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A B S T R A C T

MOLLI-based T1 mapping has been applied to a variety of cardiac pathologies. However, conventional MOLLI's
requirement for rest periods between inversion groups increases scan time, and limits the choice of inversion
groups. The recently developed inversion group (IG) fitting technique eliminates the rest period requirement,
and permits complete flexibility of inversion groups. However, a limitation is that its T1 maps have low precision
– up to 30% poorer than conventional 3-parameter methods. In the original IG method, T1 maps were derived
from the first inversion group only. In the present study, a technique is presented which utilize data from all
inversion groups to generate T1 maps. It is hypothesized this “composite-IG” fitting method will provided im-
proved prevision over conventional-IG T1 mapping methods. Simulations, phantom, and in vivo experiments on
nine clinical cardiac patients (congenital heart disease, ischemic- and non-ischemic cardiomyopathy) were
performed. Imaging was performed on a 1.5 T Siemens scanner. Myocardial T1 mapping precision and re-
producibility were calculated for conventional-IG, composite-IG, and 3-parameter techniques. Precision and
reproducibility between the techniques was compared using the Wilcoxon Signed Rank test. Statistical sig-
nificance was set at the 95% confidence level, with the Bonferroni correction for multiple comparisons em-
ployed. Composite-IG improves precision by 16–38% over conventional-IG (p < 0.01). Composite-IG T1 maps
provided up to 5% better precision than 3-parameter fits (p < 0.01). Composite-IG had better reproducibility
than conventional-IG (p < 0.01). However, there was no significant difference between composite-IG and
conventional 5(3)3 3-parameter reproducibility.

1. Introduction

Quantitative T1 mapping may be used for characterizing cardiac
pathology [1–5]. In diseases with large, focal lesions (e.g. myocardial
infarction), changes in T1 (or derived values, such as ECV [6]) may be
quite large [7]. In these cases, discrimination of pathology is typically
unambiguous. However, with more subtle, diffuse pathology (e.g. car-
diomyopathy), T1 changes may be less prominent [8–11]. To accurately
detect changes associated with subtle abnormalities, it must be possible
to distinguish changes in T1 due to pathology, from changes caused by
artifacts and/or noise.

One technique for cardiac T1 mapping is modified look-locker in-
version recovery (MOLLI) [12]. In this technique, a 1800 inversion
pulse is applied after a specified delay following the cardiac trigger. A
balanced SSFP readout then acquires data for the first inversion time

(TI). Balanced SSFP readouts on subsequent cardiac cycles may be used
to acquire additional inversion times. All TI times collected in this
manner constitute an “inversion group”. A rest period, typically con-
sisting of three or more cardiac cycles, is then used to allow the mag-
netization to recover back to equilibrium. The process is repeated one
or more times to acquire additional inversion groups.

Rest periods are necessary to ensure that data from the different
inversion groups follow the same recovery curve [13]. Unfortunately,
they lengthen scan time. This makes it more challenging for patients to
hold their breath. In turn, this could lead to increased motion artifacts,
and potentially large errors in T1 [14,15]. Additionally, rest periods
restrict the amount and type of inversion groups that can be acquired in
a given time.

Recently, our group introduced a new method for T1-fitting of
MOLLI data called inversion group (IG) fitting [16]. Its main advantage
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is that it does not require rest periods. However, the utility of this
technique was tempered somewhat by the relatively low precision of
the resulting T1 maps. In this paper, we present a technique for im-
proving the precision of IG fitting.

2. Materials and methods

2.1. Theory

In conventional MOLLI, a 3-parameter function is used to model the
signal (S):

=S TI A Be( )
TI
T1 (1)

where T1⁎ is the “apparent” longitudinal relaxation time. It is related to
the true relaxation time (T1) by [17]:

=T T B
A

11 1 (2)

Eq. (1) is valid provided that rest periods are used in between in-
version groups to ensure full magnetization recovery. If full recovery
does not occur, systematic errors are introduced into the T1 values [16].

In IG-MOLLI, the rest period requirement is eliminated through a
function that is piecewise continuous over the n inversion groups:

… = …S A B B T TI A B e i n( , , , , ; ) ; 1, ,i i i
TI
T1 1 1 (3)

Note that this function employs one “A” and one “T1⁎” parameter,
but n “Bi” parameters.

T1 may be derived as [13,16]:

= = …T T B
A

i n1 / ; 1, ,i i
i1 1 (4)

where Δi is the ratio between the longitudinal magnetization following
the ith inversion pulse and the fully relaxed equilibrium (i.e. M0) mag-
netization. (Note that this definition of Δi differs slightly from the “in-
version factor” interpretation used in Ref. [13]. See the paper by Kampf
et al. [18] for a more detailed physical interpretation of this quantity).

Since all T1 values calculated via Eq. (4) should be the same:
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1
2

1
n

1 (5)

it is in theory possible to derive T1 from any inversion group. Un-
fortunately, only Δ1 is known a priori. It is equal to unity (ignoring non-
idealities in the adiabatic 1800 pulse, which may be corrected after-
wards with a scalar multiplication [13]), For this reason, in our pre-
vious work [16], Eq. (4) was applied to the first inversion group only.
For the remainder of this paper, we will refer to this technique as
“single-IG MOLLI”. Its drawback is that only a portion of the available
data is used. In this paper, we describe a method for estimating Δi, and
therefore T1

i, from all inversion groups. All T1
i's may then be combined

into a single composite T1 estimate. Since this approach utilizes addi-
tional data relative to the single-IG method, we hypothesize that im-
proved precision will be achieved. We will refer to this latter technique
as “composite-IG MOLLI”.

The algorithm begins with the calculation of uncorrected T1 esti-
mates:

= …T x y T x y B x y
A x y
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Using Eqs. (4) and (5) together with the fact that Δ1= 1, the fol-
lowing expression may be derived:
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In theory, it may be supposed that we could simply insert Eq. (7)
into Eq. (4) to calculate T1

i for all inversion groups. However, because

the same data is used to calculate both T1
i and Δi, all T1

i's would reduce
tautologically to T1

1. Additionally, the noise of the Δi estimates will be
at least as large as T1uncorr

i. This will lead to a significant increase in the
noise of the T1

i estimates calculated via Eq. (4). To address both pro-
blems, one possibility could be to calculate Δi at each position (x,y) as
an average over a set of neighbouring pixels:
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The disadvantage with this “unconstrained” averaging is that ad-
jacent pixels may not necessarily have the same Δi. This could introduce
bias and/or blurring into the Δi estimates. Therefore, we instead per-
form constrained averaging. Only pixels that are similar will be aver-
aged. At each location (x,y), similar pixels are defined (Fig. 1) as those
that:

i) Are within a specified distance of the location (x,y)
ii) Have an uncorrected T1 value within a specified percentage of

T1uncorr
1(x,y).

It was found that a distance tolerance of 7 × 7 pixels and a T1 tol-
erance of 5% optimizes precision.

The Δi's are then calculated using a modified version of Eq. (8):
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The Δi's are inserted into Eq. (4) to derive T1 estimates from each
inversion group. Finally, T1 estimates are combined in a weighted sum

Fig. 1. Pixel selection algorithm. Each element of the grid represents a pixel.
The number in the centre of each pixel is its T1 value. In this example, pixels
will be selected that are similar to the blue pixel in the centre, which has a T1
value of 1000 ms. A distance tolerance of 3 × 3 pixels around the blue pixel will
be used (dashed white line). Only pixels inside of this line satisfy the distance
tolerance. The T1 tolerance for this example will be those pixels with a T1 value
within 10% of the blue pixel T1 (i.e. T1 between 900 and 1100 ms). The green
pixels satisfy both tolerances, while the red pixels violate at least one of the
tolerances. The green pixels therefore represent the set of pixels that are similar
to the blue one. After repeating this process at every location, a set of similar
pixels will be associated with each pixel in the image. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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to produce a composite T1 estimate:
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For optimal SNR [19], the weighting factor for inversion group k at
position (x,y) is chosen to be the inverse variance in T1

k(x,y) over the
set of similar pixels at location (x,y).

2.2. Experimental overview

Simulation, phantom, and in vivo experiments were performed to
validate the composite-IG technique. For all experiments, four MOLLI
acquisition schemes were used. These were labelled as “w(x)y”; where
non-bracketed numbers indicate an inversion group, and bracketed
numbers indicate a rest period (in heartbeats). The first scheme, 5(3)3,
consisted of an inversion group with five TI's, a three-heartbeat rest
period, and finally a second group with three TI's. This is a commonly
used scheme for pre-contrast T1 measurements [14]. The long rest
period typically allows full magnetization recovery back to equilibrium.
The second scheme, 5(0)3, eliminates the rest period. It thus acquires
the same amount of data as the first scheme (i.e. 8 TI's), but in three less
heartbeats than 5(3)3. This scheme therefore has a 27% shorter scan
time. The third scheme was 5(0)3(0)3. It acquires more data (11 TI's) in
the same scan time as 5(3)3. The last acquisition scheme was 1(0)2(0)
3(0)5. This was chosen because it strongly emphasizes incomplete
magnetization recovery due to the short length of the early inversion
groups, as well as the absence of rest periods. It therefore provides an
extreme test for the algorithm. Other relevant acquisition parameters
were matrix = 256 × 192, GRAPPA acceleration factor = 2, number of
reference lines = 32, percent phase FOV = 75%, flip angle = 350,
TR = 2.7 ms, and TE = 1.2 ms. The first TI was 120 ms, and subsequent
TI groupings were incremented by 80 ms.

All analysis was performed in Matlab (release 2013b, The
MathWorks, Natick, MA).

2.3. Simulations

A Monte Carlo simulation using 5000 trials of the Bloch Equations
[20] was performed. The fully relaxed (i.e.M0) SNR was set to 100. This
yielded a maximum SNR of about 20 in the resulting MOLLI images. T1
was varied from 600 to 1200 ms, in steps of 100 ms. A T2 value of
50 ms, and an RR interval of 1000 ms were used. IG fits (Eq. (3)) were
performed using both single- and composite-IG methods. Conventional
3-parameter fitting (Eq. (1)) was also applied to the 5(3)3 data. The
accuracy of the fitting methods was assessed by comparing the fitted
and true T1 values. The precision was calculated as the coefficient-of-
variance (COV) over the simulation trials.

For the composite-IG method, the Δi's were calculated in two dif-
ferent ways: First, they were calculated using the noisy data. In vivo,
this would correspond to the case where no pixel selection is used (i.e.
Eq. (7), where the Δi's are calculated from single noisy pixels). In the
second case, Δi's were calculated from noiseless data. In vivo, this would
correspond to the case of perfect pixel selection (i.e. Eq. (9), where n→
∞, and no systematic errors (e.g. blurring, bias) are introduced by the
pixel selection process). These two cases represent the extrema of pre-
cision that are achievable by the composite-IG technique.

2.4. Phantom experiments

A phantom was constructed using MnCl2-doped agar. Chemical
concentrations were adjusted to achieve a T1 value of 942 ms and a T2
value of 40 ms. The phantom was scanned with 5(3)3, 5(0)3, 5(0)3(0)3,
and 1(0)2(0)3(0)5 acquisitions. For each acquisition scheme, three se-
parate scans were performed. Pixelwise T1 maps were calculated using
single- and composite-IG MOLLI. A 3-parameter fit was also performed
on the 5(3)3 data.

Precision was first assessed by calculating the standard deviation in
T1 over the three repeated acquisitions. Unfortunately, while this ap-
proach is useful in the present phantom case, it would be difficult to
apply in vivo due to motion and/or artifacts between the repeated ac-
quisitions. Therefore, a second method for assessing precision that is
more appropriate for in vivo applications was also tested. The method
of Kellman et al. [14] calculates precision through a propagation-of-
errors analysis of the T1-fitting functions. It only requires a single ac-
quisition. We have previously validated the equality of these two
techniques in the case of single-IG MOLLI [16]. In the present study, we
further validate the equality of the two precision techniques for com-
posite-IG MOLLI. This was accomplished through a t-test.

The effectiveness of the composite-IG method for improving T1
mapping precision was assessed in two different ways: First, the pre-
cision of single- and composite-IG T1 maps were compared. Second, the
precision of composite-IG and the reference 3-parameter 5(3)3 T1 maps
were assessed. In both cases, t-tests were used to perform the compar-
ison. Statistical significance was set at the 95% confidence level.

2.5. In vivo experiments

Nine clinical cardiac patients (congenital heart disease, ischemic-
and non-ischemic cardiomyopathy) were scanned. The mean RR-in-
terval was 880 ± 225 ms (range: 523-1255 ms). The study protocol was
approved by the institutional research ethics board, and all patients
provided written informed consent. Experiments were performed on a
1.5 T scanner (Magnetom Avanto fit, Siemens Healthcare Erlangen,
Germany).

All patients were scanned with 5(3)3, 5(0)3, 5(0)3(0)3, and 1(0)
2(0)3(0)5. For each acquisition scheme, three separate scans in a mid-
ventricular slice were performed.

Following motion correction [21], pixelwise T1 maps were calcu-
lated using single- and composite-IG MOLLI. A 3-parameter fit was also
performed on the 5(3)3 data. Myocardial ROIs were drawn on each T1
map, and used for all subsequent analyses. To avoid the confounding
effects of partial volumes and/or artifacts, ROIs were drawn con-
servatively to avoid borders and any obvious artefactual areas.

The objective of the pixel selection algorithm is to improve the SNR
of the Δi estimates. However, averaging together multiple pixels (even
in a constrained manner, as is done presently) could cause artifacts (e.g.
bias, blurring, etc.). In a given pixel, this could lead to the Δi's calcu-
lated through pixel selection deviating from the Δi values that would
have been obtained without averaging. To assess the significance of this
problem, the Δi's derived from the pixel selection algorithm (i.e. Eq. (9))
were compared to the non-averaged Δi's calculated from Eq. (7) with a t-
test.

The accuracy of composite-IG MOLLI T1 values was calculated in
two different ways: First, the mean discrepancy over the myocardial
ROI relative to the single-IG T1 values was assessed. (Note that the
accuracy of the single-IG MOLLI T1 values has already been established
previously [16], so it was assumed to provide a reference standard). A
Wilcoxon Signed Rank test was used to test for non-zero discrepancy.
Second, the myocardial T1 values of the composite-IG fits were com-
pared to the conventional 5(3)3 3-paramaeter fit. An ANOVA test was
used to perform the comparison.

The precision of the in vivo T1 maps was calculated using the
method of Kellman et al. [14] (that was discussed and validated in the
Phantom section). Two precision tests were performed: First, the pre-
cision of single- and composite-IG techniques was compared. Second,
the precision of composite-IG T1 values was compared to the 3-para-
meter data. Wilcoxon Signed Rank tests were used to perform the
comparisons.

Reproducibility was calculated as the standard deviation across the
three repeated acquisitions within the myocardial ROI. Assessment was
performed in a similar manner to precision.

Statistical significance was set at the 95% confidence level, with the
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Bonferroni correction for multiple comparisons employed.

3. Results

3.1. Simulations

The top half of Fig. 2 plots the percent discrepancy between fitted
and true T1 values for the different MOLLI acquisition schemes. Note
that the global systematic underestimation of the true T1 value is a well-
known issue inherent in conventional MOLLI methods [12,15]. It is not
pertinent to the current study. What is of interest is that the single- and
composite-IG discrepancies are virtually identical. This indicates that
composite-IG MOLLI is not introducing systematic errors into the T1
maps. The bottom half of Fig. 1 plots precision. As expected [16],

single-IG MOLLI has relatively poorer precision. The precision of
composite-IG MOLLI, on the other hand, is significantly improved.
However, the improvement in precision depends on the noise level in
the Δi's. In the case of noiseless Δi calculations, the 5(0)3(0)3 and 1(0)
2(0)3(0)5 composite-IG T1 precisions are actually better than the con-
ventional 5(3)3 3-parameter precision.

3.2. Phantom experiment

Fig. 3 plots the precision results for the phantom experiment. There
was no significant difference in the precision measured through re-
peated trials, and the precision calculated through the propagation-of-
errors technique (p > 0.05 in all cases). This (now validated)

Fig. 2. Simulation results for single- and composite
IG-MOLLI (using both noisy and noiseless Δi calcu-
lations for the latter). The top half of the figure plots
the percent discrepancy in the fitted T1 relative to
the true T1 value. The bottom half of the figure plots
the coefficient of variation (COV = precision/True
T1). The COV of the conventional 3-parameter fit for
the 5(3)3 acquisition is also plotted.

Fig. 3. Precision results for the phantom experiment. The solid circles represent
the mean precision measured over the phantom ROI. The precision was cal-
culated pixelwise as the standard deviation across three repeated trials. The
error bars represent the standard error over the ROI. The open circles represent
the precision calculated through the propagation-of-errors technique.

Table 1
In vivo Δi results: Listed values represent the discrepancy between myocardial
Δi values calculated through pixel selection (using constrained averaging) and
Δi values calculated without averaging.

Inversion grouping Percent discrepancy p-Value

5(3)3 −0.20 ± 0.26% < 10−4

5(0)3 −0.07 ± 0.47% < 10−4

5(0)3(0)3 0.01 ± 0.52% < 10−4

1(0)2(0)3(0)5 −0.76 ± 0.83% < 10−4

Table 2
In vivo T1 accuracy results. Listed data represents the discrepancy between
single- and composite-IG myocardial T1 values. The “*” indicates statistical
significance at the 95% confidence level.

Inversion grouping Discrepancy (ms) Discrepancy (%) p-Value

5(3)3 −0.4 ± 0.8 −0.04 ± 0.08% 0.027⁎

5(0)3 −0.4 ± 1.2 −0.04 ± 0.1% 0.82
5(0)3(0)3 0.8 ± 3.2 0.09 ± 0.1% 0.65

1(0)2(0)3(0)5 −5.7 ± 4.5 −0.6 ± 0.5% 0.04⁎
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propagation-of-errors technique will be used subsequently for the in
vivo experiments – where motion, artifacts, and biologic variation in T1
make it challenging to asses precision through repeated acquisitions
and/or measurements over an ROI.

The precision of the composite-IG T1 maps was significantly better
than the single-IG T1 maps in all cases (p < 0.001). This formally va-
lidates the improved precision provided by the composite-IG technique.

The precision of the 5(3)3, 5(0)3, and 1(0)2(0)3(0)5 T1 maps were
equivalent to the precision of the 5(3)3 3-parameter T1 maps (p > 0.06
in all cases). The 5(0)3(0)3 T1 maps were significantly better
(p= 0.001). This demonstrates that composite-IG is capable of pro-
viding T1 maps that have equal or better precision than the conven-
tional 3-parameter reference method.

3.3. In vivo experiment

Table 1 lists the discrepancy between Δi's derived from the pixel
selection algorithm (using constrained averaging) and Δi's derived
without averaging. The discrepancy is extremely small for all inversion
groups (< 1%). None of the discrepancies are statistically significant.

The in vivo T1 accuracy results are listed in Table 2. Only the 5(3)3
and 1(0)2(0)3(0)5 discrepancies are statistically significant. However,
all discrepancies are extremely small in absolute (< 6 ms) and per-
centage (< 0.6%) terms. The mean myocardial T1 value of the 5(3)3 3-
parameter fits was 1019 ± 38 ms. This was found to be not sig-
nificantly different than any of the myocardial composite-IG T1 data.

Table 3 lists the in vivo T1 precision results. Composite-IG improves
the precision by 16–38% over single-IG. The improvement is statisti-
cally significant (p < 0.01 in all cases). Table 3 also lists the in vivo
precision results for the conventional 3-parameter 5(3)3 fits. The single-
IG MOLLI precision is much worse than the 5(3)3 3-parameter fits for
all MOLLI acquisition schemes – almost 64% poorer in the case of 1(0)
2(0)3(0)5. This difference was statistically significant (p < 0.01 in all
cases). However, a dramatic improvement is observed for composite-IG
MOLLI. The precision of the 5(3)3 composite T1 maps are only 2%

poorer than the 3-parameter T1 maps (p < 0.01), while the 5(0)3 T1
maps are 11% poorer (p < 0.01). The 5(0)3(0)3 T1 maps have a 5%
better precision, (p < 0.01), while the 1(0)2(0)3(0)5 T1 maps are
equivalent (p= 0.13) to the 5(3)3 3-parameter maps.

Table 4 lists the in vivo T1 reproducibility results. Composite-IG is
significantly more reproducible than single-IG (p < 0.01 in all cases).
There was no significant difference between composite-IG and the
conventional 5(3)3 3-parameter reproducibility (p= 0.61, 0.06, 0.26,
0.32 for 5(3)3, 5(0)3, 5(0)3(0)3, and 1(0)2(0)3(0)5 respectively).

Fig. 4 illustrates examples of Δi maps (i.e. ratio between the long-
itudinal magnetization following the ith inversion pulse, and the fully
relaxed equilibrium magnetization). For 5(3)3, with nearly full re-
covery during the rest period, the Δi map is close to unity. For 1(0)2(0)
3(0)5, with incomplete recovery due to lack of rest periods, the Δi maps
are less than unity. The previous Δi maps were calculated using the
pixel selection algorithm (i.e. constrained averaging). For comparison,
Fig. 4 also plots Δi maps calculated without averaging. The SNR im-
provement provided by pixel selection is apparent. Furthermore, there
are no obvious artifacts or blurring in the averaged Δi maps compared
to the non-averaged ones.

Fig. 5 illustrates an in vivo example with all of the different acquisition
schemes and fitting types. A narrow colourmap is used to highlight dif-
ferences in accuracy or precision within the myocardium. For the 3-
parameter T1 maps, there is significant variability in the acquisitions
schemes without a rest period due to the inadequacy of the fitting model
(Eq. (1)). In contrast, all IG MOLLI T1 maps are very consistent. In the case
of single-IG MOLLI, this consistency has been noted previously [16].
However, it is now seen that composite-IG MOLLI maintains this con-
sistency. Although improvement in precision between single- and com-
posite-IG techniques can be observed for all inversion groupings, it is most
easily appreciated in the 1(0)2(0)3(0)5 case.

A second in vivo example is shown in Fig. 6. The top row uses a
narrow colourmap to highlight the myocardium. The bottom row uses a
broad colourmap to provide an indication of the effectiveness of the
composite-IG method over the full range of T1's. The strong similarity
between T1 maps generated by 3-parameter and IG methods illustrates
that IG MOLLI does not introduce systematic errors over a broad range
of T1's.

4. Discussion

Our previous study [16] demonstrated that single-IG MOLLI pro-
vides accurate T1 measurements independent of the specific MOLLI
acquisition schemes and/or presence/absence of rest periods. However,
the drawback of this technique was relatively poor precision. In the
present study, a technique for improving the precision and reproduci-
bility of IG fitting has been validated. This was accomplished by uti-
lizing all of the available MOLLI data.

One potential drawback of the composite-IG technique is the use of
averaging in the pixel selection algorithm. Averaging could cause ar-
tifacts (e.g. bias, blurring, etc.). However, we have established that Δi's
derived from pixel selection are statistically equal to Δi's calculated
without averaging. To illustrate this point graphically, note that there
are no obvious signs of blurring or artifacts when comparing the
averaged to non-averaged Δi maps in Fig. 4. To further support the
validity of the pixel selection algorithm, recall that the discrepancy
between single- (calculated without pixel selection) and composite-IG
T1 values (which utilizes pixel selection) was extremely small
(0.04–0.6% or 0.4–5.7 ms).

The fact that the pixel selection produces minimal errors is likely
due to two reasons: First, the averaging operation is constrained – only
pixels that fall within a specified T1 are included in the average.
Constrained averaging therefore does not operate as a pure low-pass
filter. Second, the constrained averaging operation is only applied to
the Δi calculations (Eq. (9)). These Δi's are then combined with non-
averaged T1⁎, A, and Bi parameters to produce corrected T1 estimates

Table 3
In vivo T1 precision results. Non-bracketed data represents the standard de-
viation and bracketed data represents the coefficient-of-variation (=standard
deviation/T1).

Inversion
grouping

Single-IG Composite-IG 3-Parameter

5(3)3 21.1 ± 6.3 ms
(0.0217 ± 0.0068)

16.4 ± 5.1 ms
(0.0169 ± 0.0055)

16.0 ± 5.1 ms
(0.0164 ± 0.0053)

5(0)3 21.2 ± 6.4 ms
(0.0222 ± 0.0070)

17.9 ± 5.5 ms
(0.0186 ± 0.0060)

–

5(0)3(0)3 20.0 ± 5.7 ms
(0.0211 ± 0.0066)

15.2 ± 4.9 ms
(0.0160 ± 0.0053)

–

1(0)2(0)3(0)5 26.2 ± 7.7 ms
(0.0275 ± 0.0083)

16.3 ± 4.9 ms
(0.0169 ± 0.0055)

–

Table 4
In vivo T1 reproducibility results. Non-bracketed data represents the standard
deviation and bracketed data represents the coefficient-of-variation (=standard
deviation/T1).

Inversion
grouping

Single-IG Composite-IG 3-Parameter

5(3)3 34.0 ± 7.2 ms
(0.0351 ± 0.0079)

30.5 ± 6.3 ms
(0.0314 ± 0.0068)

30.1 ± 5.1 ms
(0.0309 ± 0.0057)

5(0)3 39.2 ± 9.2 ms
(0.0410 ± 0.0109)

34.5 ± 7.0 ms
(0.0361 ± 0.0086)

–

5(0)3(0)3 39.6 ± 4.1 ms
(0.0420 ± 0.0051)

33.1 ± 4.4 ms
(0.0349 ± 0.0047)

–

1(0)2(0)3(0)5 45.1 ± 13.2 ms
(0.0469 ± 0.0134)

33.0 ± 9.3 ms
(0.0343 ± 0.0096)

–
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(Eq. (4)). On the other hand, there is likely still room for improvement
in the Δi calculations. In particular, note that the improvement in pre-
cision observed in vivo was not quite as large as predicted by simula-
tion. For example, simulation predicted that the composite-IG 5(0)3(0)
3 precision should be about 12% better than the 5(3)3 3-parameter
precision if the pixel selection algorithm were perfect. However, only a
5% improvement was seen in vivo.

The most immediate application of the composite-IG technique is
likely for shortening scan time. For example, by eliminating the rest
period, the 5(0)3 acquisition was ~27% shorter than the conventional
5(3)3 method, while maintaining reasonable precision. This is likely to
be of particular relevance in cardiac patient populations, where arti-
facts caused by inadequate breath holds may lead to large errors in T1
[14,15]. Another potential application of composite-IG could be to
achieve improved precision over conventional methods. For example,
the 5(0)3(0)3 acquisition achieved a ~5% better precision than the 5(3)
3 3-parameter scan. This was accomplished by acquiring additional
data in the time that would normally be occupied by the rest period. In
the future, it may be possible to achieve even better precision with a
more systematic optimization of inversion groups [22]. However, it
should be reiterated that improvements in the Δi calculations may also

be acquired in order to fully realize the expected improvement in
precision.

A recent study by Shao et al. [23] compared the performance of
single-IG, 3-parameter, and two Bloch Equation-based T1 mapping
techniques [24]. They found that 3-parameter fitting was the best,
while single-IG was the worst in terms of precision. As shown in the
present study, the new composite-IG technique can now achieve a
precision similar to (or, in some cases, better) than 3-parameter fitting.
However, the Bloch Equations-based techniques were more accurate,
and had less sensitivity to T2 and flip angle variations than both single-
IG and 3-parameter fitting. The composite-IG technique will not im-
prove upon either of these latter results. On the other hand, recent work
by Kampf et al. [18] has suggested some possible strategies for miti-
gating these issues.

The present study was performed at 1.5 T. However, the advantages
of the composite-IG technique may be even more pronounced at higher
field strengths. This is due to the fact that T1 times increase with field
strength. As a result, longer rest periods may be required for conven-
tional 3-parameter fitting techniques to achieve full relaxation between
inversion groupings. This would further reduce their efficiency. On the
other hand, the composite-IG technique could still acquire data
throughout (i.e. with no rest periods).

A study by Roujol et al. [25] compared the performance of 3-
parameter MOLLI to other cardiac T1 mapping techniques. They de-
monstrated that the main advantage of MOLLI was its superior preci-
sion – 70% better than SAPPHIRE [26], and 118% better than SASHA
[27]. On the other hand, SAPPHIRE and SASHA had better accuracy.
Single-IG fitting MOLLI can reduce scan time compared to 3-parameter
MOLLI. However, its ~30% reduced precision partially erodes the
overall precision advantage of MOLLI. With composite-IG fitting, re-
duced scan time may be achieved with only a ~10% precision loss
relative to 3-parameter fitting – substantially better than SAPPHIRE or
SASHA. Alternatively, instead of reduced scan time, composite IG-fit-
ting may be used to further improve the precision advantage of MOLLI
(as discussed in the previous paragraph) over the other techniques.
Another competing cardiac T1 mapping technique is shMOLLI [28].
Roujol et al.'s study demonstrated that the precision of shMOLLI is
about 40% poorer than MOLLI. The precision of the single-IG technique
is therefore superior to this. The composite-IG provides developed in
this study provides even better precision performance. It should be

Fig. 4. Δi values for 5(3)3 and 1(0)2(0)3(0)5 MOLLI ac-
quisition schemes. Δi's for the first inversion group are not
shown since they are by definition unity everywhere. The
upper two rows were calculated using the pixel selection
algorithm (i.e. constrained averaging). The bottom row
represents Δi values calculated on single pixels (i.e. without
pixel selection or averaging).

Fig. 5. In vivo comparison of 3-parameter, single-, and composite-IG T1 maps
for 5(3)3, 5(0)3, 5(0)3(0)3, and 1(0)2(0)3(0)5 MOLLI acquisition schemes. A
narrow colormap window is used to highlight the myocardium.
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noted, however, that this study was performed at 1.5 T. The relative
merits of the different techniques may be altered at different field
strengths [29].

The clinical requirements of cardiac T1 mapping techniques in terms
of accuracy and precision remain to be determined. Some have argued
that the bias inherent in MOLLI-type techniques is unimportant, as long
as the bias is consistent across patients. In this case, the improved
precision offered by MOLLI would be an advantage. The reduced scan
time and/or improved precision of composite IG-fitting would further
enhance this advantage. Others have argued that MOLLI's sensitivity to
heart rate and T2 reduce the robustness of the technique – especially in
patients where pathology may be present. Composite-IG fitting may
partially help reduce the heart rate sensitivity; though not to the same
extent as SASHA.

One limitation of the present study is that is focussed only on longer
(i.e. pre-contrast) T1 values. We cannot assume that the results will
necessarily extend to shorter (i.e. post-contrast) T1 values. In fact, the
previously mentioned study by Shao et al. [23] as well as a study by
Kampf et al. [30] have shown that the precision of IG fitting worsens at
shorter T1 values in comparison to both conventional 3-parameter as
well as Bloch Equation approaches. However, note that these com-
parative studies employed single-IG fitting. The present study demon-
strated that composite-IG provides significantly improved precision
over single-IG. More significantly, these studies examined inversion
groupings of the form 5(x)3. Kampf et al. [30] notes that these types of
inversion groupings are suboptimal (from a precision perspective) for
IG-fitting because they do not adequately sample the recovery curve for
short T1 values. This has also been recognized in initial work by our
group [22]. As a result, we have begun to explore the use of precision-
optimized inversion groupings. Initial results have shown a significant
improvement in precision over a broad range of pre- and post-contrast
T1 values for composite-IG [22]. However, such an optimization is

beyond the scope of the present work. As a result, this study focussed
only on longer T1 values. It will, however, be the topic of a future study.
On the other hand, should the short T1 precision be insufficient with a
5(x)3 acquisition, composite-IG could be incorporated into the tech-
nique of Kampf et al. [30]. They employ a conditional fitting approach
which utilizes IG-fitting for high-precision and/or reduced scan time at
long-T1 values, and conventional 3-parameter fitting for higher preci-
sion at shorter-T1 values.

5. Conclusions

The composite-IG fitting technique provides T1 maps with high ac-
curacy and precision for any inversion group/rest period combination.
This flexibility may be used to either shorten scan time, or to achieve
improved precision in equivalent scan time. In turn, this may enable a
better discrimination of true pathology from artifacts and/or noise.
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