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A methodology is presented for estimating T1 using a two-point
technique with a standard multislice gradient echo sequence.
The method explicitly corrects for the shape of the RF pulse and
for spatial variations in transmitted RF field intensity. Including
these factors in the calculation of T1 gives a substantial im-
provement in accuracy and precision of two-point gradient
echo T1 measurements in the presence of RF nonuniformity and
non-ideal pulse profiles. The mean accuracy of the technique
was found to be 1.4%. The mean precision was found to be
3.0%. The mean variation along the axis of a head coil was
found to be 2.3%. Magn Reson Med 45:838–845, 2001.
© 2001 Wiley-Liss, Inc.
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Two-point gradient echo methods provide a convenient in
vivo T1 estimation method and have been applied by nu-
merous workers (e.g., 1–3). They remain a popular method
due to their good SNR, low spatial distortion when com-
pared with echo planar techniques, and low power depo-
sition when compared with spin echo techniques. Typi-
cally, T1 information is obtained by comparing the signals
obtained from two separate gradient echo image sets ac-
quired with either different repetition times or flip angles
(or both). T1 may then be estimated by employing a theo-
retical relationship describing the expected effects of T1 on
the signals (assuming a monoexponential longitudinal re-
laxation). Such two-point techniques are generally insen-
sitive to variations in the receive RF field, but are sensitive
to slice profile (especially in the case of multislice 2D) and
transmitted B1 field imperfections. This may cause signif-
icant deviations in the calculated T1 values from the true
values (1,3).

To compensate for slice profile effects, it is possible to
calibrate the T1 measurement method, thus giving a result
for the effective flip angle through the thickness of the
imaging slice (1,3). However, this approach has the draw-
back of relying on an empirically determined calibration
factor, which detracts from the theoretical simplicity of the
two-point approach. A more fundamental problem with
both the calibration approach and those approaches that
attempt to derive T1 theoretically using the nominal flip

angle of the sequence is that they fail in situations where
the transmitted RF field is nonuniform. This may occur in
coils well known for their nonuniformity, such as surface
coils, extremity coils, or breast coils, but also at the edges
of generally more uniform volume coils, such as those
typically used as head coils and body coils. A possible
solution for those wishing to compensate for the effects of
slice profile in the presence of such nonuniformity via a
calibration method is to determine a 3D calibration field,
providing calibration factors at each point within the coil.
However, the problems of creating such a field soon be-
come prohibitive, due to the number of T1 values that must
be sampled at each point within the coil to provide an
accurate 3D calibration.

Previous workers have looked into the problem of cor-
recting for RF transmission and reception nonuniformity
using standard sequences available on clinical scanners.
The principal aspect of this problem is determining the
transmission and reception field maps within the sensitive
region of the coil in question. One frequently used ap-
proach is to measure the change in signal observed in a
phantom as the RF pulse transmission power is varied.
The resulting variation in signal intensity at each point in
the coil then provides information about the relative field
strength at each point (see, e.g., 4–6). If the reception field
of the coil configuration is required, a uniform phantom
should ideally be used (6,7) to remove ambiguities due to
variation in sample proton density.

An alternative approach to estimating the nonuniformi-
ties present in MR images obtained using standard se-
quences is to utilize postprocessing techniques (see, e.g.,
8,9). These techniques, while avoiding the need for special
imaging experiments, do not provide estimates of the RF
field strengths within the imaging region (they aim to
provide the resultant intensity variation), and are unable
to distinguish between low spatial frequency anatomical
variation and that due to coil nonuniformity. As such, they
are poorly suited to correcting for nonuniformities in data
acquired for relaxation time measurements.

We present a methodology for estimating T1 using a
two-point gradient echo method, knowledge of the RF
pulse shape, and by deriving the coil transmission B1

distribution. The process does not rely on the calibration
of the response of the sequence to different T1 values, but
on the theoretical relationship between flip angle, TR, and
T1, amended to account for slice profile and B1 variation.
We use a gradient echo sequence available as standard on
our clinical scanner to show that this technique is accurate
and precise and gives uniform results over a large volume
within which B1 is nonuniform.
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METHODS

All measurements were performed on a General Electric
Signa Horizon EchoSpeed 1.5 T scanner running v. 5.7 of
the scanner operating system. A standard quadrature bird-
cage head coil was used for all measurements (General
Electric, Milwaukee, WI).

The sequence used to demonstrate the T1 measurement
is a multislice 2D gradient echo (the manufacturer’s se-
quence name is 2dfast).Two different repetition times (TR1

and TR2) were employed, designed to create a predomi-
nately proton density-weighted (PDW) dataset and a pre-
dominately T1-weighted (T1W) dataset, respectively. For
simplicity, the flip angle of the slice selective excitation
pulse, u, is kept constant between the two acquisitions.

The exact choice of u and repetition times for the data
acquisitions is not critical for the execution of the T1

measurement. The principal considerations in the choice
are optimization of the SNR of the measurement, assur-
ance of a good dynamic range to the measurement, and an
acceptable total measurement time. In this article, we
present measurements using two sets of parameters—one
being a semiarbitrary set (study 1), and the other being an
approximately optimal set for our purposes (study 2) (Ta-
ble 1). Both measurements as outlined take approximately
19 min for the combined acquisition of both the PDW and
T1W data for whole brain coverage. If a smaller scanning
matrix, fewer averages, or shorter TR values were used,
this scanning time could be reduced significantly (,1
min). However, our choice of parameters allows us to meet
our local requirements for SNR, acquisition time, and res-
olution. Specifically, the acquisition is to be performed in
less than 20 min, have full axial brain coverage using 5 mm
slices, have a field of view of 240 3 240 mm, and an
in-plane resolution of '1 3 1 mm.

Slices within the PDW datasets were acquired in an
optimized interleaved mode in two separate subacquisi-
tions, each sampling half the total number of slices. K-
space lines from alternate slice positions were acquired
within a given TR period within each subacquisition. The
time between acquisition of k-space lines from nearest-
but-one slices was automatically maximized within the
limit of the 1500 ms TR period by the scanner software.
These steps minimized cross-talk between contiguous
slice positions due to the extension of the slice profile past
the nominal slice thickness.

Each slice from the T1W dataset was acquired in a se-
quential mode; the whole of k-space for a slice was ac-
quired before moving onto the next slice. The order of slice
acquisition was automatically optimized to prevent neigh-
boring slices being sampled close together in time; neigh-
boring slice acquisitions were separated by a number of
minutes. This approach enabled the T1W data also to be

acquired without the risk of slice crosstalk. The effects of
steady-state transverse magnetization were counteracted
using RF spoiling and assumed to be negligible. Possible
magnetization transfer effects due to off-resonance irradi-
ation during the interleaved acquisition used for the PDW
acquisition were assumed to be insignificant.

All data acquisitions (including phantom data) were
made with reference to the same landmark position on the
head coil. This ensured that positional references were
maintained for compensation for the effects of RF field
nonuniformity. All scanner gains and the RF transmitter
frequency were manually kept constant between the PDW
and T1W data acquisitions to ensure identical data sam-
pling and scaling conditions for the T1 calculation steps.

Pulse Profile

We define the nominal flip angle, unom, of a pulse as the
flip angle requested by the user on the scanner interface.
The automatic prescan procedure of the GE Signa scanner
attempts to set the center of the slice profile to this nomi-
nal value within a slice at the center of the imaging volume
(10); we assume this process is reproducible and accurate
in all measurements (that any errors in this process are
small). For any non-top-hat profile, all other flip angles in
the slice profile will not equal unom.

The first step in our methodology for T1 calculation
requires knowledge of the time-varying amplitude profile
of the pulse used in the sequence for slice selection and
spin excitation. The time-domain pulse profile was ob-
tained using the “ESE” software package provided by the
scanner manufacturer (General Electric) for the design and
analysis of RF pulses. This profile represents the exact
waveform fed into the RF amplifiers driving the imaging
coil. A Bloch simulation of the resultant response of the
magnetization vector across a 5 mm imaging slice imme-
diately after the application was obtained (again using the
ESE software) over a range of nominal flip angles at 10°
intervals. T1 was set to 1000 ms and T2 to 100 ms for the
simulation to give conditions similar to those seen in vivo
at 1.5 T. However, dependence on T1 and T2 is negligible
during the time period covered by the RF pulse, meaning
the simulation is insensitive to the exact choice of these
parameters. Plots for a selection of flip angles and a plot of
the time domain pulse are shown in Fig. 1. These show the
components of the rotating frame transverse magnetization
that may be expected after the application of the RF pulse.
The actual flip angle, u(z) at a point z along a line perpen-
dicular to the slice plane is determined by:

tan21u~z! 5
ÎMx~z!2 1 My~z!2

Mz~z!
, [1]

Table 1
Gradient Echo Sequence Parameters for T1 Measurements

Study unom
TE

(ms)
TR1

(ms)
TR2

(ms)
NEX1 NEX2 Matrix Slices

Slice
thickness

(mm)

Slice
spacing

(mm)

1 90° 10 1500 360 2 8 256 3 192 20 5 5
2 45° 11 1500 50 1.5 3 256 3 128 28 5 0
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where Mx(z), My(z), Mz(z) are the x, y, z components of the
magnetization vector as viewed in the rotating frame at
point z.

Theoretical Signal Intensity Calculation With Pulse Profile

The signal from a spoiled gradient echo imaging sequence
when the (ideal) flip angle is u, is given by (11) (assuming
T*2 effects are negligible (that TE ! T*2)):

S 5

S0S1 2 expS2
TR
T1DDsin u

1 2 cos u expS2
TR
T1D

, [2]

where S0 is a constant describing the scanner gain (includ-
ing coil reception strength) and proton density (it is the
signal obtained when u 5 90° with a long TR). This equa-
tion holds for an entire imaging voxel only for a perfect
slice profile, with uniform u across the slice. However, as
may be appreciated from Fig. 1 and Eq. [1], in cases where
the flip angle varies substantially through the imaging
slice, there is not a single value of u that describes the
behavior across the whole slice width and Eq. [2] is not
appropriate.

To overcome the problem of a variable flip angle across
the slice, the function shown in Eq. [2] may be integrated
across the slice profile, providing an estimate of the true

total signal in response to the pulse. However, as can be
seen in Fig. 1, there is a significant contribution to the
magnetization vector from both Mx(z) and My(z), meaning
that the phase of the transverse magnetization, f(z), during
the repeated TR periods must be incorporated. This is
accomplished by separately integrating the Mx(z) and My(z)
components of the transverse magnetization and substitut-
ing the magnetization components for signal intensity in
Eq. [2]:

Mx 5 A E
slice 5S1 2 expS2

TR
T1DDsin~u~z!!cos~f~z!!

1 2 cos~u~z!!expS2
TR
T1D 6dz,

[3]

My 5 A E
slice 5S1 2 expS2

TR
T1DDsin~u~z!!sin~f~z!!

1 2 cos~u~z!!expS2
TR
T1D 6dz,

[4]

where A is a constant of proportionality. By converting to
a discrete summation over the slice profile and again ex-
ploiting the direct proportionality between signal and
transverse magnetization, we have:

FIG. 1. a: Time domain profile of the excitation
pulse. b–f: Transverse magnetization components
as a function of position within the slice (nominal
slice width 5 mm) at increasing unom. unom equals:
(b) 10°, (c) 50°, (d) 90°, (e) 130°, (f) 180°. Bold line
represents Mx; thin line represents My, as a per-
centage of the equilibrium longitudinal magnetiza-
tion, Mz.
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Sx 5 A9 O
n51

N 5S1 2 expS2
TR
T1DDsin~u~n!!cos~f~n!!

1 2 cos~u~n!!expS2
TR
T1D 6

[5]

Sy 5 A9 O
n51

N 5S1 2 expS2
TR
T1DDsin~u~n!!sin~f~n!!

1 2 cos~u~n!!expS2
TR
T1D 6,

[6]

where Sx and Sy are the x and y components of the signal
(the real and imaginary components); N is the number of
discrete samples, n, along the slice profile sampled at
equally spaced intervals; and A9 is a constant of propor-
tionality. For this study we use N 5 800. The total signal is
then:

S 5 ÎSx
2 1 Sy

2. [7]

Equations [4] and [6] equal zero for the pulse used in this
work (the y component of the magnetization is antisym-
metric, as may be seen by inspection of Fig. 1). However,
this is not necessarily the case for all RF pulses, and the y
component of the magnetization and signal is presented
here to aid understanding of the process.

The values of u(n) scale with the nominal flip angle,
unom, with a maximum flip angle within the profile, umax,
at the center of the profile. Due to the presence of RF
nonuniformity within the imaging volume, umax is not in
general equal to unom.

Coil B1 Distribution

The coil B1 distribution was determined by acquiring con-
tiguous images throughout the coil using the sequence
introduced above with a long TR and variable nominal flip
angle. A bottle of approximately 20 cm diameter and 30 cm
in length was filled with vegetable oil to provide a uniform
nonconducting phantom which fills the head coil well
without any conductivity or standing wave-associated RF
nonuniformities (12–15). The same sequence was used for
the B1 measurement as for the T1 measurement. The T1 of
vegetable oil is approximately 200 ms at room temperature
(7); TR was set to 3000ms to reduce T1 dependence to a
negligible level. 65 slices were acquired with a 5 mm slice
thickness and no slice gap and a field of view of 280 3
280 mm.

Datasets were acquired with a range of nominal flip
angle:

unom [ $458, 558, 658, 758, 858, 908, 958, 1058, 1158,

1258, 1358, 1458, 1558, 1658, 1758, 1808%. [8]

The dependence of the signal intensity, S, on the flip
angle, u, at any point in the coil, r, is governed by Eqs.
[5]–[7] as long as the flip angle at the center of the profile
(umax(r)) is known. We introduce d(r) is a factor describing
the transmission B1 field strength at point r, relative to the

field strength required to produce unom (in a slice at the
center of the coil, as discussed above). umax(r) is then
defined by:

umax~r! 5 d~r!unom. [9]

As we are using a phantom with uniform proton density,
T1 and T2 for all r, we may assume that A9(r) (Eqs. [5],[6])
is proportional to the reception RF field at point r in the
coil. We assume that changes in d(r) are slow relative to the
slice thickness; that a single value of d(r) may be defined
for each voxel.

To determine d(r) at each point within the imaging vol-
ume, a lookup table was created. The table contains values
of umax and the resultant expected signal, S(r), generated
using Eqs. [5]–[7], over a range of (0° , umax , 180°), at a
resolution of 0.1°. The acquisition sequence was repeated
for each unom (Eq. [8]). The resultant S(r) for each unom

varies according to the values of umax(r). This variation at
point r is then matched to values of umax in the lookup
table, to provide umax(r), and, via Eq. [9], d(r), the transmit
RF field strength relative to the field strength at the coil
center.

We assume that the RF distribution determined in the
oil phantom is a good approximation to that produced
when the head coil is loaded with a head (16–18).

Calculation of T1

To obtain T1 values, a second lookup table is created based
on Eqs. [5–7]. This lookup table relates the ratio (R(T1)) of
the T1W signal intensity accounting for pulse profile
(ST1W) and the PDW signal intensity accounting for slice
profile (SPDW) to T1:

R(T1) 5
ST1W

SPDW
5

ÎST1Wx
2 1 ST1Wy

2

ÎSPDWx
2 1 SPDWy

2 , [10]

where ST1Wx
and ST1Wy

are the x and y components creat-
ing the T1W signal and SPDWx

and SPDWy
are the x and y

components creating the PDW signal. SPDW and ST1W are
determined using TR1 and TR2, respectively, in Eqs. [5],
[6].

T1 may be estimated for any B1 value within the bounds
of this lookup table using Eq. [9] to define umax. A match is
made for umax and R(T1) to give T1. The process of taking
the ratio removes any dependence of the method upon the
strength of the receive RF field and the gain settings of the
scanner, as A9 (Eqs. [5],[6]) is canceled. Any influence of
transverse magnetization relaxation on signal intensity
will be the same for both ST1W and SPDW, and is also
canceled out at this step, even if our initial assumption
that transverse relaxation effects are negligible does not
hold (Eq. [2]).

Accuracy and Uniformity of T1 Measurements

The accuracy of the T1 measurement technique was deter-
mined using agarose gel samples (Eurospin Test Object 5;
Diagnostic Sonar, Livingston, UK). The T1 values of these
samples were themselves validated independently of the
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proposed measurement technique, using a single slice long
TR inversion recovery spin echo sequence (TR 5 10,000
ms; TE 5 14 ms; field of view 5 200 3 200 mm; slice
thickness 5 20 mm; image matrix 5 256 3 128; NEX 5 1).
The inversion times (TI) used were: 50, 75, 100, 125, 150,
200, 300, 400, 500, 700, 1000, 2000, 3000 ms. The values
measured using this sequence, and the gradient echo se-
quence described previously, both with and without tak-
ing into account pulse profile and RF nonuniformity, were
compared.

The variation of calculated T1 within the head coil mea-
sured using the two-point gradient echo method after cor-
rection for slice profile and RF nonuniformity was as-
sessed by measuring the T1 value for each gel along the
axis of a head coil over a distance of approximately 17 cm.
The mean and standard deviation of T1 over this range was
calculated, from which the coefficient of variation, COV,
was determined.

RESULTS

Figure 2 shows how the signal at the center of the coil
varies with nominal flip angle. The point at which maxi-
mum signal is obtained is approximately 105°, indicative
of the non-sinusoidal behavior of the signal–flip angle
relationship (an ideal best-fit sine curve, as obtained under
ideal top-hat slice profile conditions, is shown for refer-
ence). The solid curve closely matching the data points is
that obtained when the effects of slice profile on the ex-
pected signal are included in the fitting process. As dis-
cussed above, the effects of B1 nonuniformity are assumed
to be negligible at the center of the coil; that unom 5 umax.

Figure 3 shows the relative transmit RF field within the
transmit-receive head coil as measured using the proce-
dure outlined in Methods. As expected, the slices far from
the coil center display the largest degree of inhomogeneity
and average difference to the values at the center of the

coil. This is particularly evident toward the inferior end of
the coil (negative slice positions).

From the multipoint inversion recovery T1 measure-
ment of the T1 samples it was evident that the gel sample
T1 values had shortened during their time in our labora-
tory (approximately 5 years) by an average of approxi-
mately 15% per sample (data not shown), implying a lack
of long-term stability in these reference gels under local
storage conditions. Our measurements using the multi-
point IR sequence were therefore taken as our gold stan-
dard (“true”) T1 values. Figure 4 shows measured values at
the center of the coil using the two-point gradient echo
sequence with and without accounting for pulse profile
and RF intensity. A large improvement is visible after
accounting for these factors. For Fig. 4 the true T1 values
were measured at 20.5°C; study 1 at 21°C; study 2 at 23°C.
The mean accuracy and mean precision of the study
1 protocol were determined from five measurements taken
over a period of weeks (temperature range 20–22°C). The
mean accuracy (defined as the mean value of uT1meas 2
T1trueu 3 100/T1true for each sample, averaged over all
samples) was 1.4% (range between samples 5
0.21–2.82%). The precision (defined as the percentage
standard deviation of each sample measurement, averaged
over all samples) was 3.0% (range between samples 5

FIG. 3. Transmit RF field in oil bottle in head coil at five different
axial slice positions, windowed to show nonuniformity: (a) 2110
mm; (b) 290 mm; (c) 250 mm; (d) 0 mm; (e) 150 mm; (f) 190 mm.

FIG. 2. Variation in signal intensity with unom (TR @ T1). Solid line
represents curve fitted using the lookup table method. For refer-
ence, the dotted line shows best fit of Eq. [2] (estimated response,
not taking into account slice profile effects).
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1.8–4.8%). Figure 5 shows how apparent T1 values vary
along the z axis of the head coil, both with (Fig. 5b) and
without (Fig. 5a) accounting for pulse profile and RF uni-
formity. After correction, the mean COV along the z axis
over all T1 samples is 2.3% (COV range between sam-
ples 5 1.9–3.4%). The effect of correcting for slice profile
is to shift the T1 values closer to the gold standard. The
effect of correcting for the coil nonuniformity is apparent
from the elimination of a position dependency.

Figure 6 shows T1 maps calculated using the study
2 protocol within the brain of a normal volunteer. As can
be seen, the method provides high resolution, high SNR T1

measurements, with a high degree of volume coverage. No
artifactual fall-off in the values of T1 with coil position is
apparent. Figure 7 shows T1 histograms obtained from all
tissues in the dataset from which the images in Fig. 6 were
drawn. A shift in the peak positions for white matter, gray
matter, and scalp is apparent after profile correction. The
effect of nonuniformity correction alone is smaller (as we
are looking at the entire head, much of which is in a
relatively uniform region of the coil (Fig. 3)), but still
significant.

DISCUSSION AND CONCLUSIONS

We have shown that using knowledge of the sequence
pulse profile and a measured coil B1 field it is possible to
obtain uniform, accurate, two-point T1 measurements,
even in the presence of imperfect pulse profiles and B1

fields that are not ideal. We found that the theoretical
relationship between flip angle, TR, and T1 for a gradient
echo two-point T1 measurement holds only when these
factors are taken into account explicitly. This approach
therefore avoids the need for calibration of two-point gra-
dient echo T1 measurements against T1 standards (3). As a
standard sequence is used, there is no requirement for
programming specialist T1 measurement techniques. We
believe that this fact makes our approach attractive when
compared with other RF-insensitive T1 measurement tech-
niques, such as inversion recovery or saturation recovery

centric-ordered turboFLASH, Look-Locker, or TOMROP
approaches (11,19–24).

Recent work by Brookes et al. (25) has followed a paral-
lel path to the work presented here. However, our T1

measurements have a much better agreement with the true
T1 values in T1 phantoms than their published results.
This may be due to a number of methodological differ-
ences. They do not include any correction for B1 field
inhomogeneity, and therefore experience severe difficulty
outside the most uniform regions of imaging coils. Their
determination of the time-varying pulse profile relied on
monitoring the output RF channel signal using an oscillo-
scope, rather than exploiting the data files used to generate
the pulse. This is a matter of convenience, and may be the
only way of obtaining the pulse profile if the scanner
manufacturer does not make it available. These authors
came to the conclusion that gradient echo methods (espe-
cially 2D multislice methods) should be held in suspicion

FIG. 5. a: T1 values estimated using the nominal flip angle (unom) and
not correcting for field nonuniformity. b: T1 values obtained after
accounting for the pulse profile and the measured coil transmit RF
field. Solid lines: true T1 sample A; dotted lines: true T1 sample B;
dashed lines: true T1 sample C. Error bars represent standard
deviation of T1 within each region of interest.

FIG. 4. T1 measurements, corrected and uncorrected for slice pro-
file, performed in an axial slice located at the center of the head coil.
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when used for T1 measurements. However, our results
suggest that by carefully accounting for all significant
sources of error, robust T1 measurements are possible.

The method presented here relies on the accurate deter-
mination of the flip angle, unom, at the center of the coil.
The flip angle calibration process relied on for this work
exists on General Electric scanners only; other manufac-
turers use alternative methods. If an equivalent definition
of unom is not available on other scanners, the possibility of
introducing the method described (10) could be consid-
ered as a manual alternative to the default manufacturer’s
method. Alternatively, the relationship between the
method described in Ref. 10 and the local method could be
established as a one-off calibration step.

The process of determining the strength of the transmit-
ted RF field differs from those described previously (see,
e.g., Refs. 4–6), as these did not correct for the effects of
the slice profile. Doing so allows the non-sinusoidal be-
havior of the flip angle–signal strength relationship to be
modeled successfully (Fig. 2). Our method for determining
the transmit RF field inhomogeneity assumes that the RF
distribution measured in a large oil phantom closely ap-
proximates that produced when the coil is loaded by a
head. This assumption appears reasonable at 1.5 T; at
higher field strengths this is not so (16–18).

Although for the purposes of correcting T1 measure-
ments we have focused on the measurement of the trans-
mitted RF field, this technique also provides information
concerning the reception fields of the coil configuration
used for the imaging process (as long as a uniform oil
phantom is used). This allows the two effects to be deter-
mined separately. Thus, we expect this technique to be of

use when an imaging coil is used in receive-only mode (for
example, a phased array), with a separate coil being used
for transmission. In these circumstances the independent
transmission and reception fields can be assessed.

This technique allows T1 to be measured with confi-
dence in coils exhibiting RF inhomogeneity and with stan-
dard sequences having non-ideal pulse profiles. A possible
application is the measurement of pathological T1 values
in the central nervous system, with particular emphasis on
the measurement of T1 values in multiple sclerosis in the
brain and spinal cord. Clinically important regions, such
as the brain stem (Fig. 6a), often fall in nonuniform regions
of imaging coils (26), leading to difficulties in determining
relaxation times in such regions.
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