PIU measure should meet or exceed 90% for
scanners operating at 2T or below. (Note: For scanners operating at field strengths greater than
2T, the PIU value would be expected to be less than this 90%, if using water-filled phantoms,
due to dielectric and penetration effects.'”)

3. High-Contrast Spatial Resolution

Overview: High contrast spatial resolution is a measure of the capacity of the MRI system to
show separation of objects when there is no significant noise contribution. The high-contrast
spatial resolution in MRI is typically limited by the acquisition matrix pixel size. Additional
factors that can negatively affect high contrast spatial resolution include poor eddy current

19
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Figure 3. High-contrast test object in slice #1 of the ACR phantom. The upper left square
of holes is used for the horizontal test and the lower right square of holes is used for the
vertical test. The hole spacings are 1.1 mm, 1.0 mm, and 0.9 mm, respectively, for the three
sets of upper left/lower right squares.

compensation, excessive image ghosting, and excessive low-pass filtration of images during
reconstruction.

Procedure: High contrast resolution can be assessed with any phantom insert containing
arrays of successively smaller diameter high contrast objects. The resolution should be meas-
ured in both the frequency- and phase-encoding directions in all three principal planes. Slice
#1 of the ACR MR Accreditation Phantom contains such an insert with 1.1, 1.0, and 0.9 mm
resolution patterns for both the frequency- and phase-encoding directions (Figure 3). With this
phantom, and a 25-cm FOV, 256x256 matrix scan, the 1.0 mm holes should be resolved on at
least one of the rows in the upper left hole pattern, and the 1.0 mm holes should be resolved
on at least one of the columns in the lower right hole pattern.

Acceptance Criteria: Object sizes that are at least one theoretical pixel width in size and
separated by at least one pixel width should be resolvable.

4. Low-Contrast Object Detectability (LCOD)

Overview: A low-contrast object detectability test assesses the ability of the system to resolve
objects in the presence of noise. Factors that negatively affect low-contrast object detectabil-
ity include those that negatively affect SNR. Therefore, low-contrast object detectability test
results are dependent upon the field strength of the system.

Prior AAPM MR acceptance testing and quality assurance guidelines did not address
means of assessing low-contrast object detectability. However, some MR phantoms, e.g., the
ACR phantom, do provide inserts for such assessments. For this particular phantom, the test-
ing procedure is briefly outlined below.

Procedure: The ACR phantom contains 4 disks of varying thickness, and each disk has 10
spokes of 3 holes each, with the hole diameter decreasing with increasing spoke number
(Figure 4). The number of complete contiguous spokes that can be seen in the four disks is
counted and used as a measure of low-contrast object detectability. The inserts in slices 8, 9,
10, and 11 yield contrasts (fluid MR signal versus solid plastic non-signal for 5 mm sections)
of 1.4%, 2.5%, 3.6%, and 5.1%, respectively.

20
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Figure 4. Low-contrast object detectability inserts of the
ACR accreditation phantom.

Acceptance Criteria: For the ACR T,-weighted pulse sequence (time to echo, TE = 20 ms,
TR = 500 ms, 1 average, 256x256 matrix, 25-cm FOV), the minimum number of spokes that
must be visible for ACR accreditation purposes is 9. However, on high-field systems the num-
ber of detectable spokes should be significantly higher. Low-contrast object detectability data
from over 200 scanners with varying field strengths (0.2T — 2.0T), obtained by two members
of this task group (GDC, EFJ), are summarized in Figure 5.

ACR T1 Series LCOD Data, N=231
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Figure 5. Fitted ACR T,-weighted sequence LCOD data from
231 scanners at field strengths from 0.2T to 2.0T.
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As the trend line in Figure 5 was computed from the mean LCOD measures for a sub-
set of systems that passed ACR accreditation LCOD testing, it is recommended that measures
for systems at acceptance testing meet or exceed the values determined from this figure.

4. Percent Signal Ghosting

Overview: Ghosting is typically a consequence of intrascan signal instability. Excessive
ghosting, generally only observed in the phase-encoding direction, can obscure detail. The
effects are most obvious, of course, in low signal level (background) areas.

Procedure: Any homogeneous phantom, or homogeneous section of a phantom, can be used
for this test. If using the ACR MR Accreditation Phantom, slice #7 should be used for the
measurements. The mean signal, S, from a large ROI (>75% of the cross-sectional area of the
phantom) is recorded, as are the mean signals from the background in the frequency-encoding

direction (§FEI and §FE2) and in the phase-encoding direction (§PE1 and §PE2). The ghosting
ratio (Figure 6) is then given by

GR:%(EFEl+§FE2)__(§PE1+§PE2)‘. (1

Figure 6. Measurement of the average ghosting ratio. The
ROIs in the frequency-encoding direction provide a meas-
urement of the signal in the noise areas and the ROIs in the
phase-encoding direction provide a measurement of the sig-
nal in the ghost areas. The large ROI provides a measurement
of the average signal intensity in the phantom.
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Acceptance Criteria: If using the ACR MR Accreditation Phantom and ACR T,;-weighted scan
parameters, it is recommended that the ghosting ratio be <1% at acceptance testing. Similar
criteria should apply for clinically relevant fast spin-echo T,-weighted images.

F. Advanced MR System Tests

Modern state-of-the-art scanners have a wide variety of advanced features, including ultrafast
imaging and spectroscopy sequences. Acceptance of such scanners, therefore, requires addi-
tional testing that goes beyond the tests outlined above or contained in the ACR accreditation
testing guidelines. The following tests are certainly not comprehensive, but form a starting
point for testing such advanced features.

Ultrafast Imaging Tests

Overview: Echo planar imaging sequences are currently the fastest commercially available
imaging techniques used in MRI. In “single-shot EPI,” all phase- and frequency-encoding is
performed following a single slice selective RF pulse, resulting in minimum acquisition times
as short as 50 ms/image. In “multishot EPI”, k-space is filled in more than one TR with the
number of “shots” determining the number of repetitions required to fill k-space. Multishot EPI
acquisitions are less demanding on the MR systems and are less prone to most EPI artifacts
(due to the decreased time between subsequent lines of k-space, i.e., decreased “echo spacing”),
but do not provide the temporal resolution achievable with single-shot EPI techniques.

The most common uses of EPI sequences are in diffusion MRI, functional MRI
(fMRI), and perfusion MRI. In each case, the stability of the signal (and ghost artifacts) over
time is critical. The ghost artifacts (commonly referred to as N/2 ghosts or Nyquist ghosts) are
quite common in single-shot EPI acquisitions and are caused by inconsistent phase shifts
between even and odd echoes. For FOVs that just cover the anatomy of interest, these ghosts
can overlap the anatomy and, particularly if unstable over time, can significantly corrupt the
data. Two types of phase errors have been identified.'®!” The first type of phase error, often
referred to as the zero-order phase error, is spatially independent. It arises from B, eddy cur-
rents, asymmetrical analog filter response, or other factors that introduce a different zeroth-
order phase between odd and even echoes. The Nyquist ghost produced by the zeroth-order
phase error is spatially uniform (Figure 7a). The second type of phase error is the linear (or
first-order) phase error. This phase error originates from the time shift between the centers of
the odd and even echoes caused by eddy currents as well as gradient group delays. The linear
phase error generates a Nyquist ghost whose intensity is modulated by a sinusoidal function,
resulting in a nodal line in the center of the FOV (Figure 7b).

The N/2 ghosts are minimized on most systems by acquiring a “reference scan” before
the actual image acquisition; data from a reference scan are acquired using the same imaging
pulse sequence but without the phase-encoding gradients enabled. The phase inconsistency
among the echoes can then be calculated by analyzing the Fourier domain data and the echo
offsets, thus determined, are used to correct the actual k-space data.

Another common problem in single-shot EPI imaging is geometric distortion. In gen-
eral, the geometric distortion observed in EPI is significantly greater than that observed using
spin-echo, fast spin-echo, or gradient-echo imaging. The distortion may be caused by B -field
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image image

(a) (b)

Figure 7. N/2 EPI ghosts due to (a) zeroth-order and (b) first-order phase shifts (note signal
null in center of ghost image).

inhomogeneities, but eddy current effects, particularly those with long time constants, can
also distort EPI images. When a background gradient exists in the phase-encoding direction,
the image will be either compressed or dilated along the phase-encoding direction. For a
background gradient in the read-out direction, the image is sheared. Visualizing the pattern of
distortion provides valuable information about the B,-field characteristics of the system
(Figure 8). Various distortion correction methods have been developed.18 However, the most
effective approach is to improve the magnet shimming and eddy current compensation. It
should be noted that such distortions can be particularly problematic in diffusion imaging
sequences, where large gradient pulses are used to sensitize the image to the diffusion of the
water protons. In fact, diffusion-weighted EPI scans are useful QC scans for monitoring eddy
current compensation efficiency, and acquiring a baseline diffusion-weighted scan during
acceptance testing, if possible, provides data that can be used subsequently to assess drift of
the eddy current compensation system, i.e., as eddy current compensation drifts, more image
dilation/compression and/or shear distortions are observed in the diffusion-weighted scans.
No previously reported AAPM or ACR guidelines exist for acceptance testing or QC proce-
dures for ultrafast imaging sequences. For site acceptance testing scanners with such capabilities,
some suggested tests are provided below. In general, many of the acceptance tests used in “‘conven-
tional MRI” can be repeated with using EPI sequences, including geometric distortion and SNR.
(Because of the extreme sensitivity of EPI scans to susceptibility effects, however, a simple homo-
geneous spherical phantom is suggested as opposed to Plexiglas™ phantoms with multiple inserts.)

1. Ghosting

The average ghosting ratio can be computed by measuring the signal intensity in the N/2 ghost
and dividing by the signal intensity from the matching region of the phantom, correcting for
the background (Figure 9).
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Figure 8. (a) Spin echo image without geometric distortion, (b) EPI image with compression
distortion, (c) EPI image with shear distortion.

Figure 9. Measurement of the average ghosting ratio. ROIs b
and ¢ provide measurements of ghost signal intensity and ROIs

d and e provide measurements of background signal intensity
(noise).
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The ghosting ratio is then calculated as

1Sy +85)—(Sa+5.)
2 S, i

GR (12)

Such values should generally not exceed 3% for a single-shot spin-echo EPI sequence with a
24-cm FOV, 5-mm section thickness, 128x128 matrix, and ~100 kHz effective bandwidth.
Note that small ROIs in the phase-encoding direction should be avoided due to the ghost sig-
nal null at the center of the frequency encoding direction for the linear phase error (as noted
above). Also, it is recommended that the FOV be chosen such that the N/2 ghosts do not over-
lap the true image.

2. Geometric Distortion

The compression/dilation and shear distortions and image shift outlined above can be meas-
ured using the same homogeneous phantom that is used for the ghosting evaluation. The
dimensions can be compared to the “true dimensions” obtained using a conventional spin echo
pulse sequence.

Typical distortions (|l‘\, - lxl/lx and |l(. — L|/l,, where [, is measured in the frequency-
encoding direction) are less than 3% for spin-echo and gradient-echo EPI acquisitions with a
24-cm FOV, 5 mm section thickness, ~+100 kHz effective bandwidth, and 128x128 matrix
(Figure 10).

3. EPI Stability

Two of the common uses of single-shot EPI acquisitions are perfusion and fMRI studies. In
each case, images from the same sections of anatomy are acquired rapidly to allow for the
measurement of regional cerebral blood volume and hemodynamic changes in regions of

Figure 10. Measurement of (a) shear distortion, (b) compression/dilation distortion, (c) image
shift.
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neuronal activation, respectively. For such techniques it is important that the signal, ghost, and
noise levels remain nearly constant for the duration of the study. Therefore, it is useful to
obtain measures of signal intensity, ghost intensity, and ghosting ratio as a function of time.
The length of the scan should be the longest time period over which such data will be obtained
at the facility. (Typically, a 10-min acquisition is acceptable, for example, to mimic typical
fMRI scan times per image set.) As the percent change in signal observed in most fMRI stud-
ies at 1.5T is ~1% to 4%, the coefficient of variation of the signal intensity should be less than
0.25%. (More sophisticated testing of MRI scanner stability is described by Weisskoff.'?)

Very high-power gradients and extremely sensitive RF receivers, used commonly in
EPI applications, can lead to unusual noise problems that can involve not only the MR system
itself but also the surrounding room components, such as ventilation, ceiling, and raised floor-
ing structures. Such problems usually appear with ultrafast imaging sequences and most ven-
dors have special “spike noise” test procedures. It is suggested that the medical physicist have
the vendor’s installation or service personnel repeat these tests during the acceptance testing,
particularly if the magnet room was not completely finished when the earlier tests were per-
formed. If spike noise is detected, the vendor’s personnel can use a RF surface coil outside the
magnet to track down the source, often loose or vibrating parts of the MR system or of the
ceiling, ventilation ducts, or flooring. Improper positioning and insecure fastening of gradient
cables can also be a common source of spike noise. This type of noise source is often inter-
mittent and tracking down the source can require a patient, thorough investigation.

Spectroscopy Tests

Overview: The goal of MRS acquisitions is to provide biochemical, not anatomical, informa-
tion from a given ROI (or multiple ROIs). The most common pulse sequences used to localize
the volume of interest (VOI) from which the spectral data is obtained are PRESS (point
resolved spectroscopy) and STEAM (stimulated echo acquisition mode).?*** Both single-
voxel techniques, in which spectral data are acquired from a single VOI at a time, and spec-
troscopic imaging techniques, in which spectral data are acquired from multiple VOIs at a
time, are currently in use. (For an introduction to magnetic resonance spectroscopy (MRS), the
reader is referred to the AAPM MR Committee Task Group #9 report.*’)

Procedures: No formal AAPM guidelines exist for acceptance testing of MRS procedures,
although some QC procedures are discussed in the Task Group #9 report.?’ Some basic MRS
acceptance tests to consider, however, are summarized below.

1. VOI Location Accuracy

On many scanners with MRS capability, it is possible to prescribe the VOI graphically on a
conventional MR image and then acquire an image of the VOI using the MRS localization
sequence in a homogeneous phantom. In this manner, the spatial positioning accuracy of the
VOI can be easily assessed. This should be performed for VOIs near the isocenter as well as
off-isocenter. Such a graphically prescribed and localized image of a VOI is given in Figure 11.
Typically, the position of edges of the imaged VOI and the prescribed VOI should agree within
*1.0 mm.
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(a) (b)

Figure 11. Localized MRS VOI tests: (a) Image showing prescribed VOI; (b) localized image from the
VOIL.

2. Spectral Quality Tests

Some MR system vendors provide aqueous “tissue-mimicking” MRS phantoms that contain
multiple chemical compounds in approximate in vivo concentration ratios. These phantoms
can be highly useful in acceptance testing and QC for MRS procedures. They allow for assess-
ing the degree of water suppression that is obtained, as well as determinations of SNR of the
resulting water-suppressed MRS scans. Efficient water suppression is necessary as the in vivo
ratio of water:metabolite concentration is approximately 55M:10mM. Typically, water sup-
pression in MRS studies is accomplished in a manner similar to “fat-sat” suppression of fat
signal in conventional MR imaging. In MRS studies, water is typically suppressed by three
narrow bandwidth chemical shift selective (CHESS) pulses that are centered on the water
resonance frequency.?’ Typical MRS techniques acquire both a water-suppressed spectrum and
a water-unsuppressed spectrum, with the unsuppressed spectrum being used for correcting the
water-suppressed spectrum for eddy currents and for “phasing” of the suppressed spectrum.
An example of a water-suppressed spectrum obtained from a brain-simulating phantom from
a particular vendor is given in Figure 12.

With limited time available for acceptance testing, only one or two acquisitions can be
tested, and with this restriction the best choice is a short echo time, single-voxel acquisition,
such as a STEAM sequence with TE = 20 ms or a PRESS sequence with TE = 30 ms. The
shorter echo times will employ higher gradient amplitudes and sometimes shorter slab selec-
tive RF pulses that can cause eddy current artifacts and outer volume contamination artifacts
in the spectra.’’** As the PRESS sequence with TE = 30 ms has shorter duration spoiling
gradients, it will be a more severe test than the STEAM sequence with TE = 20 ms.

The spectroscopy phantom should be placed at the center of the head coil and the
following data acquired. (Some or all of these acquisitions may already be part of the MR
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Lactate

Figure 12. Water-suppressed 1H MRS scan from a brain tissue-mimicking
phantom. NAA: N-acetylaspartate, Cr: creatine and phosphocreatine, Cho:
choline, Ins: myo-inositol.

system’s spectroscopy QC software). After the automated global shim is performed and a set
of scout images is obtained, a 2x2x2 cm? voxel is positioned at approximately the center of the
phantom. After the localized automatic shim on the voxel is performed (most likely part of the
single-voxel acquisition software), acquire two 16-average data sets, one with and one with-
out water suppression. The 16 acquisitions enable complete phase cycling, which reduces
outer volume contamination.”* Since the typical TR is 1.5 seconds (s), this requires only 24 s
per acquisition. Minimal post processing, e.g., zero filling, Fourier transformation, and spec-
trum phasing, should be used on the single-voxel time domain data. No time domain or fre-
quency domain filtering should be applied. Water subtraction and baseline post-processing
should also not be applied. If the system has the option to perform eddy current correction
(ECC), the water-suppressed single-voxel data should be processed twice: once without ECC
and once with ECC, which requires the water-unsuppressed data.”” (The ECC algorithm takes
the phase of each complex time domain point in the water-suppressed data and subtracts the
phase of the corresponding time domain point in the water-unsuppressed data.) Finally, peak
areas and widths can be measured, if possible on a given system, by fitting Lorentzian peaks
to the metabolite peaks in the ECC-corrected single-voxel water-suppressed spectrum. This is
usually accomplished with the QC module or other processing module of the spectroscopy
software. Even if such a module is not available, the peak width and height can usually be
obtained on the scanner or on an associated workstation.
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For an MR system with a second-order room temperature shim set, the global water
peak FWHM should be <7 Hz. For an MR system with only linear shims, the FWHM should
be <14 Hz. In both cases, the FWHM of the phantom NAA or acetate peak (2.0 ppm) should
be ~1 Hz in the ECC-corrected single-voxel water-suppressed spectrum. (This assumes that
the T, of the NAA or acetate is greater than 400 ms and the signal readout duration is 1024 ms
or longer.) The phantom metabolite spectrum should have a flat baseline with no high-
frequency hashing (due to outer volume contamination), and isolated singlet peaks should be
well represented by a Lorentzian fitting function. A poor peak fit could be due to magnetic
field inhomogeneities (unlikely if the FWHM ~ 1 Hz), poor software sequence tuning, or,
most likely, first and higher order eddy currents, which are not corrected even when the ECC
algorithm is used. Another artifact that will be very visible in the non-ECC processed single-
voxel spectrum is a negative spike on one side of each metabolite peak. This is due to the zero
order eddy currents (a changing B, offset with time) and should not be visible in the ECC-
processed spectrum. The area and FWHM of one or more metabolite peaks and baseline noise
should be recorded for future reference. The post-processing software should be capable of
calculating spectrum noise as the RMS noise about the spectrum baseline in a region with no
metabolite peaks. This may require some additional baseline post processing to ensure a flat
horizontal baseline with no DC offset.

The SNR can be calculated from a metabolite peak as either peak height divided by the
RMS baseline noise or as peak area divided by the RMS baseline noise. Since peak area
depends less on the voxel shim than peak height, the peak area SNR definition will be more
consistent, but does change with acquisition and post-processing filtering. The SNR also
depends on the phantom metabolite concentration, T, and T, values of the metabolites, the
choices of TR and TE, the type of acquisition (STEAM or PRESS), and the number of acqui-
sitions and signal readout duration per acquisition. Therefore, if the MR system manufacturer
specifies a minimum phantom metabolite SNR, it would only apply to a specific phantom,
acquisition, and post-processing protocol.

If a real-time signal display is available, for example from a manual single-voxel shim
menu with a frequency domain signal display, an additional test for hardware stability is to
observe the water-suppressed water signal with the RF adjusted to maximum water suppres-
sion and (usually) maximum receiver gain. Visually inspect the remnant water peak signal
from acquisition to acquisition. Amplitude fluctuations below 10% are excellent. This is a
good hardware test, especially for low-level RF stability, but since some type of water sub-
traction is done in 'H spectroscopy post-processing, the final spectral quantification may not
be affected by unstable water suppression as long as a sophisticated water fitting/suppression
routine is used in post-processing. If these hardware instabilities also occur during the RF
volume selective pulses and rephasing gradients, spectra will be degraded. One can also look
at the unsuppressed water signal by turning off the water suppression RF pulses. In this case,
shot-to-shot signal amplitude variation should be ~1% and the peak position should not
change by more than 1 Hz. Variations in peak amplitude, shape, or phase are most likely
caused by gradient instabilities or, if a second order room temperature shim set is installed,
from shim power supply instabilities.
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IV. Conclusions

The goal of this task group report was to provide (1) the practicing medical physicist with
practical information regarding the development of acceptance testing and quality assurance
strategies, (2) examples of such acceptance tests, and (3) where possible, acceptance criteria
for the tests. In addition, the report provides an introduction to acceptance and quality assur-
ance tests for more advanced features, such as EPI and spectroscopy. With the large range of
equipment, pulse sequences, and applications, it is impractical to go into detail in any partic-
ular area while maintaining a reasonable length for the document. For more detailed test
strategies and acceptance criteria, the reader is referred to the literature cited within the text as
well as to the extensive volume of NEMA standards relevant to MRI. A partial list of these
standards is provided in the references'®''?*° and all standards can be downloaded from
NEMA at http://www.nema.org.
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