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I. INTRODUCTION

The purpose of this document is to describe a standard set of
test procedures which can be used to evaluate the perfor-
mance of clinical magnetic resonance imaging systems.
These procedures and tests are not intended to establish ab-
solute performance standards but are rather intended to pro-
vide methods which can be used as part of a routine quality
assurance program. It is the position of this document that
the purpose of a quality assurance program is to detect
changes in system performance relative to an established
baseline.

This document also includes recommendations for accep-
table magnetic resonance imaging (MRI) phantom materi-
als, phantom designs, and analysis procedures. Specific im-
age parameters described in ths document are: resonance
frequency, signal-to-noise, image uniformity, spatial linear-
ity, spatial resolution, slice thickness, slice position/separa-
tion, and phase related image artifacts. It is recognized that
this set is not exhaustive and does not include procedures for
assessing al possible image parameters, and similarly it is
also recognized that there are acceptable methods other than
those presented for measuring many of these parameters.
The proposed set, however, is considered to be adequate for
monitoring the sensitivity and geometric characteristics of
clinical nuclear magnetic resonance (NMR) imaging sys-
tems.

The proposed set does not include specific procedures for
monitoring the accuracy or precision of T1, T2 or proton
density. Since at the present time, there are no commonly
accepted standard methods for determining T1, T2 and pro-
ton density from image data and the assessment of these
parameters is not currently a part of clinical practice, we
have chosen not to include these test procedures until more
knowledge on their utility and measurement is available.

The National Electrical Manufacturers Association
(NEMA) is acknowledged for their assistance in the devel-
opment of the sections on field uniformity and signal-to-
noise. The specifications for these two parameters are consis-
tent with the NEMA specifications wherever possible under
the requirement that the procedures are applicable for use in
a practical quality assurance program. The American Col-
lege of Radiology (ACR) Subcommittee on Magnetic Reso-
nance (MR) Nomenclature and Phantom Development un-
der the MR Committee on Imaging Technology and
Equipment is acknowledged for its persistent and careful
review over the several years that this document has been
under development.
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[I. PHANTOM MATERIALS

The primary considerations which dictate the choice of
phantom materials for use in quality assurance phantoms
are: chemical and thermal stability, the absence of signifi-
cant chemical shifts, appropriate T1, T2 and proton density
values which are within the biological range. As will be not-
ed later, coil loading is an important consideration when
assessing signal-to-noise. Other considerations generaly re-
late to convenience and practicality: convenience by match-
ing the T1 of the material to an acceptable TR which does
not require an exceedingly long scan time and practicality by
not choosing a T2 value shorter that some instruments can
accommodate. Care should be taken to avoid the use of co-
lored plastics or other container materials which possess sig-
nificantly different magnetic susceptibility from the filler
material.

At each operating field strength, it is recommended that
the chosen NMR material should exhibit the following char-
acteristics:

100ms<T1<1200ms
50ms<T2<400ms
proton density » H,O density

Numerous materials have been used successfully as NMR
phantom agents. These have primarily consisted of oils and
water solutions of various paramagnetic ions. For reference,
listed in Table | are approximate relaxation times for mix-
tures of 1,2 propanediol in distilled water (Ref. 1) and three
paramagnetic agents [CuSO,(Ref. 2)) NiCl,(Ref. 2) and
MnCIl,(Ref. 3)] at 20 MHz (0.5 T). It should be noted that
relaxation times are temperature and field-strength depen-
dent.

The relaxation rates (inverse of relaxation times) are ap-
proximately linear with ion concentration.

For all measurements, scan conditions should be carefully
recorded. Scan conditions should include: pulse sequence
and scan timing parameters (TE, T, TR), flip angle, field-
of-view and matrix size, coil, phantom and phantom materi-
al, slice number and thickness, center-to-center spacing,
number of acquisitions, rf power settings and any image pro-
cessing which may have been used. All phantoms should be
centered at the magnet isocenter unless otherwide specified.

Action criteria listed in this document are for reference
only. Absolute values of quality control parameters are ma-
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TABLE |. Approximate relaxation times of NMR phantom materials.

Agent Concentration Tl T2
CuSo, 1-25 mM 860-40 ms 625-38 ms
NiCl, 1-25 mM 806-59 ms 763-66 ms
Propanediol 0-100% 2134-217 ms 485-72 ms
MnCl, 0.1-1 nM 982-132 ms

chine dependent and as aresult, make it impossible to specify
action criteria which can be applied universaly to al sys
tems. Specific action criteria must be arrived at individually
for each system installation in cooperation with the user and
instrument manufacturer.

Ill. RESONANCE FREQUENCY
A. Definition

The resonance frequency is defined as that rf frequency f
which matches the static B-field (B,) according to the Lar-
mor equation:

Y
:—B’
f 5 Bo

g is the gyromagnetic ratio for the nuclei under study. For
protons, the Larmor frequency is 42.58 MHZ/T, e.g., for a
15-T system, the resonance frequency should be 63.87
MHz.

B. Factors affecting resonance frequency

Prior to the performance of any imaging protocol, it is
essential that the operator verify that the system is on reso-
nance. Most vendors insist upon a resonance frequency
check each time the imaging system is turned on. Resonance
frequency checks are most important for mobile units and
some resistive magnet systems which undergo frequent
ramping of the magnetic field. Changes in the resonance fre-
quency reflect changes in the static B-field. Changes in the
static B-field may be due to superconductor “run down”
(typicdly on the order of 1 ppm/day, e.g., ~60 Hz/day at
1.5T), changesin current density due to thermal or mechan-
ica effects, shim-coil changes or effects due to external ferro-
magnetic materials.

The effects of off-resonance operation relate primarily to
system sensitivity and are manifest as a reduction in image
signal-to-noise. Secondary effects are reflected in image lin-
earity due to the summation of the image gradients with the
inconsistent static B-field value.

It is recommended that a resonance frequency check be
performed prior to quality assurance measurement and each
time a different phantom is used.

C. Methods of Measurement
1. Phantom

The phantom which is used most often for resonance fre-
quency checks in a uniform signal producing cylinder and is
the same phantom that is used for the signal-to-noise mea-
surements. The phantom is positioned in the center of the
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magnet (with al gradient fields turned off) and the rf fre-
quency is adjusted by controlling the rf synthesizer center
fregquency to achieve maximum signal. Some resistive sys-
tems may also alow adjustment of the magnet current to
alter the magnetic field strength to achieve resonance. Most
vendors will provide a specific user protocol for resonance
frequency adjustment and some may be completely auto-
mated. Resonance frequency should be recorded daily for
trend anaysis.

2. Scan conditions
No scan is required for this measurement.

3. Analysis

Resonance frequency value is recorded for comparison to
previous determinations.

D. Action criterion

Values of resonance frequency should generally not de-
viate by more than 50 ppm between successive dailly mea-
surements. Action should also be taken any time there is a
significant change in trend.

IV. SIGNAL-TO-NOISE RATIO
A. Definition

The signal is defined as the mean pixel value within the
region-of-interest minus any pixel offset. Noise is defined as
the random variations in pixel intensity. Images with ob-
vious artifacts are not suitable for signal-to-noise determina-
tions.

B. Factors affecting signal-to-noise ratio

Factors contributing to variations in signal-to-noise ratio
include: (i) general system calibration (resonance frequen-
cy, flip angles, etc.) (ii) gain, (iii) coil tuning, (iv) rf shield-
ing, (v) coil loading, (vi) image processing, and (vii) scan
parameters.

C. Methods of measurement
1. Phantom

The phantom should consist of a uniform signal produc-
ing material which has a minimum dimension in the image
plane of at least 10 cm or 80% of the field-of-view, whichever
is larger (Fig. 1). For single slice measurements, the phan-
tom should have a dimension in the direction of the dlice
selection which is at least twice the maximum slice thickness
being used. For multislice acquisitions, the phantom length
should be at least as long as the volume being imaged, plus
two maximum slice thicknesses. The phantom may be either
circular or rectangular in cross section. When using large
volume fluid-filled phantoms, it should be recognized that
thermal and mechanically induced motions can introduce
artifacts.

The standard phantom specified here is to be filled with
nonconducting material, and thus is not intended to simu-
late the clinical situation. The unloaded coil allows the eval-
uation of system noise which is the parameter of interest. In a
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80%
D Field of
View

L
2 x Slice Thickness

Fic. 1. The phantom used for resonance frequency, signal-to-noise ratio and
image uniformity is typically composed of a uniform signal producing mate-
rial. The minimum dimension (D) in the image plane should be at least 10
cm or 80% of the image field-of-view, whichever is larger. The length (L) in
the dlice selection direction should beat least twice the maximum dlice
thickness for single-slice measurements. For multislice measurements, L
should be at least as long as the volume being imaged (slice separation-
x number of dlices), plus a thickness equal to twice the maximum dlice
thickness.

clinical scan, it is recognized that the patient is the dominant
source of noise. In order to approximate the clinical situa-
tion, the coil must be electrically loaded by using an appro-
priate filler material or by some other means, whereby the
electrical properties of the body are simulated.

Worthy of note is that the NEMA standard for signal-to-
noise does specify loading for the measurement and thus
differs from the signal-to-noise measurement specified in
this document. It should also be noted that systems with
certain high-Q coils may not be tunable under unloaded con-
ditions.

2. Scan conditions
Any typica (usually multislice) acquisition may be used.

3. Analysis

The signal is measured using a region of interest (ROI)
which contains at least 100 pixels or 10% of the area of the
signal producing material, whichever is greater. The ROI
should be positioned in the center of the image and should
not include any obvious artifacts. The signal is the mean
value of the pixel intensity in the ROl minus any offset. (An
indication of the existence of an image intensity offset may be
gained from an examination of intensity values from ROI’s
taken over nonsigna producing portions of a phantom. Spe-
cific offset values should be obtained from the system manu-
facturer). The noise is the standard deviation derived from
the same ROI. The signal-to-noise ratio (SNR) is then cal-
culated.

An aternative method of SNR measurement is to acquire
two consecutive scans with identical scan parameters which
are subsequently subtracted. This method specificaly ex-
cludes the effects of low-frequency image variations. A third
pixel-by-pixel difference image (image 3) is then created.
The signa is defined as above using either of the original
unsubtracted images. The noise is defined as the standard
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deviation (SD) derived from using the same ROI on the
subtracted image (image 3).
The calculated signal-to-noise is as follows:

SNR = S_\/E
SD

The factor of O2 is required because the SD is derived from
the subtraction image rather than from one of the origina
images.”*

D. Action criterion

An action criterion can not be given since SNR results are
only applicable to the specific system, phantom and scan
conditions being used. It is important to re-emphasize that
the signal and noise measurements are dependent on essen-
tially al scan parameters and test conditions. SNR should be
normalized to voxel size for comparison.

V. IMAGE UNIFORMITY
A. Definition

Image uniformity refers to the ability of the MR imaging
system to produce a constant signal response throughout the
scanned volume when the object being imaged has homoge-
neous MR characteristics.

B. Factors affecting image uniformity

Parameters contributing to the image nonuniformity in-
clude: (i) static-field inhomogeneities, (ii) rf field non-uni-
formity, (iii) eddy currents, (iv) gradient pulse calibration,
and (v) image processing.

C. Methods of measurement
1. Phantom

The characteristics of the phantom used for image unifor-
mity evaluation are identical to the characteristics of the
phantom used for signal-to-noise determination (Sec. V).
To prevent rf penetration effects, the filler material should be
non-conducting.

Nonuniformities resulting from rf penetration effects may
be evaluated by scanning a phantom which has been filled
with a conductive solution such as norma saline. Due to
partitioning in the body, penetration effects observed in a
scan of a saline-filled phantom will not necessarily predict
penetration effects which would be found in human scans.

2. Scan conditions

Any typica multislice acquisition may be used provided
the signal-to-noise ratio is sufficiently large so that it does
not affect the uniformity measurement. Adequate signal-to-
noise ratio may be insured by either increasing the number of
acquisitions or by applying a low-pass smoothing filter. In
practice, it has been found that a signal-to-noise ratio of 80:1
or greater will yield good results.

3. Analysis

For pixels within a centered geometric area which en-
closes approximately 75% of the phantom area, the maxi-
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mum (S,,) and minimum (S,,) values are determined.
Care should be taken to not include edge artifacts in the
ROI. A span A and midrange value Sare calculated as fol-
lows:

Snax — i
A _ max min
2
- S hY
S max + min
2

The relationship for calculating integral uniformity (U ) is

[ A ] [ (Smax - Smin )]
Is =(1—- —=|X100% = |1 — ————————| X 100%.
S (Smax =+ Smin )

Perfect integral uniformity using this relationship is when
U .= 100%.

In some cases (e.g.. low-field imaging) signal-to-noise
may be alimiting factor in the measurement of image unifor-
mity. To help minimize the effect of noise on the measure-
ment the image may be convolved with a nine-point |ow-pass
filter h(m,,m). The filtered image is given by

s(n,,nz)
z Z h(my,my)s(ny — my,n, — m,),
m,=—lm——1
where nl, n2 cover the range of the image.
The filter kernel is
: 1 2 1 A(—1,—-1) A(-10) A(—-11)
W 2 4 2|=|h(0,—1) h(0,0) £(0,1) ,
1 2 1 h(1,—1) h(1,0) A(1,1)

and represents the product of two raised cosines in the fre-
quency domain. The weighting factor Wisgiven by

z E h(my,m,) = 16,

=—1m= -1
and is used to normalize the dc response of the filter in the
frequency domain to unity. This filter has a 3-dB cutoff spa-
tial frequency contour which very closely approximates a
circle of radius 0.364 p in normalized coordinates. It is the
two-dimensional equivalent of the Hanning filter. The above
filter gives a gain in the signal-to-noise ratio of 2.4.

W=

D. Action criterion

For a 20-cm field-of-view or less, the integral uniformity
should be typically 80% or better. It should be realized that
for larger fields-of-view, the uniformity may deteriorate. Im-
age uniformity in the above context is not defined for surface
coils.

VI. SPATIAL LINEARITY
A. Definition

Spatial linearity is a term used to describe the degree of
geometrical distortion present in images produced by any
imaging system. Geometrical distortion can refer to either
displacement of displayed points within an image relative to
their known location, or improper scaling of the distance
between points anywhere within the image.
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B. Factors affecting spatial linearity

The primary factors which introduce geometrical distor-
tion in NMR imaging are: (i) inhomogeneity of the main
magnetic field and; (ii ) nonlinear magnetic field gradients.

C. Methods of measurement
1. Phantom

Variability is best observed over the largest field-of-view.
The phantom to be used to measure spatial linearity should
occupy at least 60% of the largest field-of-view and consist of
aregular array of objects (holes, grooves, rods, or tubes) of
known dimensions and spacing, and the phantom filled with
signa producing material. The objects within the array
should be of asize in which the location can be measured and
spaced in a regular pattern (typically every 1-2 cm). The
dimensional positioning error of the objects within the array,
due to finite pixel size, should be < 10% of the linearity
specification. Figure 2 provides an illustration of two possi-
ble patterns which could be used to evaluate spatial linearity.

2. Scan conditions

Consideration should be given to determining the spatial
linearity for a typical multislice acquisition with the largest
available image matrix to maximize spatia resolution.

AR

] / Orientation Morker

Ll
UL

\4—— 60% Field of V»ew——\

(a)

(b)

Fic. 2. The phantom used for spatial linearity should have a minimum
dimension (D) in the image plane of at least 60% of the largest possible
image field-of-view. The thickness of the phantom should be at least twice
the maximum dlice thickness for single-slice measurements and two slice
thicknesses, plus the image volume length for multisice measurements.
Two possible phantom designs are (a) orthogonal grooves in an acrylic
plate of (b) an orthogonal array of holes drilled in an acrylic plate. Orienta-
tion markers are recommended.
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Since NMR imaging is inherently a volumetric imaging
technique, the evaluation should be performed for each or-
thogonal plane to define the useful imaging volume. This can
be done either by using a specialy designed phantom for
multislice image acquisition or by using a single-slice phan-
tom placed at different locations and in the three orthogonal
orientations. Spatial linearity is not expected to depend sig-
nificantly on image timing parameters such as TE, TR and
the number of signal acquisitions.

If obliqgue planes are frequently used, consideration
should be given to the inclusion of linearity measurements
for oblique planes, as well as the orthogonal planes.

3. Analysis
Percent distortion is defined as

i1ue dimension — observed dimension

; . X 100%.
true dimension

Distortion measurement may be performed between any
two points within the field-of-view, provided that pixel-reso-
lution is not a significant source of error. It is recommended
that the true dimension be greater than 10 pixels. Prelimi-
nary considerations by the NEMA task group to specify im-
age distortion have centered on the use of a cylindrical phan-
tom in which several measured diameters are compared to
the known diameter. Specification in terms of the maximum
deviation (maximum-minimum) expressed as a percent of
the known diameter is also under consideration.

Spatial linearity measurements performed directly on the
image processing unit will provide information about the
MR imaging system alone. Measurements can also be per-
formed upon filmed images and will provide combined per-
formance information about the MR imager, as well as the
video and filming systems.

D. Action criterion

Percent distortions in the spatial linearity (when mea
sured over a 25 cm or greater field-of-view) are generaly
considered acceptable if they are < 5%.

VII. HIGH-CONTRAST SPATIAL RESOLUTION
A. Definition

High-contrast spatial resolution is a measure of the capac-
ity of an imaging system to show separation of objects when
there is no significant noise contribution. High-contrast spa-
tial resolution for MRI systems is typicaly limited by acqui-
sition matrix pixel size (field-of-view divided by the sam-
pling in x or y). The acquisition matrix pixel size should not
be confused with the display matrix pixel size in which pixel
interpolation or replication may have occurred.

Traditionally, resoltuion has been quantified by the point
spread function (PSF), line spread function (LSF), or mod-
ulation transfer function (MTF); however, these methods
are not practical for routine quality assurance measurements
on MRI systems. Therefore, a visua evaluation of test ob-
jects will be used.
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B. Factors affecting resolution

Factors contributing to high-contrast resolution include:
field-of-view (determined by gradient strength and sam-
pling period), acquisition matrix and reconstruction filters.

C. Methods of measurement
1. Phantom

Useful spatia resolution phantoms for visual evaluation
may be composed of either bar patterns or hole (or rod)
arrays. Array signal-producing elements may be either
round or rectangular in cross section. The patterns consist of
alternating signal producing and nonsignal producing areas
set apart from each other by a width equal to the bar's or
hole s width, i.e., center-to-center spacing is twice the diame-
ter. Square bar patterns offer an advantage over round cross-
section (hole) patterns in that the smallest resolvable array
element can be related to resolution in terms of line-pairs per
millimeter.

A typica phantom (Fig. 3) may consist of five signa pro-
ducing elements and four spaces with element sizesof 5, 3, 2,
15, 1.25, 1.00, 0.75, and 0.50 mm, athough additional incre-
ments may be used. The dimension in the dlice selection di-
rection (length) should be at least twice the dlice thickness,
i.e.,, 20 mm length for 10 mm slice thickness.

2. Scan conditions

Any typical multislice acquisition may be used provided it
incorporates an appropriate slice thickness (nominal 5-10
mm) to insure an adequate signal-to-noise. The phantom
should be aligned perpendicular to the scan plane and locat-

BAR SIZE
{side length:mm)
ooooDo 200
S=BAR SIZE
goaoo 150 {side length)
coooo 125 — |~ l
ooooo 100 D D D D D ._S
— 073 —| |- !
8l
{_ b e D 050

Fic. 3. High-contrast resolution phantoms may be composed of either bar
patterns or hole arrays. Bars or holes should have center-to-center spacings
(S equal to twice the hole diameter or bar dimension. Thelength (L) of the
phantom should be at least twice the maximum slice thickness. Bars derived
from grooves in an acrylic sheet may be preferred due to construction diffi-
culties.
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ed at the isocenter and should be rotated at 45° within the
image plane to combine the resolution from both the phase
and frequency encoding directions. In order to determine
the resolution in the phase and frequency encoding direc-
tions independently, two scans will be required in which the
phantom resolution elements are aligned along each axis
separately and then scanned.

3. Analysis

The image will be evaluated visually. Image analysis con-
sists of viewing the image to determine the smallest resolva-
ble array element (magnification may be used if desired).
For an array to be resolved, al five elements and four spaces
must be displayed as separate and distinct when viewed with
the narrowest window width. The window level should be
adjusted for optimum visualization. Resolution is expressed
as the size of the smallest resolvable array element or its
equivalent in Ip/mm when square bar patterns are used.

D. Action criterion

The high-constrast resolution should remain constant for
repeated measurements under the same scan conditions and
should be equal to the pixel size. For example for a 25.6 cm
field-of-view with a 256x256 acquisitions matrix, the reso-
[ution should be 1 mm.

VIII. SLICE THICKNESS
A. Definition

Slice thickness is defined as the full width at half-maxi-
mum (FWHM) of a dlice profile. The full width at tenth-
maximum (FWTM) is an additional descriptor of the dlice
profile. The dlice profile is defined as the response of the
magnetic resonance imaging system to a point source as it
moves through the plane of the reconstruction at that point.

B. Factors affecting slice thickness

(i) Gradient field nonuniformity, (ii) rf field nonuni-
formity, (iii) nonuniform static magnetic field, (iv) nonco-
planar slice selection pulses between excitation and readout,
(v) TR/T1 ratio, and (vi) rf pulse shape and stimulated
echoes.

C. Methods of measurement
1. Phantoms

Several phantoms can be used to evaluate dlice thickness,
most of which utilize some variant of an inclined surface
(plane, cone or spiral). A typical phantom is the crossed
high signal ramps.

High signal ramp (HSR) phantoms generally consist of
opposing ramp pairs oriented at a fixed angle (Q) [Fig.
4(a)] with respect to one another. The HSR’s should be thin
(ideally infinitesmally thin) in order to quantify the dlice
profile accurately. Because of the low signa in the image
imposed by the small volume of signal-producing material in
a thin ramp, averages of pixel values across the width of the
ramp may be needed to generate a slice profile with an accep-
table SNR. As thinner ( < 3 mm) slice thicknesses are evalu-
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Fic. 4. (4) A typica dlice-thickness phantom consists of two crossed thin
ramps. A ramp crossing angle of 90° yields an angle of 45° between the ramp
and the image plane. Ramp thickness should typicaly be < 20% of the slice
thickness being evaluated. Phantom length (L) should be greater than
twice the maximum dlice thickness. An alignment rod passing between the
two ramps defines the point where the two ramps cross. When the dice is
properly aligned through the intersection of the ramps the images of the
ramps and rod image will al be aligned. (b) The dlice sensitivity profile will
be directly proportiona to the image intensity profiles if the image plane is
perpendicular to the alignment rod. By using the geometric mean of the two
profiles (Oab) correct FWHM values are obtained even with image plane
misalignment.

ated, it is necessary to increase ramp angle and to decrease
ramp thickness. In general, the thickness of a (90°) HSR
oriented at 45° respect to the image plane should be < 20%
of the dlice profile FWHM (i.e., 5-mm slice needs a I-mm
ramp) to get a measurement with < 20% error.

An dternative method which is particularly useful for
evaluating thin dlices is the use of the slice selection echo
method.°A standard selective 90° and 180° pulse sequence
may be used together with a readout gradient oriented along
the dice selection direction. The Fourier transform of the
resulting echo gives a picture of the dlice profile. The
strength of the readout gradient is needed to trandate the
frequency axis to actual spatial dimensions.
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2. Scan conditions

Any typical multislice acquisition may be used provided
TR is greater than 3T1 of the filler material and the highest
pixel resolution is used. Slice thickness should be measured
both centrally and peripherally within an image and at both
central (magnet isocenter) and offset slice locations.

3. Analysis

Slice thickness (FWHM, FWTM) : In the resultant im-
age, the signal level is read out across the ramp on a pixel-by-
pixel basis aong a line-of-interest oriented orthogonally to
the ramp width dimension. As noted previously, to assure
adequate S/N, it may be necessary to either use multiple
excitations or severa line profiles. The FWHM or FWTM
parameters should be determined for each of the dual ramps.

The general equation for the FWHM from imaging op-
posed high signal ramps (relative angle Q) oriented at any
angle with respect to the image plane is

(a + b)cos ® +J(a + b)* cos?® + 4ab sin’ ®
2sin ®

where a and b refer to the measured FWHM (FWTM) of
the intensity profiles for ramp 1 and ramp 2, respectively
[Fig. 4(b)].

For the case of Q = 90°, the equation simplifies to:

FWHM = Oab

FWHM =

D. Action criterion

Assuring adequate measurement accuracy, the measured
value of dlice thickness should generally agree with the indi-
cated slice thickness within £ 1 mm for dlice thicknesses > 5
mm.

IX. SLICE POSITION/SEPARATION
A. Definition

Slice position (offset) is the absolute location of the mid-
point of the FWHM of the slice profile. Slice separation isthe
distance between any two slice positions. Slice locations are
indicated by external positioning devices or by the selected
interslice spacing.

B. Factors affecting slice position/separation

(i) Misalignment of positioning devices, (ii) gradient
field nonuniformity, (iii) B1 nonuniformity, (iv) nonco-
planar dlice selection pulses, and (v) static magnetic field.

C. Methods of measurement
1. Phantoms

In genera, the same phantom used for dlice thickness
measurements [Fig. 4(a)] may also be used for slice posi-
tion/separation determinations, with the provision that the
phantom contains reference pins and externa scribed marks
for orientation, centering, and reference to the external posi-
tioning devices. An inclined surface, with a known pitch,
when imaged at different locations will produce images
which will be displaced relative to a reference in direct pro-
portion to the slice location and the pitch of the surface.
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2. Scan conditions

Any typical acquisition is suitable for dlice position/sepa
ration determinations.

3. Analysis

The midpoint of the FWHM of the dlice profile in the
image of interest is determined. (Fig. 5). The distance (D)
from the profile midpoint to a landmark (alignment rod)
which remains stationary from slice-to-slice (paralel to the
slice selection direction) is measured and related to the slice
position (O). For a 45° ramp, the distance from a centered
reference pin to the slice profile midpoint will be equal to the
dlice distance from the magnet isocenter if the phantom is
accurately positioned with the crossover point of the ramps
located at the isocenter. For any relative ramp angle (Q) the
dlice offset position (O) will be given by

0=D /tan (Q/ 2).

All measurements should be made along the line defined
by the magnet isocenter and the centers of the imaging
planes.

D. Action criterion

Comparison of external position marker should generally
agree with the actual slice position within + 2 mm. Slice
separation disagreement should typically be < 20% of the
total slice separation or £ 1 mm, whichever is greater.
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Fic. 5. Slice position (offset) and separation may be determined using a
phantom similar to the dice-thickness phantom (Fig. 4). Slices taken at
different locations (0, ) (dlices I-3) in a multislice sequence will produce
images of the ramps which are progressively further from the aignment rod
(D). The distance D is measured in the image and then related to the true
dlice location (O) from the isocenter.
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X. IMAGE ARTIFACTS
A. Definition

Phase related errors are defined in terms of inappropriate
(either increased or decreased) image signal at specified spa-
tial locations. Generaly, these artifacts are characterized by
increased signal intensity in areas which are known to con-
tain no signal producing material. Commonly called
“ghosts’, errors in the application of phase-encoding gradi-
ents for imaging and errors in both rf transmit and receive
quadrature phase, result in unique ghost artifacts. A “dc-
offset” error is defined here as high-intensity or low-intensi-
ty pixels at the center of the image matrix due to improper
scaling of low-frequency components (typically dc) in the
Fourier transformation of the NMR time-domain signal.

B. Factors affecting phase related artifacts

(i) Phase encoding gradient instability, (ii) quadrature
phase maladjustment in the synthesis of dice selective rf
pulses (transmit error), and (iii) improper quadrature
phase decoding on receive.

C. Methods of measurement
1. Phantom

A typical phantom design is illustrated in Fig. 6. It con-
sists of a single signal producing cylinder (2-5 cm) located
at an asymmetric location, typically on the periphery of the
field-of-view at a 45° orientation. The phantom thickness
should be approximately twice the dlice thickness being
used. Orientation markers are particularly beneficial for this
phantom.

Top View

True Ghost

Object T 1
(7{;\ O

{ 5

{ H

HIN H

[, i
\u/w |

Receive Ghost
(centered slice)

Phase Errors
Phase Encoding

Transmit Ghost
(off-set slice)
Direction

Fic. 6. A typica phantom for quadrature error detection consists of a single
signa producing cylinder (labeled “true-object”) located at an asymmetric
location, e.g., a the periphery of the field-of-view at a 45° orientation. The
size of the cylinder is not critical and may be as large as 2-5 cm in diameter.
Marker sources are important for orientation information. Phantom diame-
ter (D) should be at least 10 cm. Phantom thickness (L) should be at least
two times the maximum slice thickness.
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2. Scan conditions

Any typica multislice sequence may be used. Separate
scans must be made to assess both transmit and receive er-
rors if a phantom similar to the phantom in Fig. 5 is used.
More complex volume phantoms may be designed in which
both transmit and receive errors may be assessed with a sin-
gle-scan sequence. The scan for assessing receive quadrature
errors is made with the phantom placed at the magnet iso-
center with the central slice of the multislice sequence pass-
ing through the phantom. The same scan may be used to
assess both dc-offset and phase encoding errors. The scan for
assessing transmit quadrature errors is made with the phan-
tom placed at a convenient offset dlice position (typicaly +
5 cm from the isocenter slice) with the center slice passing

through the magnet isocenter and an offset slice passing
through the phantom.

3. Analysis

a. Phase-encoding errors. Phase-encoding ghosts will ap-
pear as multiple images (possibly smeared into a column)
originating at the true object position but displaced along the
phase-encoding axis of the image (perpendicular to the fre-
quency encoding direction). The presence of these charac-
teristic ghost images will generaly identify the two axes;
however, the orientations should be verified by the manufac-
turer or operator's manua. Regions-of-interest values are
taken from both the true image and the brightest ghost im-
age. The magnitude of the error (E) is quantified by express-
ing the ghost ROI value (G) as a percent of the true ROI

(M):

X 100%.

6. dc-offset errors. dc-offset errors typicaly appear as a
single bright pixel (sometimes as a dark pixel if overflow or
processing has occurred) at the center of the image matrix.
The existence of this error is assessed visualy.

c. Receive quadrature errors. Receive quadrature ghosts
will be evaluated using the central slice of the multislice se-
guence acquire with the phantom at the isocenter. Receive
ghosts will appear upside down and reversed from the true
signal producing object (object in the upper left-hand corner
will appear as a ghost in the lower right-hand corner). Re-
gions-of-interest values are taken from both the true image
and the ghost image. The receive quadrature error (E) is
quantified by expressing the ghost ROI value (G) as a per-
cent of the true ROI (T).

T

X 100%.

d. Transmit quadrature errors. Transmit quadrature
ghosts are evaluated using images acquired in multislice
mode in which the phantom is placed at a location offset
from the isocenter. A transmit ghost appears in the dlice
located in the opposite offset direction at a distance equa to
the distance at which the true object is located from the iso-
center (mirror image from the isocenter). The ghost and
true object image will be located at the same relative posi-
tions in their respective images. For example, a true object
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located in the upper left-hand corner at a distance of + 5 cm
from the isocenter will produce a transmit quadrature ghost
in the upper left-hand corner of the image at - 5 cm. ROI's
taken over the true object and the ghost are used to deter-
mine the percent error (E).

(T—G)

E= X 100%.

D. Action criterion

Phase related errors should typically be < 5% of the true
signal value. dc-offset errors should not be present in images
from a properly functioning system.

Further information on MRI quality assurance methods
and phantoms may be found in the scientific literature (7-
38).
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