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Inversion Recovery TrueFISP: Quantiﬁcation of T1, T2,
and Spin Density
Peter Schmitt,1* Mark A. Griswold,1 Peter M. Jakob,1 Markus Kotas,2 Vikas Gulani,1,3
Michael Flentje,2 and Axel Haase1
A novel procedure is proposed to extract T1, T2, and relative
spin density from the signal time course sampled with a series
of TrueFISP images after spin inversion. Generally, the recovery
of the magnetization during continuous TrueFISP imaging can
be described in good approximation by a three parameter
monoexponential function S(t) ⴝ Sstst(1-INV exp(-t/T1*). This apparent relaxation time T1* ≤ T1 depends on the ﬂip angle as well
as on both T1 and T2. Here, it is shown that the ratio T1/T2 can
be directly extracted from the inversion factor INV, which describes the relation of the signal value extrapolated to t ⴝ 0 and
the steady-state signal. Analytical expressions are given for the
derivation of T1, T2, and relative spin density directly from the ﬁt
parameters. Phantom results show excellent agreement with
single point reference measurements. In human volunteers T1,
T2, and spin density maps in agreement with literature values
were obtained. Magn Reson Med 51:661– 667, 2004.
© 2004 Wiley-Liss, Inc.
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The balanced SSFP MR imaging technique (1), also named
balanced FFE and FIESTA, here referred to as TrueFISP
(2), was proposed more than a decade ago and has generated much renewed interest during recent years due to
technical advances in gradient and receiver performance.
It provides the capability of extremely rapid imaging while
preserving a high SNR efﬁciency. With a ﬁxed ﬂip angle ␣,
the steady-state signal is an increasing function of the ratio
T2/T1, so that high signal is generally obtained from ﬂuid
compartments with a long T2. The resulting image contrast
renders the technique beneﬁcial for several different applications, e.g., evaluation of cardiac function (3) or coronary angiography (4,5).
In practice, magnetization reaches its steady-state condition after a certain transition period. A smooth signal
time course towards steady state can be achieved by preparation with an RF pulse of ﬂip angle –␣/2, preceding the
imaging sequence at a time TR/2 before the ﬁrst ␣ pulse (6).
Whereas new elaborate pulse schemes have also been described (7), the ␣/2-based technique is robust and allows
the implementation of additional magnetization prepara-
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tion experiments immediately before a TrueFISP readout.
In combination with the ␣/2 prepulse, an inversion recovery TrueFISP sequence has been proposed for magnetization prepared steady-state imaging (6). This approach has
recently gained renewed interest as a promising tool for
fast T1 quantiﬁcation (8). The intensities of a TrueFISP
image series acquired after spin inversion and ␣/2 preparation were reported to follow the free longitudinal relaxation curve very closely, even at comparatively high ﬂip
angles of 50°.
In a subsequent study from our group using numerical
simulations and phantom experiments, it was also found
that the recovery time course under a train of TrueFISP
pulses can be described by monoexponential behavior (9).
However, apparent relaxation times T*1 were measured
which strongly depended on the ﬂip angle, T1 and T2. It
was demonstrated that this property can be used to quantify both T1 and T2 by ﬁtting T*1 curves measured with
different ﬂip angles to theoretical response curves. This
numerically described behavior was conﬁrmed by the results of a recent publication wherein an elegant simplifying calculation was presented, yielding a compact mathematical description for the transient TrueFISP signal decay
rate (10).
In the present work, analytical expressions are proposed
for the direct calculation of T1, T2, and spin density from
a single IR TrueFISP signal time course. Numerical simulations based on the Bloch equations were used to assess
the validity of the approximations made. The feasibility
and accuracy of the technique is demonstrated in phantom
experiments. Results of T1, T2, and spin density measurements in brains of healthy human volunteers are presented.
THEORY
It was shown early that the use of matrix notation is
beneﬁcial for ﬁnding and handling solutions of the Bloch
equations (11). A compact description is possible for periodic sequences, when the difference vector between an
arbitrary initial value and the steady state magnetization is
analyzed (7). In a recent article a subtle approximation was
presented for the transient signal behavior of TrueFISP
sequences, considering magnetization at zero off-resonance frequency, prepared with an initial ␣/2-pulse and
evolving along the ␣/2-cone (10). It was shown that the
temporal signal curve is expected to reveal monoexponential behavior and that a simpliﬁed expression can be obtained for the decay rate:
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where ␣ denotes the ﬂip angle and E1,2 ⫽ exp(–TR/T1,2).
For TR Ⰶ T1,2, this formula may be reduced to the following direct relation for an apparent relaxation time T*1:
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For TR Ⰶ T1,2 this expression reduces to (14):
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Generally, the steady state signal Sstst is lower than the
initial signal S0. Consequently, three parameters are
needed for a complete description of the corresponding
exponential IR time course from S0 to Sstst, e.g., using the
ﬁt function:
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Here, the inversion factor INV indicates the ratio between
S0 and the steady state signal Sstst. Using Eqs. 3 and 5, INV
can be expressed as:
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Thus, INV only depends on the ﬂip angle and on the ratio
T1/T2, approaching INV ⫽ 2 for the limit of a small ﬂip
angle. Together with Eq. 2, the following expressions are
obtained so that T1 and T2 can be directly calculated from
measured ﬁt parameters T*1 and INV:
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where M0 is the proton density. The TrueFISP steady state
signal may be written as (12,13):
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With the origin of time positioned at the ﬁrst imaging
pulse and with T1 relaxation between spin inversion and
this pulse neglected, the TrueFISP signal value extrapolated to t ⫽ 0 can be described in good approximation by:
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When T2 relaxation between the ␣/2-preparation and the
ﬁrst ␣-pulse is neglected, the relative spin density M0 may
be estimated directly from:
M0 ⫽

S stst共INV ⫺ 1兲
sin

␣
2

[12]

MATERIALS AND METHODS
For further analysis of the TrueFISP signal evolution during longitudinal recovery after spin inversion, numerical
simulations were performed on basis of the Bloch equations using the Matlab software (MathWorks, Natick, MA).
For simpliﬁcation, RF pulses and signal acquisition were
assumed to be inﬁnitesimally short. IR TrueFISP experiments were modeled for various T1, T2, and ﬂip angle
values to assess the accuracy of the approximate equations
given in the Theory section. Furthermore, simulations
were used to assess the inﬂuence of off-resonance frequencies.
Experimental data were acquired on a 1.5T whole body
scanner (Siemens Vision, Erlangen, Germany) using a standard quadrature head coil. A total of 18 phantom bottles
with a diameter of 60 mm were examined. Fifteen bottles
were ﬁlled with 0 –2% agarose (Agar-Agar, Roth, Germany), doped with Gd-DTPA (Magnevist, Schering, Germany) at concentrations of 0 – 0.259 mmol/l. Three phantoms consisted of water doped with a SPIO contrast agent
(Endorem, Guerbet, France) at concentrations of 0.025,
0.050, and 0.100 mmol(Fe)/l. With these phantoms, therefore, a wide range of T1 and T2 values was covered, as well
as different ratios of T2/T1.
For reference, the longitudinal relaxation times of the
phantoms were measured with a single point spin-echo
(SE) sequence. After adiabatic inversion, spoiling of residual transverse magnetization and subsequent delay TI, a
single line of k-space was acquired, followed by a delay of
15 sec before the next inversion. Images were acquired at
14 different inversion times, ranging from TI ⫽ 25 ms to
TI ⫽ 9 sec. Transverse relaxation was assessed with a
CPMG-sequence. After 90°-excitation, a total of 16 echoes
with an interecho distance of 50 ms were acquired. To
minimize T1 inﬂuence, a long TR of 10 sec was used.
Reference values for T1ref and T2ref were calculated from
the corresponding magnitude image series by three-parameter and two-parameter ﬁtting routines, respectively.
IR-TrueFISP experiments were performed on the phantoms arranged in groups, at ﬂip angles between 10° and
130° with a segmented imaging sequence (TR ⫽ 6.46 ms,
bandwidth ⫽ 488 Hz/pixel). After adiabatic inversion, a
train of 38 image segments was acquired. Each segment
was comprised of 21 phase-encoding steps, equally dis-
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FIG. 1. Simulations and calculations: (a) signal time courses with a ﬂip angle of 50° for different ratios T2/T1; (b) ratio of apparent T1* to true
T1; and (c) inversion factor INV over the ﬂip angle.

tributed over k-space with spacings of 12 steps. Thus, the
recovery curve was sampled for more than 5 sec. A delay
of 5 sec was introduced to allow for longitudinal relaxation before the next inversion. A square ﬁeld of view of
256 mm was covered with a matrix of 252 ⫻ 256 pixels,
yielding a total time of 2:08 min for the complete acquisition of 38 images. A sinc-shaped RF pulse was used, which
had been optimized for a rectangular slice proﬁle with
thickness 8 mm. The same sequence was used for parameter measurements in the human brain. Healthy volunteers
were examined after giving informed consent. After shimming, IR TrueFISP image series were acquired with different ﬂip angles in axial slices. For later comparison, T1-,
T2-, and spin density-weighted MR images were acquired
in the same slice positions with an SE sequence (TE ⫽
14 ms, TR ⫽ 500 ms) and with a dual contrast turbo-spinecho (TSE) sequence (TEeff ⫽ 16/98 ms, TR ⫽ 4000 ms).
The acquired IR TrueFISP magnitude image series were
ﬁt pixelwise to the three-parameter function given in Eq. 6
using a least-square ﬁtting routine and a computing algorithm described in Ref. 15. From the resulting ﬁt parameter
maps, T1, T2, and M0 maps were calculated using Eqs.
8 –12.
In the phantom data, values were taken from regions of
interest (ROIs) placed within the bottles and compared to
the corresponding results obtained in the same manner
from SE and CPMG sequences. In the in vivo data, T1, T2,
and M0 values were evaluated in ROIs positioned in white
matter, gray matter, cerebrospinal ﬂuid (CSF), and muscle
tissue, each ROI comprising at least 25 pixels. From the
parameter maps, synthetic T1-, T2-, and spin densityweighted images were calculated and compared to the
corresponding acquired SE and TSE images by means of a
pixel-based correlation.
RESULTS
For magnetization at zero or small off-resonance frequency, the simulated temporal signal curves revealed
essentially pure monoexponential behavior and could
thus be completely characterized by three ﬁt parameters:
T*1, Sstst, and INV. This is demonstrated in Fig. 1a, where
three temporal signal courses, simulated for a ﬂip angle of
50° and different ratios of T2/T1, are depicted together
with the corresponding monoexponential ﬁts. In Fig. 1b,c,
results for T*1 and INV are shown for different T2 values as

a function of the ﬂip angle, obtained with numerical simulations and analytic calculations according to Eqs. 2 and
7. The value of T*1 equals the true T1 at small ﬂip angles
and approaches T2 in the multispin-echo limit of ␣ ⫽ 180°
(Fig. 1b). INV equals 2 at small ﬂip angles and is even close
to 2 for higher ﬂip angles, when T2 ⬇ T1. Both T*1 and INV
as calculated from Eqs. 2 and 7 correspond to the results
from Bloch simulations very closely (Fig. 1c). For brain
tissue (e.g., white matter with T1 ⫽ 700 and T2 ⫽ 75), a
short T*1 of ⬃287 ms and an inversion factor of INV ⫽ 3.63
would be expected with a ﬂip angle of 50°.
For spins not on resonance, more and more distinctive
initial signal oscillations are observed as well as a subtle
persistent deviation from the respective on-resonant time
course. The signal curves still ﬁt well to monoexponential
functions but errors are introduced in the calculation of
T1, T2, and M0 values. This is illustrated in Fig. 2, where
the parameter values determined at different ﬂip angles are
plotted against the off-resonance angle, i.e., the dephasing
angle during the TR interval. For the depicted simulations,
a T1 of 1000 ms and a T2 of 100 ms were used, but the
relative deviations from the true values were largely independent of T1 or of the ratio T2/T1, i.e., the depicted results
represent estimates for various tissues. For example, with
a ﬂip angle of 50° and at an off-resonance angle of /3,
which corresponds to a frequency offset of 26 Hz for the
TR of 6.46 ms used here, T1 and M0 are overestimated by
less than 4% and by roughly 12%, respectively, while the
measured T2 values are about 20% too high. However,
off-resonance appeared not to be a problem in our studies
on phantoms and the human brain.
In the phantom experiments, the single pixel signal
courses were well characterized by the monoexponential
three-parameter ﬁt function according to Eq. 6. The complete T1, T2, and M0 parameter maps obtained with a ﬂip
angle of 50° are shown in Fig. 3a– c. The gray scales of the
T1 and T2 map were truncated at 3500 ms and 1400 ms,
respectively. The spin density values were normalized to
the average value of all phantoms, indicated in arbitrary
units. In some phantoms, thin ﬂuid ﬁlms have formed
between the agar matrix and the bottle wall. In the T2 map
they appear as bright rings at the phantom rims, corresponding to long T2 values. They are not visible in the T1
map, since T1 is mainly determined by the Gd concentration, which can be expected to be essentially identical for
the agar gel and the surrounding ﬂuid. Rather similar M0
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FIG. 2. Simulated inﬂuence of off-resonance frequency: ratio of measured parameter value to true value at ﬂip angles from 10° to 90° over
the off-resonance angle: (a) T1 (b) T2 (c) M0.

values are observed in the differently doped bottles, which
is expected since spin density should not show strong
dependence on the concentration of contrast agent or agarose.
An overview of all phantom results at ␣ ⫽ 50° is given in
Fig. 3d–f. Here, the T1, T2, and M0 values measured with
the TrueFISP sequence are plotted vs. the corresponding
reference values. The excellent agreement with the single
point values for all phantoms covering wide ranges of T1
and T2 is apparent in the high correlation coefﬁcients of
r2 ⫽ 0.999 and r2 ⫽ 0.996 for the T1 and T2 data and in the
clustering of all M0 values near to 1, as expected. Equivalent results were obtained with ﬂip angles between 30° and
90°. With a smaller ﬂip angle of 10°, the measured T*1
values were similar to the calculated T1 and the reference
T1 values. However, the obtained T2 and M0 maps had a
noisy appearance and the reference values were not reproduced precisely (data not shown). With ﬂip angles higher
than 90°, short T*1 values and limited accuracy for the
determination of all parameters were observed.

In the in vivo study, a similar impact of the choice of the
ﬂip angle was observed. Accurate measurements were
shown to be feasible at ﬂip angles between 30° and 70°. A
low ﬂip angle of 10° resulted in noisy T2 maps and high
ﬂip angles of 90° and above lead to very short T*1 values
which could not be recorded precisely. In Fig. 4, representative in vivo results of a volunteer brain are shown, measured with an IR TrueFISP experiment at a ﬂip angle of
50°. The calculated T1, T2, and spin density parameter
maps are depicted in Fig. 4a– c. For better visualization,
the gray scales of the relaxation time maps were truncated
at 3500 ms and 250 ms, respectively. The spin density map
was normalized to M0 ⫽ 1 for the maximum value found in
CSF. In Table 1, average parameter results are given, obtained within ROIs positioned in gray matter, white matter, CSF, and muscle tissue. With the exception of a comparatively low spin density of CSF, the measured values ﬁt
well into the range of literature values and were be reproducible in the same subject. Similar results were obtained
in all volunteers.

FIG. 3. Phantom results: (a) T1, (b) T2, and (c) spin density map of grouped phantoms. (d) T1 and (e) T2 and (f) spin density of all phantoms
over the corresponding reference values.
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FIG. 4. Volunteer data: parameter maps
measured with a IR TrueFISP experiment at
a ﬂip angle of 50°: (a) T1, (b) T2, and (c) spin
density. Comparison between synthetic and
acquired images: (d) T1-weighted SE (TE ⫽
14 ms, TR ⫽ 500 ms), (e) T2-weighted TSE
(TEeff ⫽ 98 ms, TR ⫽ 4000 ms), (f) spin
density-weighted TSE (TEeff ⫽ 16 ms, TR ⫽
4000 ms), (g–i) corresponding images computed from the parameter maps.

In Fig. 4d–f, T1-, T2-, and spin density-weighted MR
images are depicted that were acquired with the SE and
TSE sequences. The corresponding synthetic images calculated from the parameter maps are shown in Fig. 4g–i,
respectively. They essentially show the same contrast behavior as the original images, except in voxels with high
in-plane ﬂow, as in the sagittal sinus, in regions containing
fat or CSF, and in those voxels affected by partial volume
effects, primarily at tissue interfaces outside the skull.
This visual ﬁnding is conﬁrmed by the high correlation
coefﬁcients of r ⫽ 0.83, r ⫽ 0.89, and r ⫽ 0.73 between
computed T1-, T2-, and spin density-weighted images, respectively, and their acquired counterparts which were
calculated from all pixels within a ROI encompassing the
whole brain. Even higher r values are obtained when the
ventricles are omitted from the ROI.
DISCUSSION
The idea of acquiring a series of TrueFISP images after
spin inversion had been proposed early on for T1-prepared

Table 1
Volunteer Data: Parameter Values Obtained from ROIs Positioned
in Different Tissues (Mean ⫾ SD)
White matter
Gray matter
CSF
Muscle

T1/ms

T2/ms

M0/a.u.

719 ⫾ 33
1165 ⫾ 88
3337 ⫾ 111
963 ⫾ 78

73 ⫾ 6
92 ⫾ 11
2562 ⫾ 123
60 ⫾ 12

0.81 ⫾ 0.03
0.98 ⫾ 0.07
1.00 ⫾ 0.07
0.79 ⫾ 0.05

steady-state imaging (6). From a later study on phantoms
doped with Gd-DTPA, it was reported that the measured
IR TrueFISP time course with a ﬂip angle of 50° reﬂected
free longitudinal relaxation very closely (8). However, in
Gd-doped phantoms, T2 is close to T1, so that the apparent
TrueFISP T*1 may be equal to the true T1 for purely coincidental reasons. In most biological tissues, T2 is substantially shorter than T1. Thus, an apparent relaxation constant T*1 is expected that is much shorter than the real T1,
with its value also depending on the ﬂip angle. When the
complete recovery time course information is incorporated, e.g., using a three-parameter ﬁt according to Eq. 6, it
is possible to extract both T1 and T2 as well as relative spin
density. Both our phantom and in vivo results conﬁrm the
feasibility and accuracy of the technique.
Although several simplifying assumptions underlie the
proposed calculations, the results correspond very closely
to those of numerical Bloch simulations. These still cannot
reﬂect real experimental conditions, since, for example,
the duration or potential inaccuracies of RF pulses and
signal reception are not accounted for. In vivo, blood or
CSF ﬂow into the imaging slice may affect the results.
These were not considered, nor were diffusion effects
which may generally inﬂuence the signal in TrueFISP
imaging (16).
A direct comparison of quantitative relaxation constants
with the literature is difﬁcult, as various values for T1 and
T2 of brain parenchyma are reported from previous studies. While both lower and higher values can be found,
most reported T1 values of white matter lie between
633 ms and 758 ms, while those of cortical gray matter
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range between 998 ms and 1304 ms (17–21). Whereas
transverse relaxation in the brain may be characterized
best with a multiexponential decay (22), a reasonable
range of T2 values for a monoexponential model is 69 ms
to 81.1 ms in white and 77.9 ms to 93.3 ms in gray matter
(17,18,20,22). Our values given in Table 1 are in close
agreement with these reports from the literature. The spin
density ratio between gray and white matter determined
here is very close to previously reported values between
0.84 and 0.88 (18,23,24). Reasonable results were obtained
in muscle and CSF, except spin density values of CSF,
which may be underestimated due to incomplete relaxation during the 5-sec waiting periods before the subsequent inversion pulses. These ﬁndings are conﬁrmed by
the good correlation between real SE or TSE images and
synthetic images calculated from parameter maps, in particular given that experiments with completely different
slice proﬁles are compared and that the match may be
hampered by potential motion between the multiple scans.
An important point to discuss is the sensitivity of TrueFISP to off-resonance. The typical banding artifacts can be
avoided when the off-resonance dephasing angle during
TR is less than ⫾, a condition that could easily be fulﬁlled over a phantom group or over a human brain, even
for the moderate TR of 6.46 ms. Furthermore, the theoretical approximation used for data evaluation is only valid
for on-resonant spins. With Bloch simulations, it was possible to demonstrate the sensitivity of the technique to
off-resonance. In particular, for magnetization at frequencies considerably off-resonance, the sequence preparation
with the preceding ␣/2 pulse would not be perfect. Oscillations in the ﬁrst echoes would be expected, inevitably
associated with image artifacts, particularly in our case of
segmented acquisition. However, in our experience artifacts were not encountered, not even in the ﬁrst image after
inversion, which is acquired with only the ﬁrst 21 echoes
after preparation. Consequently, it may be assumed that
serious problems with off-resonant magnetization did not
occur. Both our phantom and volunteer studies demonstrate the feasibility of the technique and that it is possible
to measure three different parameters with a single IR
TrueFISP experiment.
With a low ﬂip angle of 10°, an apparent T*1 was obtained that is close to the real T1. This is due to the fact that
in that case the magnetization vector remains essentially
parallel to the main magnetic ﬁeld, and therefore predominantly follows longitudinal relaxation. Consequently, the
component of the magnetization vector which is subjected
to transverse relaxation and the resulting inﬂuence of T2
on the signal time course are too small for precise quantiﬁcation of T2. With a larger ﬂip angle, e.g., 70°, the transverse magnetization component, and thus the precision of
measuring transverse relaxation, is increased. On the other
hand, the steady-state signal may be maximal for ﬂip angles of only 30° in brain tissue, suggesting that the chosen
ﬂip angle should not be chosen too large. In addition, the
apparent relaxation time decreases for increasing ﬂip angle. At a ﬂip angle of 90°, a T*1 of only 138 ms is expected
for white matter (T1 ⫽ 700 ms, T2 ⫽ 75 ms), which is in the
range of the temporal distance between two consecutive
images in our study. In this case, the temporal resolution
used here proved to be too small for precise sampling of
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the signal recovery curve. At high ﬂip angles, the images
would have to be divided into smaller segments and, consequently, the total scan time would be increased. For
these reasons the optimum excitation angle as well as the
best segmentation scheme for this angle will depend on
the expected T1 and T2 values. The question is not trivial
and should be the subject of further investigations.
For the presented data evaluation, the inversion factor
INV has to be measured precisely. For an accurate ﬁt of the
steady-state signal value, the recovery curve should ideally be sampled at least until the steady-state condition is
reached. In our study, the signal time course was observed
for more than 5 sec, by far long enough to reach the steady
state in brain tissue, but too short for CSF. Thus, if the
focus is on parenchyma only, the recovery sampling time
could be substantially shortened, also leading to shorter
total scan times. For optimized measurements in CSF, it
may be beneﬁcial to acquire more images. Furthermore,
any loss of longitudinal magnetization due to incomplete
recovery before inversion or an imperfect inversion pulse
will lead to errors. With the use of an adiabatic hyperbolic
secant inversion pulse the second inﬂuencing factor may
be minimized, at least when a coil with homogeneous B1
ﬁeld is used. However, for complete recovery, a long delay
is required before inversion. The delay of 5 sec used in our
experiments was shown to be sufﬁciently long to give
reasonable results for gray and white matter, but errors
may be introduced for the results in voxels with long T1,
such as CSF.
With a saturation recovery sequence, no delay would be
required and the total scan time could be signiﬁcantly
reduced. However, additional information would be necessary to obtain a unique solution of T1 and T2. This may
be accomplished with two experiments at different ﬂip
angles and a postprocessing procedure similar to that proposed previously (9). Whether this approach is beneﬁcial
for the efﬁciency of T1 and T2 quantiﬁcation has yet to be
determined.
The TR of the TrueFISP sequence used in our studies
was 6.46 ms, which is quite moderate compared to the
short TRs under 3 ms which are available on newer clinical scanners. However, it was possible to use a long RF
pulse which could thus be optimized for slice proﬁle effects. With a shorter TR, potential inﬂuence of off-resonance effects is minimized and a higher temporal SNR
efﬁciency may be achievable. On the other hand, very
short RF pulses have to be used which leads to an inevitably poor slice proﬁle. With a broad ﬂip angle distribution
over the slice, the complex integral over different recovery
curves will be measured, each with its own apparent relaxation constant. This will lead to a more complicated
recovery curve, which will probably not be described adequately by a monoexponential function. However, the ﬂip
angle distribution along the slice proﬁle can easily be
measured and this information may also be included into
the theory. This problem may be avoided with a 3D sequence.
CONCLUSIONS
Our results show that it is possible to derive both T1 and T2
as well as relative spin density from a single IR TrueFISP
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experiment. The optimization of all sequence parameters
and a thorough comparison with conventional techniques
regarding SNR, T1, and T2 accuracy should be the subject
of further research. No problems with off-resonance and
imperfect pulse proﬁles occurred in this study, but the
robustness of the technique with respect to these effects
has to be explored.
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