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A Quantitative Approach to Sequence and
Image Weighting
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Abstract: Weighting is the term most frequently used to describe
magnetic resonance pulse sequences and the concept most commonly
used to relate image contrast to differences in magnetic resonance tissue
properties. It is generally used in a qualitative sense with the single tissue
property thought to be most responsible for the contrast used to describe
the weighting of the image as a whole.

This article describes a quantitative approach for understanding the
weighting of sequences and images, using filters and partial derivatives
of signal with respect to logarithms of tissue property values. Univariate
and multivariate models are described for several pulse sequences in-
cluding methods for maximizing weighting and calculating both se-
quence and image weighting ratios.

The approach provides insights into difficulties associated with qual-
itative use of the concept of weighting and a quantitative basis for as-
sessing the signal, contrast, and weighting of commonly used sequences
and images.
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he term weighting is used as a label to describe clinical

magnetic resonance (MR) sequences and images and a con-
cept to understand the source of signal differences (or contrast)
seen on images. The concept is almost always used qualitatively
and describes the relationship between (1) MR tissue properties,
(2) pulse sequences, and (3) image contrast (Table 1). A pulse
sequence or image is said to be weighted for a tissue property
(TP; eg, mobile proton density [p.], Ti, and T,) when the
difference or the change in that property is thought to be the
most important source of contrast on images produced by that
sequence. Contrast is the difference (or normalized difference)
in signal between 2 voxels or groups of similar voxels on an
image. It may be intrinsic between normal and abnormal forms
of the same tissue or extrinsic when it involves 2 different tissues
or fluids.

Although the term weighting is very commonly used in
clinical MR, relating image contrast to differences in tissue
properties based on the designated weighting of sequence or
image may not be straightforward. An image may be described
as T-weighted, but only part of it may, in fact, be T,-weighted.
Other parts may be T,-weighted, p,, weighted, or have no
weighting at all. Even if all the parts of an image are T,-
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weighted, different tissues and fluids shown on the image may be
T;-weighted to different degrees, from zero to a maximum. In
addition, signal levels are not a particularly useful guide to image
weighting. For example, both high and low signal levels may be
associated with little or no T, or T, weighting.

There are other difficulties. The term weighting is applied
to both sequences and images, and the weighting of a sequence
may differ from that of the image produced by it. For example,
pm Weighted spin echo (SE) or fast SE sequences are frequently
used to produce T;-weighted images of the brain.

When a sequence is used to examine a different tissue or
fluid, its weighting may change from that for the original tissue
or fluid, but the weighting attributed to the sequence in the first
application is frequently retained to describe its use in the second
application. For example, sequences used to examine the knee
are frequently described by the weighting they would have had if
they were used to examine the brain. This is unfortunate because
the sequence weighting for tendons and ligaments in this situ-
ation is usually different from that for gray or white matter.

In other situations, the designated weighting of the se-
quence may not be the greatest source of contrast. For example
diffusion-weighted sequences are often more T,-weighted than
diffusion weighted. Sometimes the weighting of a tissue or fluid
may be of relatively minor importance. Other strategies such as
maximizing or minimizing signal from 1 or more tissues may be
more significant, and this may be achieved when the sequence
weighting for the particular tissue or fluid of interest is very low
or zero, although sequences used for this purpose are usually
described by their weighting. These problems add an extra
dimension of difficulty to a subject that is already complex.

Some of the difficulties with the concept of weighting are
longstanding. More than 20 years ago, the American College of
Radiology subcommittee on nuclear magnetic resonance
nomenclature and phantom development decided not to list the
terms T weighting and T, weighting in its glossary of MR terms
on the grounds that they were ambiguous and confusing.' More
recently, Elster and Burdette® have described T weighting and
T, weighting as among the most overused and least understood
concepts in MR.

Despite these difficulties, the concept of weighting is one
of the most important in MR imaging because it relates contrast
on images to differences or changes in tissue properties, and the
effects of disease are understood in terms of the changes they
produce in these properties. As a result, weighting provides an
essential link between observed contrast in disease and the
pathologic processes believed to be responsible for the contrast.

The purposes of this article is to describe weighting in
quantitative terms (rather than the qualitative approach routinely
used in clinical practice) and to show that this approach can be
used to assess signal, contrast, and weighting of pulse sequences
and images in everyday use. This approach helps resolve many
of the difficulties associated with the qualitative use of the con-
cept and provides insights that may not otherwise be apparent.
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TABLE 1. Tissue and Fluid Properties, Pulse Sequences, and Image Features

Tissue and Fluid Properties

Pulse Sequences and Their Parameters

Image Features

Pm Spin echo (TR, TE) S, signal
T, Inversion recovery C.,b, absolute contrast, AS
T, (TR, TL, TE...) Cy, fractional contrast,A—SS

D*, apparent diffusion coefficient
8, chemical shift

X, susceptibility

Flow

Perfusion

Spoiled gradient echo (TR, TE, D*...)

CNR = Lu Cr and o is the SD of noise

g’ o

Pulsed gradient spin echo (TR, TE; oc)

Balanced steady state free precession (TR, TE, o<....)

Tissue Properties

As an initial step, it is helpful to review some features of
normal values of tissue and fluid properties (eg, pm, T1, T2, %, and
D*) that are frequently encountered in clinical practice. Nor-
mal values of some of these properties cover 3 to 4 orders of
magnitude, and so it is helpful to display them on a logarith-
mic scale that compresses the range and lends itself to the
use of fractional differences such as % » 4%, and 4 to describe
changes. i

pm (mobile p,,) means the density of protons (or spin den-
sity) with T, values long enough to be detected with clinical
MR systems. In the past, the lowest level of detectability cor-
responded to a T, of approximately 10 ms. Now, the minimum
value of Tj is probably 0.1 or 0.2 ms using ultrashort echo time
(UTE) pulse sequences with (nominal) TEs as short as 8 micro-
seconds. The p, of bone is approximately 15% to 20%; meniscus
and cartilage, approximately 50% to 70%; soft tissues, approxi-
mately 70% to 90%; and relatively pure fluids, very close to
100%.The relatively large difference (approximately 10%) in p,,
between gray and white matter is because white matter contains
more immobile or bound (MR-invisible) protons with very short
T, values associated with myelin sheaths. The chemical proton
densities (which includes all protons) of gray and white matter
are similar.

Quite frequently, what is observed are populations of
protons with different MR properties. In some areas, the ob-
served signal may reflect the weighted sum of the 2 com-
ponents. The observed effect may also represent the complex
sum including the effect of differences in phase between
different components. In addition, the observed TP may not
just reflect the property of the tissue but other factors such
as inhomogeneity of the magnetic field, pulse sequences that
effect different components of the tissue or fluid magnetiza-
tion in different ways, and magnetization exchange between
the different components.

The pattern for mean T, values generally follows that
for py,, with the shortest mean T, values being those of corti-
cal bone (130-200 ms at 1.5 T) and the longest being those
of cerebrospinal fluid (CSF) and joint fluid (approximately
4000 ms). Fat has a short T; (eg, 250 ms at 1.5 T). Contrast-
enhanced blood may have a T, as short as 15 to 20 ms.’

In general terms, the pattern of mean T, values follows
that for p,, and T;, with T, being the shortest for cortical bone
(0.4-0.5 ms),* followed by that of tendons, ligaments and menisci
(2-8 ms),5 soft tissues, and fluids. Because of issues associated
with measurement, widely varying values are quoted for the T,
values of fluids such as CSF extending from 2000 to 3000 ms
down to approximately 200 to 300 ms. Values for tissues and fluids
and the ratio of % are shown for some common tissues in Table 2
(for 1.5 T).
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Mean values of D* follow the same general pattern but with
the important addition of anisotropy, with white matter having a
higher D* when its fibers are parallel to the gradient field than
when its fibers are perpendicular to this field.

Values of T, tend to increase with static field strength (B,)
approximately to the power of 0.3 or 0.4, whereas T, values tend
to decrease but to a lesser extent.*” More detailed values of
tissue properties are available in the MR imaging literature.
Normal tissues are usually described as showing differences
in tissue properties, whereas acquired differences are usually
described as changes.

There are also other tissue and fluid properties of impor-
tance including flow, perfusion, T,p, and stiffness that are not
dealt with here for reasons of space.

The SE Sequence (Univariate Signal Model)

The SE Pulse Sequence as a Combination of 3 Filters

The SE sequence consists of a 90-degree pulse, followed by
a 180-degree refocusing pulse and a data acquisition at time TE
after the 90-degree pulse for conventional SE sequences and TE
effective (TE.g) for fast SE sequences, with the cycle repeated
after repetition time (TR). It is common to explain contrast in
tissue or fluid longitudinal magnetization followed by transverse
magnetization plotted against time with the longitudinal
magnetization becoming transverse at the time of the 90-degree
pulse (Fig. 1). Contrast is represented by the difference between
the 2 curves at time TE or TE.q, including the effect of vari-
able refocusing flip angles.® Although this general approach is
useful for explaining signal and contrast, it is much less help-
ful for understanding the weighting of the sequence and the
resulting image.

From the Bloch equations, the simplified signals for SE or
fast SE sequences is given by

TR TE
R
S=kp,|1—e e or
TR eff
- -
S=kp,|1—e e . 1]
This can be written as
S=kS,_S.S., 2]
with
T, T,
S, = Pm» S,=1—e¢ ™, § =e ™
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TABLE 2. Values of pm, T1, Ta, %,and D*
1
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S,..» St,, and Sr, are the signals for the separate segments
of the equation for each of p,, T}, and T,. T, is scaled relative
to TR, and T, is scaled related to TE (or TE.g). If instead of
plotting signal or magnetization against time as in Figure 1 we
plot the signal S, against the natural logarithm of T; (InT;) and
St, against InT, for the fixed times of the sequence TR and TE
(or TE.s), we obtain the curves shown in Flgures 2A and B.
These are of the formy =1 — ¢ ~ and y = e x because the
variables are T; and T, for the many different tissues that
may be seen on an image rather than the more familiar forms

© 2010 Lippincott Williams & Wilkins

y=1—e ™ and y =e %, which describe the recovery of

longitudinal magnetization and the decay of transverse magne-
tization with the variable being time, and T, and T, are fixed for
each tissue as shown for 2 tissues in Figure 1.

The curves shown in Figures 2A and B have the shapes of
a low-pass filter (low/short values of T, pass are not reduced,
whereas high/long values of T, are reduced) in Figure 2A and a
high-pass filter (high/long values of T, pass and low/short values
of T, are reduced) in Figure 2B. Increase in TR shifts the filter
in Figure 2A to the right, similar to a sliding window. Increase
in TE or TE. also shifts the filter in Figure 2B to the right.

We can now see the difference in 51gnal (or contrast) ASr,
that results from a difference A In Ty = (for small values of A)
between 2 tissues P and Q (F ig. 3). The contrast depends on the
slope of the curve and the size of the fractional difference AlnT}.
In addition to the central sloping region, the curve has high and
low signal plateaus where its slope is zero or close to zero. The
change or difference in T; (or AlnT)) in these regions produces
little or no change in signal and therefore little or no contrast.

The sequence weighting is given by the slope of the curve,
and this is shown in Figure 4B. The slope is zero or nega-
tive and reaches a minimum (maximum negative value) at the
point where % = 1. This is the point of maximum contrast
or weighting. The curve in Figure 4B extends both to the right
and to the left of this point, showing that there is significant
weighting away from the maximum value and that this is greater
to the right (at multiples of %) than to the left (at fractions

-

Tl%he same general principles apply to the T, curve except
that it has a positive slope (Fig. 5). Change in InT, (AlnT,)
produces a change in signal ASt, (or contrast) when this cor-
responds with a sloping region of the filter. However, little or no
change in signal is produced by a change in InT, in regions
corresponding to the high or low signal plateaus. The slope of
the filter, which is the first partial derivative of signal with
respect to InT,, shows a maximum value at - = 1 or 5=« = 1,
with the curve greater on the right than on the left (as Wlth the
T, filter; Fig. 6B).

The final filter for the SE sequence is that for py,. It would
be a straight line if a linear x-axis scale was used, but because of
the Inp,, scale along the x-axis, it is exponential (Fig. 7).

90°Pulse
M,/ My
P
Q
Q
P
TR <—TE —> time

FIGURE 1. Composite diagram for the SE sequence. This shows
recovery of the longitudinal magnetization (M,) for time TR,
followed by decay of the transverse magnetization (M,y)

for time TE after the 90-degree pulse of the SE sequence, for 2
tissues P and Q. Signal is proportional to M, at time TE, and
the contrast between 2 tissue is proportional to the difference
between the 2 curves (vertical line) at time TE.

www.jcat.org | 319

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Yokoo et al

J Comput Assist Tomogr * Volume 34, Number 3, May/June 2010

Sty Stz
1.0 1 1.0 7

0 InT, 0 InT,
A B

FIGURE 2. Plot of Sy, against InT; (A) and St, against InT; (B) for given values of TR (A) and TE (B). The curves have the
appearance of low- (A) and high-pass filters (B). Both curves are sigmoid with high and low signal plateaus, as well as the
sloping regions between them. Short T, values give a high signal in (A), and long T, values give a high signal in (B). Increasing

TR in A or TE in B both shift the curves to the right.

Mathematical Formalism

In the situation where only one of S, , S, or Sy, differs or is
varying (the univariate signal model), the contrast (difference in
signal, AS) between 2 tissues produced by a small difference in
one of the tissue properties, Ap,, AT}, or AT, alone, is given by

, 3,
AS, =K —"m .« Ap.. ASy — B AT, AS,
m a m 6 1
"OSt.
— Kk —2 < AT
o, 7 3]

where K’ is used to designate any constant that is different from
k (the symbol ¢ is used to indicate scalar multiplication. It is
not the dot product of 2 vectors). Because it is usual to
thrnk in fractlonal changes in tissue properties and because

= Alnp,,, T L — AlnT,, %*A] nT, (for small A), it is
useful to use a logarithmic scale for tissue properties and to use
the partial derivative of signal with respect to the natural log-
arithm of each TP rather than with respect to the pr )perty itself

as shown previously. Using the identity = ﬁlnx = x2¥ thig gives
, 0S Ap OSr, AT1
ASp, =k —FPm Tm AQ. — kK L
P =% Slnp, by 0 “oInh T
, Sy, AT,
ASy, = i 2 4
P70 mn T 4]

We can then see that for each TP, the contrast produced is
the product of the partial derivative multiplied by the fractional
change in TP.

We can define the sequence weighting sWp for each TP,

with a partial derivative, so that
TR

oS oSy _ _ TR "
W — Pm — W = k’ 1 T
SWen = X Gmp, P ST e T T, ¢

oSy, TE -+
Wr, =K —2=—"e ". 5
SWrT, 6111T2 Tz ¢ [ ]

For the T, component of the sequence, we can put
the second derivative - e oy =0to ﬁnd the point of maximum
change in signal (or contrast) that is at —& = 1. We can also put
5 ml‘ = =0to ﬁnd the TR to maximize Welghtlng fora glven T,
that 1s also at - = 1. This gives us the rule for maximizing
contrast or welghtrng by making —; =

2 A similar reanlg follows for the T, ﬁlter of thTe sequence with
st = 0 and s = 0, which both give <% (or ") =1
To maximize T,- dependent contrast or weighting, we choose

T —
TE (OT TEq/f) =1
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Absolute Contrast and Fractional Contrast

So far, we have only considered absolute contrast (Cy, =
AS), but fractional contrast (Cy, = Ctr = 42 or a variant of this)
is also used in MR imaging. To obtain Cy, we divide Equation 5

by S and obtain normalized forms of the sequence weightings:

TR € !
sWo, st/ =1 sWryse/ep = == —w
1—e U
TE
sWTysg/c, = ENE (6]
2

This is only valid if S, S, , St,, and St, are not zero or
near-zero. The prefix s indicates sequence weighting. The sub-
scripts are given in the order TP/sequence/type of contrast.
More detailed notation for weighting is included in Table 3.

Sequence and Image Weightings

We have mainly dealt with sequence weighting, but image
weighting is the product of the sequence weighting and the
fractional change in TP (Figs. 3 and 5), so the image weightings
(iW) for absolute contrast (Cyy,) are

. Ap
W, /SE/Coy = Pm ® —=,
Pm
W TR 71, AT,
i = —— -
TI/SE/Cab Tl Tl >
. TE 71, AT,
\W% = — e —=; 7
IWT,/SE/Cy T, € T, (7]
and for fractional contrast (Cr),
. A
W, ssejo, = 1¢ Pm’
Pm
_IR
TR e " AT,
iW, =T
PV /SE/C T _TRoT,
l-e T
. TE AT,
W = ——— 8
IWT, /SE/Ch: T, T, (8]
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< >
0 AlnT, InT,
FIGURE 3. Relationship between change in InT; (AlInT; = %
for A small) and change in signal (or contrast; ST]) The difference
AlInTy produces a change in signal ASy, in a region where the
curve is sloping. Change in InT; would produce little or no signal
difference (or contrast) in regions corresponding with either the
high or the low signal plateaus of the curve.

As before, the univariate model means that we are only
dealing with difference or change in one of S, Sy, or St, at a
time, with the other 2 signal functions constant

For change in T alone, we want St, = e T to be constant.
If L & is high as for long values of T, and short TEs, Srt,, is
nearly equal to 1 on the right side of the T, filter (Fig. 2B) and
therefore constant or nearly constant. If in addition 32 = 0, so
that only St, changes, we can use the univariate model where
maximum contrast is achieved at %‘{ = 1. If we are interested
in the change in T, alone we want St, to be constant and
approximately equal to 1 ( ﬁa low, T short), with Ap"‘ = 0. Then
with only St, changing, we can use the unlvarlate model for
T, changes and maximize weighting using the rule
% or TT” = 1. Pulse sequences are frequently designed to
minimize the weighting of one of St, or St, and maximize the

T/ — InT,

-1.0

B T/R =1
FIGURE 4. Plot of Sr, agalnst InT, al T against InT; (B).
The slope of curve (A) is shown in (B) where it Is zero or negative.
It is the sequence welghtlng The slope reaches a maximum
negative value at Tt = 1, which is at 15 — e 1=63% of the
maximum signal in (A). The curve of Ty T‘ (B) is flatter and extends
further to the right of the point of maximum slope compared with
the left of this point. The sequence welghtlng is greater at
multiples of TT‘R than at fractions of 1 TR

InT,

© 2010 Lippincott Williams & Wilkins

s
107
Q

»~

AS;,

s P

0 < >

AlnT, InT,

FIGURE 5. Plot of St, against InT, for 2 tissues, P and Q.

The difference AInT, produces a difference in signal

(or contrast; ASy,) when it corresponds with a sloping region

of the curve. Little or no difference in signal would be produced by
AInT; if it was opposite either the upper or the lower flat regions of
the curve.

other, and quite often, p”"’ is very small or zero. In these circum-
stances, the univariate model provides a reasonable approach.

The SE Sequence (Multivariate Signal Model)

In the previous section, we dealt with the situation where
only 1 of S, , St,, or Sr, varied. However, the more general
situation is where all 3 tissue properties, p,, T, and T,, differ
or change. This is treated in the same general way as for the
univariate model, but instead of deriving functions for change of
each TP alone, we derive a weighting ratio that is the ratio of the
individual weightings to the sum of the magnitudes of all the
weightings. This measure includes all 3 properties and quantifies
the contribution each property makes to the overall sequence or
image weighting.

Stz
1.0 -

0.374
A0 >
5., InT,
oInT,
1.0 -
B InT,
FIGURE 6. Plot of S, agalnst InT, (A) and (;InTTZZ against InT (B).

The slope of the curve in (A) i |s shown in (B). Itis zero or posmve It
goes through a maximum at =1 where the signal level is 37%
of the maximum in (A). The curve is flatter and extends more to the
right of the point of maximum slope than it does to the left of

this point.
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pm

0 1.0 Inp,,

FIGURE 7. Plot of Spy, against Inp,,. The logarithmic scale
compresses high values of p.,,, and so the curve is steeper on
the right.

From Equation 2, providing that none of S, S, , St,, and
St, are zero or near-zero, we can define the sequence weighting
ratio sW (which is the relative contribution of each TP to the
overall sequence weighting) as

_ IR
_ TR e " TE
T1 BT

1—e

sWse(p:T1:T2) = | 1: 9]

For the corresponding image weighting ratio, iWgg
(pm:T1:T,), we simply multiply each component of the sequence

weighting ratio by the relevant fractional change in TP, Apﬁ, AT—T]‘
and 4 so that "
2
TR
Ap TR e ™
iW, TiT)=|1—: ————
iWsk (P T1:T2) . T, ~ TR
I—e T
AT, TE AT
Rl Pt D [10]
T, T, T

Within the limits proscribed (no zero or near-zero signals),
this describes the contribution of each TP to image weighting in
quantitative terms. The total image contrast is the sum of the
image weightings for each TP. For the non-zero values described
previously, the weighting ratios are independent of the type of
contrast, whether absolute (Cyp,) or fractional (Cg).

The contribution of all tissue filters to image weighting is
shown in Figure 8. The fractional difference in each TP, APL, ATL,
and AT—TZZ is multiplied by the slope for each filter to give the
difference in signal between 2 tissues or fluids P and Q (or the
contrast AS, , ASt,, and ASt,) produced by each TP. Signals
for each TP are multiplied together to give the overall signal for
each of P and Q. The difference or contrast between them is
shown in the center of the figure. The image weighting ratio
iW(py,:T1:T2) can be calculated from the normalized partial
derivatives and the fractional differences in tissue properties as
shown in the lower part of Figure 8.

Table 4 shows a worked example for an SE sequence
based on the data for white and gray matters of the brain from
Hendrick® for a T;-weighted image obtained at 1.5 T. Normal-
izing by the magnitude of the signals and using percentages,
the sequence weighting ratio sSWgsg (pm:T1:Ty) is (51: —30:19).
In qualitative terms, the sequence would be described as py,
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weighted (because p,, is the greatest source of contrast), but
the image weighting ratio, iWsg (pn:T1:T2) is (27: —61:12). This
shows that the image would be described as T;-weighted using
the qualitative approach of naming the sequence by the TP which
is the main source of contrast. Thus, in qualitative terms, a p,-
weighted sequence has been used to produce a T,-weighted
image. The greater p,, weighting of the sequence is overcome
by the greater fractional difference in T, to give the greater T,
weighting on the image. The magnitude of

TR e

fx)=—

B T, 1—e7n

is less than 1 for finite values of %, so from Equation 9, SE
sequences cannot be T;-weighted (in qualitative terms) because
the T, weighting is always less than (or at most, equal to) the p,
weighting of 1.

A variant of the fast SE technique is half-Fourier acqui-
sition single-shot turbo SE or single-shot fast SE where data
obtained at multiple different TEs are combined, and conjugate
symmetry is exploited to map k-space. The single-shot approach
means that the sequence can be described as having an infinite
TR with, for example, TR 5 to 6 times that of the longest T},
for example, 22.5 seconds (vs the T; of CSF of 4.2 seconds).
This maximizes the T,-dependent signal and reduces the T,
weighting to zero or near-zero for all tissues and fluids. As
a result, fat (short T;) and fluid (very long T,) show similar
high signal levels and have little or no T; weighting. The typ-
ical sequence (eg, TE = 80 ms) is T,-weighted for brain but p,,
weighted for bile or urine when used for MR cholangio-
pancreatography or angiography. The intrinsic contrast (differ-
ence in signal from the normal value) is less important than the
extrinsic contrast (difference in signal from different surround-
ing tissues or fluids) in these later 2 situations.

Although many of the contrast properties of the fast SE
sequence can be modeled using TE.q instead of TE, several
effects arise from the succession of inversion pulses used in the
fast SE sequence. The inversion pulses used for data acquisition
in one slice are off-resonance pulses for other slices. These
pulses may partly saturate the magnetization of the bound nuclei
and so shorten the observed T, and reduce the observed lon-
gitudinal magnetization in the free pool. These effects can be
modeled by using the observed p,, and observed T; in Figure 8.

TABLE 3. Notation for Weighting

s or iWrpsseq/cu or Cn

1. TP, for example, p,,,, Ty, and T, or F (full, for all tissue properties)

2. The TP is underscored if it is the only TP that varies as with the
univariate model. There is an option for each TP to be
absolute or fractional. Because only fractional tissue properties
are used in this article, this difference is not specified

3. Sequence (SEQ), for example, SE (or fast SE), IR, PGSE, SGE,
partial sequence (form of MP, etc), or other filter. There are 2
options for the partial derivative, that is, linear or logarithmic. We
have used logarithmic throughout and so do not distinguish
between these 2 options

4. Cyp and Cy; are the absolute (ab) and fractional (fr) contrast options
s or i is sequence or image weighting options, respectively

5. Sequence and image weighting ratios are shown in the form sWggq
(TP] ITPzﬁTP3. . ) or IWSEQ (TP] :sz:Tp3. . .), where TPI’ 2...
are different tissue properties

6. Other forms of weighting, for example, acquisition or post
acquisition, can be indicated by a prime superscript, for example, W’
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FIGURE 8. Sequences of SE and fast SE and image weighting for 2 tissues, P and Q. This shows how the fractional differences in each

AT,
1T,

TP, 20n

and ATZZ are multiplied by the slopes of each filter in turn to give the signals for P and Q along the respective S, , St,, and

St, y-axes in the top row. These signals are then multiplied together to give the overall signals and contrast (difference in sngnal)
shown on the S-axis (y-axis) at the center. The corresponding calculations for the image weighting ratio iW(p,,,:T1:T2) are shown below
where each normalized partial derivative is multiplied by the corresponding fractional change in TP to give the relative contributions
of each TP to the contrast between P and Q shown on the y-axis at the center of the image.

The Inversion Recovery Sequence

The inversion recovery (IR) sequence has 2 components
controlling T, weighting. One, TR is similar to the situation for
the SE sequence, and the other follows the inversion pulse. If
TR is much greater than the tissue T}, the first T, filter allows
virtually full recovery of the tissue longitudinal magnetization,
and the overall T, is controlled by the inversion filter of the
sequence for which the signal equation is

_m
Sr,=1—2 T, [11]

where TI is the inversion time. The St, component is the same as
for the SE or fast SE sequence.

© 2010 Lippincott Williams & Wilkins

In the first part of this section, we consider the common
long TR version of the IR sequence. The T, filter for this
sequence has twice the range (from +1 to —1) and twice the
slope of the corresponding segment of the SE sequence
Fig. 9A). It also passes through zero with a null point where
él — 2e” Trl) =0, and T‘l = 1.44. Images can be reconstructed in
either phase-sensitive (Fig. 9A) or magnitude form, where the
signal beyond the null point is reflected across the x-axis
(Fig. 9B). In the later case, the magnitude of the signal is the
same, but the sign is positive (rather than negative).

We can illustrate the 3 main classes of the long TR-IR
sequence'® by starting with a short TI and increasing this para-
meter using white and gray matters as fixed reference tissues.
In Figure 10A, we have a short 7 inversion recovery (STIR)
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TABLE 4. Normal White and Gray Matter, Worked Example (SEtg/re = 600/20 ms Sequence)

Pm T, T,
White matter 0.61 g/mL 510 ms 67 ms
Gray matter 0.69 g/mL 760 ms 77 ms
A 0.08 AT 250 AT 10
TP fractional difference P _ 270 _ 1304 L= =49% S 15%
(relative to the white matter) Pm 061 T 510 T> 67
T T
Signal Stp (% maximum signal) Sy = pm = 61% T—‘R =0.85 T—; =030
_IR _IE
Sp=(1-¢ ") = 69% Sp,=e = 74%
—TR
e——
TR TE
Seque\;l]ce weighting, sW,, /se/c, = 100% sWr, jse/cp = T % = —36% sWr, sse/c, = T, 22%
SWTP/SE/Cp (1—c T, )
Sequence weighting ratio, 51% —30% 19%
sWsk (pmT1:T2)
A AT AT
Image weighting, iW, =sW, * =P =51 x13=663 iWy,=sWr, * T L= _30%x49=1470 W, =sWr,* = 2_19x15=285
W w ATP P 1 2
1 =5 .
™ ™ Tp
Image weighting ratio, 27% —61% 12%

iWsp(pm:T1:T2)

sequence with the white matter signal less than that of the gray
matter. In Figure 10B, we have a medium TI sequence with the
white matter signal greater than that of the gray matter, and in
Figure 10C, we have a long TI or T,—fluid-attenuated inversion
recovery (FLAIR) sequence with both the white and gray matter
high signals. The signal from the white matter is slightly greater
than that from the gray matter.

In the multivariate approach, the positive contrast of the
STIR sequence using magnitude reconstruction is combined
with the positive contrast of the p,, and T filters to give addi-
tive high contrast. With the medium TI sequence, TE or TE g
is usually reduced to minimize the opposed T, weighting. The
T, contrast is usually high. With the T,-FLAIR sequence, the
slightly greater signal from the white matter compared with that
from the gray matter tends to counter the opposed contrast from
Pm, giving a net low contrast background for the brain against

which high signal lesions produced by the sequences with heavy
T, weighting and the increased T, of lesions can be seen.
Although the T,-FLAIR sequence has heavy T, weighting, it
also often has a 10-20% residual opposed T;-weighting Plots of
St,, the first and normalized first partial derivatives, are shown
in Figure 11.

It is possible to shorten TR so that both TR and TI affect T
contrast. One example of this shorter TR-IR sequence is the
balanced inversion recovery (BIR) sequence with &£ = 2. This
is similar to the T;-FLAIR sequence.!! The filter for the BIR
sequence is shown in Figure 12, where it lies between that of
the long TR-IR sequence and that of an SE Sequence. The
BIR/T-FLAIR sequence typically produces contrast that is
greater than that of the SE sequence (ie, it has greater slope)
but less than that of the long TR-IR. The sequence has max-
imum weighting at = = 0.8,

STI
1.0
0.26 R
0 InT, 0 InT,
-1.0° -1.0
A B

FIGURE 9. Long TR-IR sequence T; filters with phase-sensitive (A) and magnitude reconstructions (B). The curve in (A) has high and
low signal plateaus with a sloping region between. It has twice the range (+1 to —1) and twice the slope of the corresponding SE T,
filter. The curve in (B) is the same as that in (A) up to the zero or null point. Beyond this, the curve in B is a mirror reflection across the

x-axis (InT;) of the curve in (A).
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STI STI STl
1.0 1.0 1.0 1

FIGURE 10. Plots of S1, against InT, for short Tl (A), medium Tl (B), and long TI (C) for the long TR-IR sequence. The positions

of the white (W) and gray matters (G) of the brain are shown. In (the STIR sequence), the signal from the white matter is lower

than that from the gray matter. In (B) (the medium Tl sequence), the signal from the white matter is higher than that in the gray matter,
and in (C) (the long Tl, eg, T,-FLAIR sequence), the signal from the white matter is slightly higher than that from the gray matter.

These are the 3 main classes of the long TR-IR sequence.

olnT,

oInT,;

InT,

.

T

FIGURE 11. Plots of ST“ a/nT , and Sr aInT

In T, 0

against InT; with phase-sensitive reconstruction (left column) and St,, ﬂnT , and
against InT; with magnitude reconstriiction (right column; long TR-IR sequence). Null points are linked vertically. Note that the

normalized partial derivatives (bottom row) becomes infinite at the null point.
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St
1.0 7

0 In T,

-1.0°

FIGURE 12. Plots of Sy, against InT; for the long TR-IR
sequence (phase-sensitive reconstruction) (A), the BIR sequence
(B), and the SE sequence with TR equal to the Ty used previously
(C). The slope of the curves decreases from A to B to C,
corresponding to a decrease in weighting.

The signal equation of the BIR sequence is

_TIN2
SBIR = (1_6 T‘) .

The sequence weightings for absolute and fractional con-
trasts are

[12]

1 T\ T
sWr,/BiR/c,, = "k T{1—e ' ]e " and [13]
%

A A
l—e—T

The full signal equation of the IR sequence also includes
the contributions from p,, and T,, as outlined for the SE se-
quence. The overall pattern can be represented in a similar way
to Figure 8 but with the use of the BIR Sy, filter rather than
the SE Sy, filter.

Signal for the double inversion recovery sequence as used
for nulling both the white matter and the CSF,'? which shows
high contrast for small increases in the T; of white and gray
matter, is seen in Figure 13.

0 C InT,

F W G
FIGURE 13. Double inversion recovery sequence. S, is plotted
against InT; for fat (F), white matter (W), gray matter (G), and
CSF (C). Both the white matter and the CSF are nulled. For small
increases in the T; of the white and gray matter, there is an
increase in signal that is additive with any concurrent increases in
pm and T, resulting in high contrast.
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The Pulsed Gradient SE Sequence

This sequence is used to obtain D*-weighted images. The
signal equations are those of the basic SE sequence (Equations 1
and 2) multiplied by a fourth filter, Sy« given by

Sp. =e °P7, 14]

where b is the diffusion sensitivity parameter and D* is the ap-
parent diffusion coefficient. The pulsed gradient SE (PGSE)
sequence uses gradient pulses on either side of the 180-degree
pulse to sensitize the sequence to diffusion. The b value for such
a sequence is given by b = y*G%3> (A — g), where vy is the
gyromagnetic ratio, G is the gradient strength, & is the duration
of the sensitizing pulses, and A is the separation between them.
A useful approximation is to consider the situatign, where the
gradient is on continuously, when b would equal 222X In this
situation (which is close to that often used clinically for max-
imum b value images), the diffusion sensitivity depends on TE.
As a result, we have a single-pulse sequence parameter TE that
affects both the T, and the D* weighting.

S
1.0 1

as,, In D*

In D*

Sp. 0ln D*

In D*
FIGURE 14. Plots of Sp, 22 and % L5 against In D* for
the PGSE sequence. Sp- is an exponential function. The partial

derivative shows a minimum at bD* = 1 (vertical dotted line).
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The diffusion filter is shown in Figure 14. It is a negative
exponential but has a shape similar to that of the SE T, filter as
a consequence of the logarithmic scaling of the x-axis. The
contrast is negative, and it is opposed to that for TE. The first
partial derivative shows that weighting goes through a maxi-
mum at pD* = 1. With increasing TE, the curve is shifted to
the left that is opposite to that for the SE T, filters. The signal
from both the T, and D* filters decreases while TE is increased.
With a typical D*-weighted sequence (SEtr/tg = 5000/150 ms,
b = 1000 s/mm?), as that used to examine brain with
T, = 1000 ms, T, = 80 ms, and D* (gray) = 0.7 x 10> mm?s,
the sequence weighting ratio is given by

TR ¢ " TE
SWpGsk (P T1:T2:D*) = 1:—T—1T:— —bD*
l—e "
= (31:—1:46:-22) [15]

Although such a sequence is usually described as diffusion
weighted using the qualitative approach, the dominant sequence
weighting is actually from T, (46%) compared with the —22%
for diffusion. The T, and D* weightings are opposed (ie, they
are of opposite sign). In acute or hyperacute infarction during the
m1t1a1 phase, only D* may change (with a decrease, ie, negative
—) This can be modeled with the univariate signal approach
Because of the negative D* sequence weighting and negative = =
this results in a high signal. Over time, T, usually increases, and
this change contributes to contrast, making the multivariate
model necessary (Figs. 15 and 16). It may not be obvious which
of D* or T, is contributing most to contrast. In the later stages of
infarction, D* usually increases, resulting in contrast opposed to
that produced by T,. This D* weighting is usually dominated by
the T, weighting, resulting in a high signal relative to a normal
brain. D* maps may help by showing actual values of D¥*,
providing that the image signal level is adequate to allow cal-
culation of reliable values.

FIGURE 15. Three-dimensional plot of § against InD* along

the x-axis and § against InT, along the y-axis. S is shown vertically
along the z-axis. Detectable signal is seen at lower values of D*
and at longer values of InT,. Signal is low or zero at higher
values of D* and shorter values of T,.
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—

In D*

FIGURE 16. Plot of InT, against InD* with contours at different
horizontal levels (from Fig. 15). A trajectory for acute cerebral
infarction starting at P is shown moving horizontally to the left
to Q (reduced D*), with subsequent movement vertically to R
(increasing T3) and horizontally to the right to S (increasing D*).
The signal at point P is lower than that at point Q.

The sequence weightings are

SWD*/PGSE/Cnb:_bD*e_bD* SWD*/PGSE/C{,: —bD*. [16}

Diffusion-weighted sequences are frequently used with
echo planar imaging data collections. These can be modeled
using TE.g. They also usually include a » = 0 (or in practice,
approximately 5 s/mm?”) sequence that has an Sp~ filter that is
essentially flat and equal to 1.

InT,

B InT,

FIGURE 17. Plots of Sy, (A) and gl ’T‘ (B) against InT; for flip
angles («) of 90, 70, 50, 30, and 10 degrees for the SGE sequence.
As the flip angle is decreased from 90 degrees In (A), the slope
of the curve on the left decreases. At 10 degrees, the curve is
flat over an extensive region on the left. (B) shows the weighting.
As the flip angle decreases from 90 degrees, the magnitude of
the weighting decreases and the value of Ty for maximum
weighting increases.
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The Spoiled Gradient Echo Sequence

Gradient-echo sequences can be divided into (1) spoiled
gradient-echo (SGE), (2) steady state with free induction decay
sampling, (3) steady state with SE sampling, and (4) balanced
steady state free precession (bSSFP), although different sys-
tems of classification are used.!>'® In this section, the SGE
sequenceng is considered, and in the next section, the bSSFP
sequence is described. For the SGE sequences, the signal for
the Sz, filter is similar to that for the SE equation with the
addition of a flip angle («) term so that

K'si -2
S5, = sina_ (l—e )

1— cosae

The filters for flip angles of 90, 70, 50, 30, and 10 degrees
for a given TR are shown in Figure 17. As the flip angle
decreases, the signal and the slope decrease on the left, although
signal may increase on the right. The slope of the curve is shown
in Figure 17 where it goes through a maximum. These curves
can be displayed parallel to the x (InT;) axis in a 3-dimensional
form as in Figure 18. Along lines parallel to the flip angle («)
axis (the y-axis), there is a maximum signal for a given T). This
is obtained by putting Z—i = 0, which gives the Ernst angle for
maximum signal o, where

[17]

- 18]

The flip angle for maximum contrast, ., is obtained by

putting 5lnT|Sao< = 0 for which

Tv
cosag =¢€ .

TR

TR
2¢ " -1 -7
cosoc=—-"-"€ .

17267?

[19]

Plots of ag and ac are shown in Figure 19 where the flip
angle for maximum contrast is greater than that for maximum
signal. For given values of T, and TR, Figure 19 provides values
of flip angles to maximize contrast or signal.

St
{
1.0

FIGURE 18. Plots of Sy, against InT; along the x-axis and Sr,
against « along the y-axis with Sy, vertically along the z-axis

for the SGE sequence. The plots of St, against InT; parallel

to the x-axis shows variation in St, with InT; at constant flip angle
as in Figure 16A. The plots parallel to the y-axis () represent Sy,
plotted against «, with the maximum signal cosas =e¢ 7TL1R, the
Ernst angle.
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60

Angle (deg)

30+

10°
T,/TR

FIGURE 19. Plots of «s (flip angle for maximum signal) and a.
(flip angle for maximum contrast) against I& for the SGE
sequence. This curve gives values of % to maximize signal

and contrast. The flip angle for maximum contrast () is greater
or equal to that for maximum signal (as). The curves reach a
maximum on the left with low values of % At high values of
%, the flip angles for maximum signal and maximum contrast
converge.

The effect of susceptibility and B, inhomogeneity in a voxel
can be represented by

1 1
— =—+7vAB
where yAB is the field inhomogeneity of the voxel under
consideration due to B, inhomogeneity or susceptibility dif-
ferences. This results in a fractional shortening of T, given by
ATZ o *‘YABTz [21]
T, 1+ yABT, '

The fractional shortening increases with field inhomoge-
neity and with T. It can be represented along the x-axis of the
Srt, curve.

The SGE sequence is also sensitive to chemical shift phase
effects. The signal seen from protons in fat and water is the
complex sum of the 2 contributions and includes phase dif-
ferences developing over time TE. The signal may be repre-
sented with filters of py,, Ty, and T, for each of the water and

[20]

Stary
0.5

0° In T2/TI 0

FIGURE 20. Sequence of SSFP. Plot of S/, against InT,/T, for flip
angles of 90, 70, 50, 30, and 10 degrees. For each flip angle, the
signal increases with InT,/T;.
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fat components by adding them in the complex domain using a
phase filter with a phase difference ¢ given by

¢ =vy3Bo TE,
where & is the chemical shift between the 2 components.

The bSSFP Sequence

The bSSFP sequence balances gradient areas in all 3 axes
over TR and produces a signal that is the sum of free induction
decay and SE contributions.'>'* Here, the signal equation with
alternating sign RF pL}lses is used with some simplifications.
Signal is a function of +* and can be represented for different flip
angles as shown in Flgure 20."°

Weighting is shown in Figure 21 for the =
flip angle for maximum signal («) is given by

22]

T component. The

23]

[24]

These are illustrated in Figure 22. For the common changes
in disease where T, and T, both increase, the ratio 1> may show
relatively little change, and this may result in low intrinsic
contrast.

Magnetization Preparation Filters

Pulse sequences can be regarded as consisting of prepara-
tion, excitation, and data acquisition periods. There may also be
a postacquisition period, and each of these can have TP filters
associated with them. Forms of magnetization preparation (MP)
affecting the first period do not include acquisition modules and
so are used in conjunction with pulse sequences that do have
them. The magnetization properties usually effect contrast and
weighting. Examples include saturation bands, fat saturation,
and black blood preparation.

aSTZ/TI

025 | ANTYT

0 nT2T1 0

FIGURE 21. Sequence of bSSFP. Plot of ﬁln}z/}‘ against InTZ/T1

For each flip angle, the weighting is maximum at a value of In
3T,

-|__

given by cosa. = . These progressively increase.
1

3T
4+ ==
T
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FIGURE 22. Flip angles of bSSFP for maximum signal and
contrast. Plot of flip angle for maximum contrast a.c and maximum
signal s against In . The flip angle for maximum contrast is
greater than that for maximum signal.

10*

There is overlap with pulse sequences, and an inversion
pulse may be regarded both as a form of MP and as part of a full
pulse sequence as with the MP with rapid acquisition gradient
echo sequence that has contrast similarities to the shorter TR-IR
group of sequences. The effects on contrast and weighting can
often be represented by simple filters or be modeled as pulse
sequences.

Magnetization transfer can be regarded as a form of MP
that decreases the observed p,, and the observed T,.2%?! Those
effects can be represented on the x-axes of the S, and Sy, filters,
respectively.

Acquisition Filters

These are filters that apply between the beginning and the
end of data acquisition and are manifest as changes in signal in
k-space and as a convolution in image space. They include T,
filters, J-coupling, and T, filters such as that in the k-space re-
ordered by TI at each slice position sequence.

With the fast SE sequence, higher signals acquired at
shorter TEs are often mapped to the center of k-space and lower
signals acquired at longer TEs are mapped to the periphery of
k-space, resulting in a loss of edge definition. In addition with
the fast SE sequence, the multiple inversion recovery pulses
produce a degree of spin lock and a reduction in the J-coupling
of lipid peaks so that they tend to coalesce. This reduces the
interference effect between the peaks and increases the ob-
served T, resulting in higher signal for fat relative to other
tissues.>> This typically becomes more apparent at longer TEs.
The k-space reordered by TI at each slice position sequence
maps data acquired at or around the null point to the center of
k-space with data signal on either side of this point relatively
decreased. This results in an edge enhancement effect in image
space.”

Postacquisition Filters

Many postacquisition procedures are possible involving
single images or groups of images with contrast between voxels
on the same or different images. A postacquisition filter of inter-
est is subtraction of a later echo image from the first as used
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with UTE sequences to selectively highlight short T, tissue
components. This results in a band pass filter.’ The T, weighting
functions show positive, zero or near-zero, and negative weighting.
Different contrast may result from (1) an increase in T, so that
signal enters the pass region of the filter, (2) an increase in T,
within the pass region, and (3) an increase in T, so that the tissue
leaves the pass region.

Changes in Tissue Properties in Disease

In the previous section, the main emphasis has been on se-
quence weighting, but as explained, image weighting is sequence
weighting multiplied by fractional change in TP. These later
changes are the subject of this section.

The most common change in the TP in disease is an in-
crease in py,, T1, and T, (and D*) with the fractional change in
the latter properties being greater than that in p,,. This is typ-
ically seen in acute infection, acute inflammation, edema, and
many tumors. Reductions in tissue properties are less commonly
seen in disease, but they occur in important conditions, includ-
ing acute hemorrhage and acute infarction (D*). A reduction
in T; and T, may also be seen with an accumulation of para-
magnetic material. Many tumors display a decrease in D*.

Contrast Agents

Contrast agents also change tissue properties including T,
and T, and susceptibility. They reduce T; and T, as shown in
Equations 26 and 27, respectively. With pulse sequences designed
to maximize T; or T, weighting and minimize T, or T, wei%hting
respectively, we can use the univariate model (assuming ATm =0
when comparing images before and after enhancement).

The effect of a contrast agent such as gadolinium chelate
on T, and T is given by

1/Tic=1/Tip + ric [25]

and

I/Tzczl/sz —+ IC, [26]

where r; and r, are the T; and T, relaxivities and c is the con-
centration of the contrast agent. The subscript b indicates base-
line, and the subscript ¢ indicates contrast enhanced.

The image weightings for the T, and T, filters of an SE
sequence, for example, are the sequence weightings multiplied
by the fractional changes in Ty, or Toy:

ATI o *I‘]Cle

= 27
Ty,  1+4r1cTh [27]
and/or
& _ 7rch2b [28]
T 1 +r12cTo
Noise

So far, we have mainly considered signal and contrast, but
these are always accompanied by noise, and both the signal level
at which contrast is produced and the background noise are of
critical importance. The signal-to-noise ratio (SNR) is an im-
portant index of machine performance and sets an upper limit
on contrast-to-noise ratio (CNR). The SNR is also important in
the low signal situation where normalization of the signal and
weighting ratios become invalid.

The CNR is related to the detectability of differences be-
cause these are seen against the background noise. It is usual to
compare absolute contrast to noise on the grounds that the noise
and signal are scaled together so that this represents a form of
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normalization and improves the validity of comparisons. Cy; is
scaled relative to tissue signals. The image noise level reflects
voxel size, time of acquisition, bandwidth, coil performance, and
other factors” and is usually regarded as uniformly distributed
throughout the image, although this may not be true of images
obtained with partially parallel techniques. Weighting is con-
cerned with the origin of contrast from changes or differences
in tissue properties, whereas CNR is concerned with detectabil-
ity of that contrast.

Signal and Contrast Strategies

The emphasis with weighting is on intrinsic contrast (dif-
ferences with respect to normal in a single tissue), although it
includes extrinsic contrast (differences between 2 or more different
tissues or fluids). The main interest is in maximizing contrast or
weighting that often requires minimizing opposed contrast or
weighting. There are other MR imaging strategies including max-
imizing extrinsic contrast where maximizing signal from a tissue
may be the key. This is often achieved when the intrinsic contrast
for that tissue is zero. Another strategy is to make the weight-
ing for several different tissue properties additive as with the
magnitude-reconstructed STIR sequence. The SNR and the CNR
per unit time (or the square root of time) may provide meaningful
measures of imaging efficiency.

Other Types of Weighting

We have concentrated on the main types of weighting seen
clinically, but there are now 30 to 40 different types of weighting
described in the English language imaging literature. These
often follow directly from the Bloch equations (as for p,, Tj,
and T, above) or are linked to them with a specific relationship
(as with contrast agents). There is also a third class with less
well-defined changes where the sequence weighting or change
in tissue properties or both are not fully characterized and
weighting is appropriately described in qualitative terms.

Issues

It may not be clear which of C,;, or Cy is most appropriate
to describe contrast. Contrast may also be influenced by the
window width and level chosen to display the image. Finally, a
continuous approach has been used in this article to explain
contrast based on small changes, but a discrete approach can
also be used, and this may be more appropriate for large changes
or differences.

CONCLUSIONS

The filters formulation provides a graphic and mathematical
representation of weighting. The univariate model shows the TP
values where weighting and contrast are maximized and defines
areas where weighting is minimal or absent. It shows that values of
T, or T, greater than these for maximum weighting may produce
significant contrast and so may T, or T, values less than those that
produce maximum weighting. It is possible to estimate weighting
relative to the maximum value using basic calculations and to
determine signal levels at which this is achieved. It encompasses
both absolute and fractional contrast, although the later is
problematic at zero or near-zero signal levels. This approach in-
cludes both sequence and imaging weighting. It also covers the
full range of clinical values of p,,, T1, and T, so that regions with
different weightings can be readily recognized.

The multivariate model gives a quantitative estimate of the
different contributions of each TP to the total image weighting.
It extends the concept of weighting from qualitatively designat-
ing one TP as the dominant source of contrast to including all
tissue properties, providing a quantitative measure of each of
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their relative contributions to weighting, attributing a sign to
each contribution and doing this for both sequence and image
weighting.

The same general concepts apply to SE, IR, PGSE, SGE,
and bSSFP sequences. The different classes of the long TR-IR
sequence can be characterized, as well as those of the shorter
TR-BIR/T;-FLAIR sequence. With the PGSE sequence, T,
weighting is often greater than D* weighting and different pat-
terns of contrast may be observed with T, and D* weighting
additive or opposed with different diseases and at different
stages of disease. With SGE and bSSFP sequences, the flip an-
gles for maximizing signal and contrast can be calculated.

For common sequences and images in clinical use, it is
possible to construct graphic signatures to show the signal,
contrast, and weighting of all tissues or fluids visualized with a
sequence and to use the corresponding mathematical formula-
tion to quantitatively compare different sequences and images.
The approach helps resolve many of the anomalies and appar-
ent contradictions associated with the qualitative approach and
leads to insights that are not otherwise apparent.

This approach is based on the use of partial derivatives of
the logarithm of tissue properties and explicit definitions of se-
quence and image weightings. Partial derivatives were used
to estimate CNRs in 1983%* and as a basis for calculating the
equivalent of sequence weighting using a linear (rather than
a logarithmic) TP scale in 1984.25 Elster®® derived parameter
weighting indices that are essentially the same as sequence
weighting ratios in 1988 for SE and IR sequences. The partial
derivative approach has also been applied to SGE sequences to
calculate sequence contrast.'”"'8
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