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The application of an inversion-recovery snapshot FLASH
(f ast low-angled shot) imaging sequence to the dynamic measure-
ment of monoexponential T relaxation was investigated. The ef-
fect of () a reduction in the overall sequence repetition time, and
(b) an increase of the read-pulse flip angle, on the measurement
of T, was analyzed. The error in T, introduced by these factors is
calculated, and a fuller analysis that takes them into account is
presented. Data from a phantom are used to confirm this analysis.
The magnitude of the errors is illustrated by measuring myocardial
T, in patients with acute ischaemic heart disease during the injec-
tion of a bolus of the contrast medium gadobenate dimeglumine.
Overall, there was a 10% difference between the T, values when the
approximate and exact solutions were used; this was statistically
significant. However, the difference was on average 25% for pa-
tients with a high heart rate (because of the shorter sequence-
repetition time) in areas of infarcted myocardium (because of the
longer T,).
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INTRODUCTION

T, and T, are intrinsic tissue parameters that are altered
in some pathological tissues (1). It was hoped that accurate
measurement of these parameters would distinguish between
normal and pathological tissue. However, the wide biologi-
cal heterogeneity of relaxation times (2) makes them poor
diagnostic indicators. Thismay at least partly be attributable
to the inaccuracy of the experimental methods used in the
clinical scanning situation (3, 4).

A one-shot sequence that allows precise T, measurements
is TOMROP (T one by multiple r ead-out pulses) (5) first
proposed for spectroscopy by Look and Locker (6) and
adapted for imaging by Graumann et al. (7). This was de-
noted one-shot, as it requires only one imaging experiment
to acquire a series of images for T, calculation. In this se-
quence, the longitudinal magnetization isrepeatedly sampled
(1 sample per image) as it approaches a steady state, either
from an unperturbed state or following a 90° or 180° pulse.
This is repeated for each phase-encoding step, to produce a
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series of images with different T, weightings, and requires
approximately 10 minutes of imaging time. Variants of this
(8—11) have been used to measure multiexponential relax-
ation (9, 10, 12) required for accurate evaluation of T, in
some tissues.

Multiple images have been obtained with an inversion-
recovery snapshot-FLASH (fast | ow-angled shot) or Tur-
boFL ASH imaging sequence (13), and used to measure T;.
Here an inversion pulse is applied, and as the longitudinal
magnetization recovers, a series of imagesis acquired. Each
imageis formed by applying atrain of low-flip-angle pulses,
each of which gives one phase-encode line. Thereisachange
in longitudina magnetization due to the application of the
readout pulses, and a method of correction for this has been
shown (14).

If T, ischanging rapidly, then methods that need multiple
images may not be practical. Measurement of T, can be
achieved in the shortest time by repeatedly acquiring just a
single T,-weighted image, which, in conjunction with astatic
measure of the equilibrium magnetization, can be used to
calculate T;. In this context, we have investigated the inver-
sion-recovery snapshot-FLASH sequence (13), for dynami-
cally measuring T,, assuming monoexponential relaxation
(15). Here, aninversion pulseis applied, and after the inver-
siontime(TI), atrain of readout pulses gives asingle image
in one shot. The contrast in the image is determined by the
position of the central phase-encoding step in the longitudi-
nal relaxation curve, and can be altered by changing TI.

In this study, we look at the effects of the flip angle of
the readout pulses and the repetition rate of the scans on the
accuracy of measuring T;. We then show the magnitude of
the errors which would be expected when measuring in vivo
myocardial T, during the injection of a bolus of contrast
medium for perfusion assessment if these confounding fac-
tors were not taken into account.

THEORY

We consider here what happens to the measured signal
intensity in a snapshot-FLASH segquence when the overall
sequence repetition time cannot be considered long with
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FIG. 1. Schematic representation of the z magnetization during the

snapshot-FLASH sequencein steady state. TR, is the image repetition time;
Tl isthe inversion time; and TD is the post-image recovery/trigger delay.
The longitudinal magnetization values are marked just before the inversion
pulse (M™); just after the inversion pulse (M™); just before the start of
image acquisition (M;); and at the end of image acquisition (M;").

respect to T,. Normally, the start of the sequence in dynamic
cardiac studies is triggered from the ECG, and therefore
TR, will be an integer multiple of the R-wave interval. For
simplicity, a single-slice experiment is analyzed.

The T,-weighted snapshot-FLASH sequence (illustrated
schematically in Fig. 1) can be written

[TD—180°—TIl—[a—TR]]ni; [1]

where TD is an optiona delay before the start of the se-
guence; Tl isthe inversion time; and « is the flip angle of
the read pulse for acquisition of one line of k space. The
inner loop is repeated for Nk lines of k space, and the
outer loop is repeated Ni times, according to the number
of images required. When more than one image is acquired,
the signal intensity is affected by the pulses from the previ-
ous image, and analysis becomes more complicated. Also,

Mo _comv Y1 B {14

[1 — ED(1 — C™(1 — EI)) +

when the overall sequence repetition time does not allow
complete relaxation.

Using the notation in Fig. 1, we can write expressions for
the z magnetization at four stages in the snapshot-FLASH
sequence. After several sequence repetitions, when a steady
state is reached, the magnetization at the end of the TD delay
is of equal magnitude, but of opposite sign, to that just after
the previous 180° pulse. Thus,

M*¥ =—-M". [2]
Longitudinal relaxation then occurs during the Tl period
such that the magnetization just before the first o pulse for
image acquisition is
M; = Mo(1 — EI) + M™EI, [3]
where El = exp(—TI/T,), and My is the equilibrium z mag-
netization. After the final « pulse, the effect of the sequence
of a pulses (16) is such that

= My (ER cos(a))™

[ER cos(a)]™ — 1
 Mo(1 - ER){ ER cos(a) — 1 } ' [4]

where ER = exp(—TR/T,). At theend of image acquisition,
relaxation occurs during the period TD before the next inver-
sion pulse. So, just before the inversion pulse

M~ = My(1 — ED) + M| ED, [5]
whereED = exp(—TD/T,). Solution of this system of equa-

tions leads to a z magnetization value just before the mth
line of k space of

ED(ER — 1)(C™ — 1)
2

the o pulses cause increasing saturation through the se-
guence, and therefore, for simplicity, we assume that the
signal intensity seen in the final image reflects the intensity
of the mid-line of k space, from which most of the image
contrast is derived. Rostrup et al. (16) recently showed the
effect of the « pulses on measured signa intensity. We
now extend their results to show the correction needed

Mo 1+ ED x C™ x El

cm1 _

1) [6]

where C = ER cos(a). The signal intensity measured is
thus Msin(a).

Equation [ 6] can be considerably simplified if a low flip
angle is used for the a pulses. The time from the inversion
pulse to the mid-line of k space isusually called the effective
Tl (Tleff) and isoften TI + [TR X (N /2 — 1)]. Also, the
overdl image-repetitiontimeis TRy, = Tl + (N X TR) + TD.
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For very-low-flip-angle « pulses, Eq. [6] then reduces
to

~ 2exp(—Tle/Ty) ]
(1 + exp(—TRy/Ty)) |’

M = Mo[l [7]

where M, is now the signal intensity that would be observed
with a very long inversion time. When the TR, is large
compared to T,, this further reduces to

M = Mo[1 — 2 exp(—Tl/T1)], [8]

which has been used in previous studies of dynamic contrast
uptake (17). Using this expression, it is then asimple matter
to calculate the T,

Tl
nf3(1- 5]
2 Mo

However, when the TR, cannot be considered large with
respect to T,, Eq. [7] must apply, from which we have
been unable to extract an analytic solution for T;. Iterative
methods must be applied in order to find the T, from a
signal intensity ratio [ M(t)/My], even for the low-flip-angle
approximation.

From Eq. [7], the null point is given by

1 TR,
Tl = —In[é (1 + exp(— T_1>> ]Tl. [10]

Often, in order to maximize the signal dynamic range in
contrast-enhanced studies, the tissue to be evaluated is ini-
tially nulled before a contrast agent is introduced. In the
short TR, regime, this then leads to a signal intensity rela-
tionship of

T.(t) = - [9]

M (1)
Mo

1 TR, Tpre
., Zexp{'”[ﬁ (1 ! exp(Tmre)” Tl(t)}
T 1 + exp(—TRy/T4(1)) '

[11]

where T,pre is the precontrast longitudinal relaxation time
of the tissue, and T,(t) is the relaxation time measured dur-
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FIG.2. Signd intensity asafunction of T, for various overall repetition
times. The values are normalized to an image without the inversion pulse
and with along repetition time. A low flip angle for the « pulsesis assumed
in these plots.

ing this dynamic experiment. Figure 2 shows a plot of this
function for typical values of T, and TR,. Typre is 750 ms,
typical of myocardium. The TR, varies between 0.5 and 5
times T,pre (between 0.375 and >3.75 s). The effective
inversion time to achieve nulling precontrast then varies ac-
cordingly between 165 and 519 ms. As can be seen, consider-
able differences in the shape of signal intensity response
occur as TRy is shortened, and it would only be possible to
evaluate T, by taking into account both the inversion time
and the overall sequence repetition time. As TR, is short-
ened, the response becomes flatter around the null point,
with steeper response at lower T, values.

Low-flip-angle « pulses may not be practical in a clinical
imaging situation where the signal-to-noise ratio must aso
be considered. We now examine the behavior of Eq. [6] for
increasing flip angles and the following sequence parame-
ters: 64 lines of k space with the mid-line being line 32; TR
= 4.7 ms; T,pre = 750 ms; TR, = T,pre. Figure 3 shows
the effect of increasing flip angle on image signal-intensity
ratio across the range of T, values. The approximation of
low-flip-angle « pulses will clearly lead to errorsin T, esti-
mation for moderate flip angles. The full equation, Eq. [6],
should be used when flip angles exceed afew degrees. How-
ever, this leads to the further complication that the signal
intensity measured even with full relaxation before theimage
acquisition now depends not only on the proton density, but
aso on the T, of the tissue. Thus, the M, value in Eq.
[6] cannot be found strictly from a single scan without an
inversion pulse. Figure 4 shows the variation in signal ampli-
tude (normalized to the value for very short T,) that would
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FIG. 3. The simulated effect of increasing flip angle on the image
signal-intensity ratio, for arange of T, valuesat TR, > 5 X Tipre.

be seen in the ** My’ image, for increasing flip angles, and
acrosstherange of T, values, again for the example sequence
parameters above. For flip angles up to about 8°, the change
in signal amplitude in the My image isrelatively small across
a quite large range of T, values. Thus, if we know the ap-
proximate tissue T, at the time when the M, image is ac-
quired, we can compute a correction factor for the M, value
in subsequent dynamic measurement using Eq. [ 6].

In order to choose the best flip angle, the measured signal
amplitude over the range of T, values must be assessed.
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FIG.4. Thesimulated effect of flip-angleincrease on the signal intensity
of an ‘*M,’’ image for a range of T, values.
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FIG. 5. The simulated effect of flip-angle increase on signal amplitude
for arange of T, values. For T, values above 0.1 s, no improvement in
image intensity is seen if the flip angle is increased above 12°, for the set
of sequence parameters described in the text.

Figure 5 shows the measured signal amplitude over a range
of flip angles for the same sequence parameters as above.
For the lowest T, values, the signal amplitude continues to
increase as the flip angle increases up to 90°. However, over
the whole range of T, values, flip angles above 12° do not
increase the signal amplitude greatly in this example. Al-
though not taken into account in Fig. 5, the inversion time
needs to be reduced still further if the same T, is to be
nulled.

METHODS

All experiments were performed using a whole-body MRI
system (MAGNETOM, Siemens, Erlangen, Germany) op-
erating at 1.0 T. A linearly polarized body coil was used for
RF transmission and reception of the NMR signal. The sys-
tem was equipped with actively shielded magnetic field gra-
dient coils, giving gradient strengths of up to 15 mT m*
with rise times of 1 ms.

A phantom consisting of seven separate vias each con-
taining water doped with a different concentration (0.238 to
1.608 mmol /L) of Gd-DTPA (Omniscan, Nycomed, Nor-
way) was used to give arange of T, values. The T, values
of these solutions were estimated using a saturation-recovery
gradient-echo sequence with TR values decreasing from
4300 to 41 ms, in 19 steps. The field of view (FOV) was
300 mm, 1 dlice of 10 mm thickness was acquired with a
256 X 256 data matrix, and the echo time (TE) was 10 ms.
Nonlinear curve fitting to a plot of signal intensity against
TR was performed using an equation of the form
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_ M([1 - exp(=TR/T,)]
" [1 - cos(a)exp(-TR/T.)]

[12]

This allowed estimation of T, which was found to range
between 0.10 and 0.75 s.

The errors in T, measurement for the snapshot-FLASH
sequence were evaluated by comparing the values estimated
using Egs. [6], [7], and [9] to those obtained using the
saturation-recovery method. One of the solutions of Gd-
DTPA had a T, similar to that of myocardium (0.75 s); this
vial mimicked the precontrast T, of myocardium and was
used to assess the accuracy of EQ. [10] in predicting the
inversion time to null a particular T,. All snapshot-FLASH
measurements were repeated four times, to ascertain the
standard deviation of the T, measurement.

First, TR, was varied as a multiple of the myocardial-
equivalent T, (Typre = 0.75 s), from 0.5 X T,pre through
1 X Typre, to greater than 5 X Typre, in order to simulate
different R—R intervals and multiples of the R—R interval.
For each TRy, the inversion time was such that the myocar-
dium equivaent solution should have remained nulled if
Eq. [10] proved to be accurate. The other acquisition param-
eters for the snapshot-FLASH sequence were « = 8°; TR
=47 ms, TE = 2 ms;, FOV = 300 mm; 64 X 64 data
matrix; 1 slice of 15 mm thickness. Eleven consecutive
images at each TR, were obtained to ensure that the magne-
tization reached a steady state from one image to the next;
the signal intensity used in the analysis below was always
measured from the final image. In addition, a single image
was acquired after full relaxation and without an inversion
prepulse, the ** My'" scan.

Next, the effect of changing the flip angle of the « pulses
on the accuracy of T, measurement was investigated. Scans
were performed using flip angles of 1°, 8°, and 15°, for TR,
corresponding to the myocardial T, (TR, = T,pre = 0.75
s). Fifteen degrees is the largest flip angle allowed with this
sequence on our MRI scanner.

The snapshot-FLASH sequence was then applied to mea-
suring in vivo myocardial T,. Fourteen patients admitted to
our hospital with acute myocardia infarction were scanned
within 2—4 days of thisischaemic event. These patients were
also assessed using thallium-201 single photon emission
computed tomography (SPECT).

Short axis images through the left ventricle were obtained
using athree-slice snapshot-FLASH sequence, the dices be-
ing positioned above, through, and below the papillary mus-
cle. The acquisition parameters were a = 8%, TR = 4.7 ms;
TE = 2 ms;, Tl = 300 ms; FOV = 250 mm; 64 X 64 data
matrix; 10 mm thick slices. Acquisition was cardiac gated
so that the mid-line of k space was acquired in mid-diastole,
and the inversion time was chosen to null the signal from
myocardium precontrast.

First, an M, image was acquired for each slice by turning
off the inversion pulse. Next, the heart was imaged continu-
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FIG. 6. Normalized signal-intensity response for the snapshot-FLASH

pulse sequence for three values of TRy, flip angle = 8°. Simulated and
mean measured data (*2 standard deviations) are shown. The experimental
data were measured from a phantom consisting of vials containing known
concentrations of Gd-DTPA in agueous solution. For each value of TRy,
the inversion time was adjusted so that the signa from the vial with T, =
750 ms was nulled.

ously during the injection of 0.05 mmol kg * gadobenate
dimeglumine (Gd-BOPTA) contrast agent (Bracco SpA,
Milan, Italy). Images were acquired at a rate of one image
every two heartbeats. The time interval between each of
the snapshot-FLASH measurements was recorded for each
patient.

Twenty images were obtained at each of the three myocar-
dial levels, but only results from above the papillary muscle
are presented here. On each image, including the M, images,
the left ventricular myocardium was divided radialy and
evenly into 10 regions of interest (ROIs), and the mean
signal intensity was found for each ROI. The R, (= 1/T,)
for each sector of the myocardium was calculated twice, first
with the simplified equation, Eq. [9], then using the full
analysis of Eq. [6].

The differences caused by using the simplified versus the
full analysis were then assessed in 10 ROl s per patient. Some
ROIs were in areas that appeared to have normal uptake of
thallium-201, while others were in areas with an abnormal
(reduced) uptake. The results shown are averages of al the
representative ROIs for the patients at al times during the
contrast injection.

RESULTS

The magnetization values were sampled using ROIs en-
compassing approximately 20 pixels for both the phantom
and cardiac studies. A correction for background noise in
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FIG.7. Mean estimation of R, for three values of TR, using the smpli-

fied analysis of Eq. [9], and the full analysis of Eq. [6], for TR, = T,pre
and TR, = 0.5T,pre. These are the same experimental data as shown in
Fig. 6, presented to show the errors that occur in R; estimation when using
the simple analysis. The dashed lines represent the theoretical R, estimates
that would be expected when using Eq. [9] to analyze data with short TR,
and o = 8.

these magnitude images was performed using the method
described by Henkelman (18), the magnitude of the noise
having been measured in a region of the image outside the
sample.

Figure 6 shows ratios of magnetization measured using
the snapshot-FL ASH sequence in steady state to that without
the inversion prepulse. The magnetization ratio for three
vaues of TR, (5 X T,pre, 1 X Typre, and 0.5 X T,pre)
overlaysthe theoretical curves calculated using Eq. [6]. The
ratios shown represent the mean of the four measurements,
and the error barsrepresent +2 standard deviations. Note that
nulling of the myocardium-eguivalent solution is maintained
throughout the changesin TR, by adjustment of theinversion
time. Tlg was reduced from 519 ms for the longest TR,
down to 165 ms for the shortest TR,.

The estimates of T, using Eq. [6] or Eq. [ 7] were made
using an iterative search scheme. Either Eq. [6] or Eq. [7]
was used to predict the signal-intensity ratio (magnetization
in steady state to magnetization when measured without an
inversion pulse), and the value of T, in these equations was
systematically searched in order to find that which gave the
measured intensity ratio. The flip angle in Eq. [ 6] was fixed
to the value calibrated by the scanner.

Figure 7 summarizes the errors that are introduced into
the estimation of R, by using Eq. [9], when TR, is reduced.
The mean and standard deviation of the R, values were
calculated using Eqg. [9] and the full Eq. [6]. These values
are plotted against the R, measured using the saturation-
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FIG. 8. Estimation of R, using the snapshot-FLASH pulse sequence for

flip angles of 8° and 15° and TR, = T myo; other sequence parameters are
given in the text. The phantom consisting of vials containing water doped
with Gd-DTPA was again used in this experiment. R, was estimated using
the low-flip-angle approximation of Eq. [ 7], and using the full analysis of
Eq. [6]. The error introduced by the low-flip-angle approximation is rela-
tively small until the flip angle exceeds about 8°. The dashed lines represent
the theoretical R, estimates that would be expected when using Eq. [ 7] to
fit to data where the flip angle cannot be considered small.

recovery sequence, for the values of TRy: 5 X Tipre, 1 X
T,pre, and 0.5 X Tipre (a = 8°). Also shown are theoretical
curves representing the expected behavior of the magnetiza-
tion using Eq. [6], but analyzed using Eq. [9]. When TR,
> 5 X T,pre, both methods yielded essentialy the same
result and were in agreement with the saturation-recovery
measurement of T;; these data are not plotted. However, as
TR, is reduced, the use of Eq. [9] introduces considerable
error at the shorter R, values. The TR, reduction from 1 X
T,pre to 0.5 X Typre also increased the standard deviation
of the R, for Eq. [6] from 0.17 to 0.69 s™* and for Eq. [9]
from 0.11 to 0.40 s~ respectively. This was due to the
reduced signal-to-noise ratio at the lower values of TR,.
The accuracy of T, measurement at flip angles of 1°, 8,
and 15° was calculated using Eq. [ 7], which does not allow

TABLE 1

Standard Deviation of R, for Each Flip Angle Using the Simple
and Full Analysis

Flip Angle of « pulses

Equation used 1° 8° 15°
Simple analysis Eq. [7] 073s™ 015s™ 022st
Full analysis Eq. [6] 069s? 017s* 02 st
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TABLE 2
Calculated Relaxation Rates when Using the Simplified Analysis of Eq. [9] Compared to the Full Analysis of Eqg. [6]
for Human Myocardium during the Arterial Injection of Gd-BOPTA

Slow heart rate (<80 bpm)

Fast heart rate (>80 bpm)

Using Using Percentage Using Using Percentage

Eq. [6] Eq. [9] difference Eq. [6] Eq. [9] difference
Mean R; in normal myocardium 216s* 232st 7.7% 239s? 267s? 11.9%
Mean R; in infarcted myocardium 204 st 224st 9.6% 163s? 2055t 25.3%

Note. The error introduced by the smplified analysis is higher for this cardiac-gated study at higher heart rates and for infarcted tissue.

for the effect of larger flip angles, and also using Eq. [6].
In Fig. 8, a systematic error in R, can be seen at the highest
flip angle, which is corrected by the use of Eqg. [6]. The
datafor aflip angle of 1° showed the most unbiased estimate
of R, compared to the saturation-recovery method, but for
clarity are not plotted. However, because of the poor signal-
to-noise ratio, this flip angle also showed the highest mean
standard deviations for both Eq. [ 7] and Eqg. [ 6], compared
to the higher flip angles; the standard deviations are shown
in Table 1.

The patient data were divided (arbitrarily) into two
groups: those with a slow heart rate (less than 80 beats per
minute [ bpm]) (8 patients) and those with a fast heart rate
(>80 bpm) (6 patients). Table 2 summarizes the errors
that occur when the simplified analysis (Eq. [9]) is used to
estimate R,. The mean difference in R, between the two
methods of analysis was 10.5% which was statistically sig-
nificant (p < 0.001; Student’st test for paired data). The
difference was much greater for those patients with a high
heart rate because of increased magnetization saturation
caused by the shorter sequence repetition time. Also, because
of the reduced R; in regions of infarction, the error was also
greater in these areas (Table 2).

DISCUSSION

We have looked at the effects of flip angle of the a pulses
and of reduction in the overall sequence repetition time on
the calculation of T, from snapshot-FLASH images. If these
factors are ignored, there will be a systematic underestima-
tion of T,. The application of Eq. [6] alows for the satura-
tion of the magnetization and leads to accurate T, estimation
even at short TRy, and practical flip angles.

This work has implications for dynamic studies where a
rapid series of snapshot-FLASH images is acquired, such
as fast cardiac-gated T, imaging during the passage of a
bolus of contrast agent (19). If T, can be measured accu-
rately then it may be possible, through the changein concen-
tration of a contrast agent, to quantify myocardial perfusion
(17, 20).

It can be seen from Fig. 3 that deviationsin the flip angle

do not have a major impact on the computed T, for moderate
changes of flip angle. It is therefore expected that if the flip
angle varies throughout the dlice, as can be the case for the
short RF pulses used in snapshot-FLASH, then this should
not affect the computed T, greatly. We have shown that,
although the flip angle of the a pulses contributes to inaccu-
racy, the largest effect is due to the reduction in overall
seguence repetition time.

The use of short overall sequence repetition times has
consequences for the range of T, valuesthat can be measured
accurately. As can be seen from Fig. 2, a common problem
isthe inaccuracy in T, estimation at low values of T,: mag-
netization recovers very quickly with almost complete relax-
ation after the inversion pulse and very little signal decrease
up to quite large values of T;. AS TR, is reduced, the change
in signal intensity with T, becomes considerably greater at
these low T, values. However, this is at the expense of the
very flat response around the null point. This latter point
necessitates using a scheme for the correction of noise (18)
if accurate T, measurement is to be maintained for T, values
around the null point.

The accurate measurement of T, in vivo has many other
problems not encountered in phantoms. We performed our
phantom measurements on a system with monoexponential
T, and applied this model to in vivo measurement. However,
in vivo there may be multiple T, values as tissue water is
compartmentalized (21). The measurement of multiexpo-
nential T, relaxation requires that several images are ac-
quired at different points in the T, relaxation curve (8). If
this is done with cardiac gating, then several cardiac cycles
are needed. For dynamic imaging with good time resolution,
thisis not practical.

Note that using the full analysis of Eq. [6] has much
greater impact on the R, estimates for the poorly perfused
or infarcted tissue, since this has relatively long relaxation
times.

CONCLUSIONS

We have shown that a simplistic analysis of the snapshot-
FLASH sequence can lead to significant errors in T, mea-
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surement if either the overall sequence repetition time is
reduced to improve temporal resolution or large-flip-angle
readout « pulses are used. We present a fuller analysis that
takes into account both of these effects and removes their
distorting influences. An additional benefit of using a short-
ened overall sequence repetition time is that the accuracy of
the estimated T, should be improved at low T, values. How-
ever, this is at the expense of sensitivity at higher T,.

The improved accuracy of monoexponential T, estimates
has implications not only for perfusion studies of the heart,
but for any system where rapid T, measurements are re-
quired.
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