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[57] ABSTRACT 
In a magnetic resonance imaging or spectroscopy appa-v 
ratus, radio frequency pulses of a selected size are ap 
plied to cause a corresponding tip angle. However, the 
actual tip angle which results varies with, for example, 
coil loading and patient geometry. For accuracy of the 
resultant image or data, the RF pulse size is adjusted or 
calibrated to produce a selected tip angle precisely - 
most commonly 90° and 180° tip angles. To calibrate the 
90° tip angle, a sequence of three like pulses (a-a-a) is 
applied. In each repetition, the pulses are varied in mag 
nitude to produce tip angles around 90° and the actual 
resulting tip angles are determined. The RF pulse size 
that produces or is projected by a least-squares ?t to 
produce the exact 90° tip angle is determined. To cali~ 
brate the 180° tip angle, the pulse sequence includes the 
RF pulse (a) determined to produce the 90° tip fol 
lowed by two additional RF pulses (B). The sequence 
(a-B-B) is repeated a plurality of times with the second 
and third RF pulses varied to produce tip angles around 
180". From the zero frequency terms of Fourier trans 
forms of the induced primary and stimulated echoes, the 
actual tip angle is determined. The RF pulse for produc 
ing a 180° tip angle is calibrated to the size which pro 
duces or is projected to produce the 180° tip angle. 

13 Claims, 3 Drawing Sheets 
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HIGH SIGNAL-TO-NOISE, RAPID CALIBRATION 
OF RF PULSES 

BACKGROUND OF THE INVENTION 

The present invention relates to the art of calibrating 
RF pulses. It ?nds particular application in conjunction 
with magnetic resonance imaging and will be described 
with particular reference thereto. However, it is to be 
appreciated that the invention has other applications 
such as magnetic resonance spectroscopy. 

In magnetic resonance imaging, radio frequency 
pulses are applied to tip the magnetization vector of 
resonating nuclei by selected tip angles. If the radio 
frequency pulses produce a tip angle which differs from 
a selected tip angle, the difference or error will cause 
errors in the results of the magnetic resonance proce 
dure. 

In magnetic resonance imaging, each patient changes 
the loading on the coil. The change in load, as well as 
differences in patient geometry, changes the power 
level of the RF pulse required to produce a selected tip 
angle. In each patient, a given RF pulse power produces 
a different tip angle in accordance with the loading 

' differences from patient to patient. To eliminate this 
source of error, the RF pulses are conventionally recali 
brated for each patient. 

Various calibration techniques may be implemented. 
In one technique, a magnetic resonance sequence is 
implemented to elicit a magnetic resonance signal 
which is sensitive to the RF tip angle. The variations in 
the magnetic resonance signal are correlated and ana 
lyzed to give an indication of the RF energy required to 
yield the selected tip angle in vivo. 
The RF calibration may depend on the formation of 

a conventional spin echo signal. An overall RF scale 
factor is adjusted in order to maximize the spin echo 
magnitude. More speci?cally, a sequence is chosen 
which produces a spin echo signal. A maximum RF 
value is determined from the sequence, taking into ac 
count SAR constraints. ‘The RF scale value is incre 

‘ mented from zero to its maximum in a selected plurality 
of equal increments. At each incremental value, ?ve 
repetitions of the RF sequence are produced. The spin 
echo signal from the last two repetitions are averaged 
and the peak magnitude is recorded. This procedure is 
repeated until a maximum peak magnitude is identi?ed. 
A new RF scale region is de?ned with the lower limit 
being the incremental point just prior to the maximum 
and the upper limit being the incremental point to the 
other side of the maximum. The RF scale value is incre 
mented through the new region from its lower limit to 
its upper limit in the preselected plurality of smaller 
increments. Peak magnitude data is recorded as de 
scribed above for each incremental point, independent 
of the position of the maximum. The position of the 
maximum peak magnitude is determined by data inter 
polation and another new RF scale range is determined. 
Incrementing the RF scale value and recording the 
peak magnitude for each incremental point is repeated 
for the new RF scale value range. The RF scale value 
which results in the maximum peak magnitude of the 
latest RF scale value range is determined by data inter 
polation. Appropriate 90° and 180° tip angles are deter 
mined from this RF scale value. 
Although this technique sets the 90° and 180° tip 

angles, it is time consuming and not necessarily com 
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2 
pletely accurate. Typically, about two minutes are re 
quired for this sequence to be computer implemented. 

In another technique, the RF calibration procedure is 
much faster, but at the cost of very low accuracy 
around the 180° tip angle. Three identical RF pulses of 
an as yet unknown tip angle a are applied in the pres 
ence of a constant gradient. The three pulses produce a 
number of echoes including spin echoes and a stimu 
lated echo. Each echo had a speci?c dependence on the 
intensity of the tip angle a, the timing parameters, and 
the relaxation parameters. For the combination of the 
stimulated echo and the ?rst spin echo, the ratio of the 
intensity variesv strongly with the angle a, more speci?~ 
cally 200s2 (ct/2). Because the intensity of the two ech 
oes is readily measurable, the angle a can be readily 
calculated. By adjusting the power, the RF pulse can be 
readily scaled to the desired tip angle. If the initial angle 
is different from the desired angle, the process is re 
peated quickly. 
Although the calibration of 90° pulses are quick and 

accurate, calibration of 180° pulses are very inaccurate. 
The signal-to-noise ratio for this pulse sequence with 
three 180° pulses is very low. A theoretically perfect 
180° used in this pulse sequence would result in a zero 
signal-to-noise ratio and thus, could not be used for 
calibration. 
Another technique for calibrating the RF pulse re~ 

quires electronic measurements to be made on the coil 
in the absence of a magnetic resonance signal. 
The present invention contemplates a new and im 

proved RF calibration scheme which overcomes the 
above referenced problems and others. 

SUMMARY OF THE INVENTION 

In accordance with one aspect of the present inven 
tion, a method of calibrating RF pulses is provided. 
First, second, and third RF pulses are applied in the 
presence of a constant gradient to induce a stimulated 
echo and at least one spin echo. The ?rst pulse has a ?rst 
selected tip angle and the second and third pulses have 
a second selected tip angle. 

In accordance with a more limited aspect of the in 
vention, the ?rst pulse has the tip angle which provides 
an optimum signal-to-noise ratio. The pulse sequence is 
repeated with a plurality of different second and third 
pulse tip angles in order to calibrate a corresponding 
range of RF pulses. 
One advantage of the present invention is that it cali 

brates a full range of RF pulses accurately. 
Another advantage of the present invention is that it 

~ can calibrate both amplitude modulated and frequency 
or phase modulated shaped RF pulses. 
Yet another advantage of the present invention is that 

it calibrates RF pulses rapidly. 
Still further advantages of the present invention will 

become apparent to those of ordinary skill in the art 
upon reading and understanding the following detailed 
description. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may take form in various steps and 
arrangements of steps or in various components or ar 
rangements of components. The ?gures are only for 
illustrating a preferred embodiment and are not to be 
construed as limiting it. 
FIG. 1 is a diagrammatic illustration of a magnetic 

resonance imager with a calibration means in accor 
dance with the present invention; 
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FIG. 2 is a diagrammatic illustration of a calibration 
RF pulse sequence in accordance with the present in 
vention; 
FIG. 3 illustrates ?tting a curve to acquired tip angle 

vs. RF scale value calibration data; and, 
FIG. 4 illustrates an alternate calibration RF pulse 

sequence. . 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

With reference to FIG. 1, magnets 10 under the con 
trol of a magnet control means 12 generate a generally 
uniform main magnetic ?eld through an image region. 
Gradient ?eld coils 14 convert electrical pulses from a 
gradient ?eld control means 16 into magnetic ?eld gra 
dients across the main magnetic ?eld. conventionally, 
the gradients are along three orthogonal axes-the slice 
select, read, and phase encode axes. Radio frequency 
(RF) pulses are transmitted into the examination region 
by radio frequency coils 18. An RF pulse generator or 
transmitter 20 formats each RF pulse with selected 
magnitudes or RF scale values. Each RF scale value is 
selected to cause a corresponding selected tip angle of 
the magnetization of resonating dipoles in the image 
region, commonly 90“ and 180° tip angles. A sequence 
controller 22 controls the gradient ?eld control means 
16 and the RF pulse generator 20 to produce selected 
imaging or other magnetic resonance sequences. Mag 
netic resonance signals from the examination region are 
monitored by a receiver 24 and reconstructed into an 
image by an image processing means 26. The image or 
processed data may be displayed on a display 28, stored, 
subject to further processing, or the like. The changes in 
coil loading and variable patient geometry from patient 
to patient change the resultant tip angle for a given RF 
scale value. A calibration means 30 correlates the se 
lected tip angles to corresponding RF scale values. 
With reference to FIG. 2, a ?rst RF pulse 40 with a 

tip angle a, a second RF pulse 42 with a tip angle B1, 
and a third RF pulse 44 with a tip angle 8; are sequen 
tially applied in the presence of a magnetic ?eld gradi 
ent 46. The ?rst RF pulse 40 at time zero creates trans 
verse magnetization in a rotating frame. The transverse 
magnetization precesses freely during a ?rst time inter 
val t1. The second RF pulse splits the existing transverse 
magnetization into three parts, one of which refocuses 
to generate a primary echo 50 with a maximum ampli 
tude Mpe a time t1 after the second RF pulse 42. The 
amplitude MP8 is given by: 

where 

SAT=1—e-TR/Tl (2), 

where M0 is the equilibrium magnetization, TR is the 
sequence repetition time, ct is the ?rst pulse tip angle, 
B1 is the second pulse tip angle, T2 is the spin-spin relax 
ation time, and T1 is the spin-lattice relaxation time. 
SAT is the term which describes the reduction in signal 
intensity due to saturation, i.e. due to repeating the 
sequence in a time on the order of T1 or less. A multipli 
cative factor associated with diffusion damping has 
been arbitrarily set to one. 

If t1 is selected to be on the order of T2 or less, there 
is appreciable transverse magnetization at the time of 
the second RF pulse 42. Therefore, in addition to induc 
ing a primary echo, the second RF pulse also produces 

10 

45 

55 

65 

4 
net longitudinal magnetization which retains its phase 
memory. The third RF pulse 44 which comes a time 
interval t2 after the second RF pulse rotates the stored 
longitudinal magnetization back into the transverse 
plane. A stimulated echo 52 forms with its maximum at 
a time t1 after the third RF pulse. The amplitude of the 
stimulated echo Mm is: 

Mm=(§)M0sinasinB1sinB2e-2'l/ 72e—(’2/T1)SAT (3), 

where B2 is the angle of the third RF pulse 44. 
It will be noted that Equations (1) and (3) have T2 

weighting of the same form and the same saturation 
signal intensity loss factor. In order to avoid errors 
associated with the saturation signal reduction term, 
some of the prior art techniques as described in the 
Background of the Invention utilized a long sequence 
repeat time TR which increased the acquisition time 
and reduced accuracy and precision due to patient mo 
tion. The ratio of the magnitudes of the stimulated and 
primary echoes is independent of the saturation signal 
intensity reduction and the T2 weighting factor, i.e. 

sinB1sinB2 (4) 
MSTE/Mpe = (1/2) 

It will also be noted that the ratio is independent of the 
?rst tip angle a. 
The sequence is selected such that t2 is much less than 

T1. This permits the e—t2/ 7‘ to be approximated as one. 
Further, if the second and third RF pulses have the 
same tip angle B, then Equation (4) reduces to: 

= 2 2 2. 
sinzw/z) cos (B/ ) Mste/Mpe 

By measuring the ratio of the magnitudes of the primary 
and stimulated echoes, the actual tip angle produced by 
the second and third RF pulses can be accurately deter 
mined by simple trigonometry, i.e. Equation (5). 
With reference again to FIG. 1, two passes or repeti 

tions of the sequence described above are used to cali 
brate the 90° RF pulse. Because the goal is simply to 
determine a 90° pulse, the range over which the RF 
scale value is varied may be reduced. An incrementing 
step or means 60 increments the RF scale value from 
zero to a value (SAR permitting) that results in a calcu 
lated tip angle just greater than 120°. The RF scale 
value may be incremented in increments which are 
l/ 10th of the maximum RF scale value, based upon 
SAR limits. A pulse sequence means 62 generates a 
pulse sequence as described in FIG. 2 with each pulse 
having the same angle a. 
At each increment of the RF scale value, an echo data 

monitoring or acquiring means 64 acquires the primary 
and stimulated echoes. The echo signals span the whole 
slice but fall off at the edges. To remove the edge ef 
fects, a one dimensional Fourier transform is performed 
to get a pro?le. An echo magnitude determining means 
66 determines the amplitude of central, speci?cally zero 
frequency, terms of the one dimensional Fourier trans 
formed primary and stimulated echoes. Data acquired 
during the zero RF scale value is used by a DC correc 
tion means 68 to produce a DC correction value. After 
the DC correction, the zero frequency term in a one 
dimensional Fourier transform is determined for each 
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echo. A ratio means 70 determines the ratio of the mag 
nitudes of the zero frequency terms of the primary and 
stimulated echoes. A tip angle calculating means 72 
calculates a tip angle from the ratio in accordance with 
Equation (5). The calculated tip angle and the associ 
ated RF scale value form a data pair which is stored a 
memory means 74. This data pair provides a reference 
of the tip angle which each RF scale value produces. 

In a second pass, the RF scale value is incremented 
from ?ths of the 120° tip angle RF scale value to the 
120° tip angle RF scale value. The increment is l/ 20th 
of the 120° tip RF scale value. After data pairs correlat 
ing each RF scale value with the tipangle have been 
calculated, a data analysis means 76 analyzes the stored 
data. In the preferred embodiment, a linear least-squares 
?t is made of the data pairs acquired during the second 
pass. A 90° tip angle RF scale value memory means 78 
stores the RF scale value corresponding to 90“. In this 
manner, the RF scale value or energy required to pro 
duce a 90° tip angle is determined. 

After determining the RF scale value which pro 
duces a 90° tip angle, the RF scale value which pro 
duces a 180° tip angle is determined. The pulse sequence 
generator 62 generates a pulse sequence in which the 
?rst RF pulse 40 is applied with the RF scale value that 
produces a maximum signal-to-noise ratio. The RF 
scale value in some embodiments may be the value that 
causes the Ernst angle, the 90° tip angle determined by 
the RF tip angle means 78, or the like. The second and 
third RF pulses 42, 44 have wave forms associated with 
a 180° RF pulse. The amplitude of the ?rst RF pulse is 
held constant at the 90° tip angle RF scale value while 
the incrementing means 60 increments the second and 
third RF pulses amplitudes in subsequent repetitions. 

Again, two passes are implemented to calibrate the 
180° RF pulse in order to ?nd the ?rst maximum in the 
calculated tip angle vs. the RF scale value curve. In the 
?rst pass, the incrementing means 60 increments the RF 

7 scale value from zero to a value (SAR permitting) that 
results in a ?rst maximum in the calculated tip angle vs. 
RF scale curve. The increments are preferably l/ 10th 
of the maximum RF scale value based upon SAR limits. 

_ The echo data acquiring means 64 acquires primary and 
stimulated echo data. The magnitude determining 
means 66 determines the maximum magnitudes of each 
primary and stimulated echo pair. The tip angle calcu 
lating means 42 calculates the tip angle from Equation 
(5) and stores the RF scale value/tip angle pairs in the 
memory means 74. A non-linear ?t is made by data 
analysis means 76 to determine the RF scale value asso 
ciated with the maximum calculated tip angle. Again, 
because the tip angles [3 are independent of the tip angle 
a, any a. may be used. However, maximizing the signal 
to-noise ratio minimizes degradation during the analy 
sis. Of course, the ?rst pulse may also be selected to 
minimize other signal degrading factors as may be ap 
propriate to the application. 

In the second pass, the RF scale value for the second 
and third pulses is incremented from the maximum cal 
culated tip angle less a half of the first pass increment to 
the maximum calculated tip angle plus a half of the ?rst 
pass increment. Preferably, the second pass increment is 
1/ 10th of the ?rst pass increment such that the RF scale 
is incremented ten times in the second pass. The data 
analysis means 78 performs a non-linear ?t on the RF 
scale value and tip angle pairs until the maximum calcu 
lated tip angle is determined. This RF scale value which 
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6 
corresponds to the 180° tip angle is stored in a 180° RF 
scale value memory means 80. 
As described above, the primary and stimulated ech 

oes are acquired and a DC correction made. The tip 
angle is calculated from the ratio of the magnitude of 
the primary and stimulated echoes in accordance with 
Equation (5) and associated tip angle and RF scale 
value pairs are stored. The least-squares ?t or other data 
analysis on the second pass data determines the ?tted 
line whose apex corresponds to a tip angle of 180°. 

In this manner, RF scale values which produce 90° 
and 180° pulses are determined. A selected imaging 
protocol may be performed on the patient utilizing the 
RF scale values derived above for producing the 90° 
and 180° RF pulses. If the imaging protocol calls for RF 
pulses to cause other tip angles, analogous calibration 
procedures may be performed to derive the appropriate 
RF scale value for each such additional angle. 
Although two passes are described in the preferred 

embodiment, a single pass may be utilized. The ?rst pass 
merely focuses on an appropriate range for the second 
pass such that the second pass can be performed using 
small increments which are sure to span the 90° or 180° 
tip angle while not requiring excessive incremental 
steps to be taken. However, with appropriate range and 
increment values, a single pass could be utilized. 
The form of slice select and read gradients are vari 

able. The two gradients may be combined into a single 
constant gradient for this calibration procedure, as in 
FIG. 2, or may be kept separate such that the slice 
thickness and read out bandwidth are independently 
adjustable, as in FIG. 4. Additionally, the gradients may 
be applied in a fashion which reduces the effect of pa 
tient motion on the measurement by gradient moment 
nulling. 
The invention has been described with reference to 

the preferred embodiment. Obviously, modi?cations 
and alterations will occur to others upon reading and 
understanding the preceding detailed description. It is 
intended that the invention be construed as including all 
such alterations and modi?cations insofar as they come 
within the scope of the appended claims or the equiva 
lents thereof. 
Having thus described the preferred embodiment, the 

invention is now claimed to be: 
1. A method of calibrating radio frequency pulses 

comprising: 
applying a magnetic ?eld gradient across an examina 

tion region; 
inducing a primary echo and a stimulated echo from 

a subject by applying ?rst, second, and third RF 
pulses to the examination region, the ?rst RF pulse 
being different from the second and third RF 
pulses, the second and third RF pulses being sub 
stantially the same; 

monitoring the stimulated and primary echoes; 
determining a tip angle from the monitored primary 
and stimulated echoes; and, 

storing a correlation between the determined tip 
angle and the magnitude of the second and third 
RF pulses. 

2. The method as set forth in claim 1 wherein the ?rst 
RF pulse causes a tip angle which optimizes a signal-to 
noise ratio of the monitored echoes. 

3. The method as set forth in claim 1 further including 
repeating the pulse train generating step a plurality of 
times with the second and third RF pulses selected to 
cause varying tip angles of about 180°; 
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monitoring the stimulated the stimulated and primary 
echoes from each pulse train and determining a 
correspondence between the second and third RF 
pulses and the determined tip angle; 

storing the correspondence between the second and 
third RF pulse magnitude and the determined tip 
angle. 

4. The method as set forth in claim 3 further including 
?tting a continuous curve to the stored RF pulse magni 
tude and determined tip angle and determining from the 
curve and RF pulse magnitude which produces a 180° 
tip angle. 

5. The method as set forth in claim 1 wherein the step 
of monitoring the stimulated and primary echoes in 
cludes performing a Fourier transform on the moni 
tored stimulated and primary echoes and determining 
corresponding central data values. 

6. The method as set forth in claim 5 wherein the tip 
angle determining step includes determining a ratio of 20 
the corresponding central data values of the primary 
and stimulated echoes and calculating a tip angle B from 
the ratio in accordance with: 

peak magnitude ratio=2cos2(l3/2). 
7. An apparatus for calibrating radio frequency 

pulses, the apparatus comprising: ‘ 
means for applying a magnetic ?eld gradient across a 

subject; 
means for generating ?rst, second, and third RF 

pulses to the subject to induce a primary echo and 
a stimulated echo from the subject, the ?rst RF 
pulse being different from the second and third RF 
pulses, the second and third RF pulses being sub 
stantially the same; 

means for monitoring the stimulated and primary 
echoes; 

means for determining a tip angle from the monitored 
primary and stimulated echoes; and, 

means for storing a correlation between the deter 
mined tip angle and the magnitude of the second 
and third RF pulses. 

8. The apparatus as set forth in claim 7 wherein the 
?rst RF pulse causes a tip angle of which maximizes a 
signal-to-noise ratio of the primary and stimulated ech 
oes. 
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8 
9. The apparatus as set forth in claim 7 wherein the 

monitoring means monitors the stimulated and primary 
echoes from each of a plurality of pulse trains and the 
tip angle determining means determining a correspon 
dence between the second and third RF pulses and the 
determined tip angle for each pulse train, such that the 
storing means stores the correspondences between the 
second and third RF pulse magnitudes and the deter 
mined tip angle of each pulse train. 

10. The apparatus as set forth in claim 9 further in 
cluding an analysis means for ?tting a continuous curve 
to the stored RF pulse magnitudes and determined tip 
angles and determining from the curve an RF pulse 
magnitude which produces a 180° tip angle. 

11. The apparatus as set forth in claim 7 wherein the 
monitoring means includes means for measuring a zero 
frequency term of Fourier transforms of the stimulated 
echo and the primary echo. 

12. The apparatus as set forth in claim 8 wherein the 
tip angle determining means includes means for deter 
mining a ratio of the zero frequency terms and means 
for calculating a tip angle B from the ratio in accor 
dance with: 

ratio = 2cos2,(B/ 2). 
13. A method of calibrating radio frequency pulses, 

the method comprising: 
applying a magnetic ?eld gradient across a subject; 
applying a ?rst RF pulse to the subject to create 

transverse magnetization in a rotating frame; 
applying a second RF pulse to the subject which 

refocuses a portion of the transverse magnetization 
to generate a primary echo and to produce a net 
longitudinal magnetization; - 

applying a third RF pulse which rotates the longitu 
dinal magnetization back into the transverse plane 
and generates a stimulated echo; 

the ?rst RF pulse being different from the second and 
third pulses and the second and third RF pulses 
being substantially the same; 

monitoring the stimulated and primary echoes; 
determining a tip angle from the monitored, primary 

and stimulated echoes; and, 
storing a correlation between the determined tip 

angle and a magnitude of the second and third RF 
pulses. 

* * * * II! 


