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Abstract

Contrast  and  non-contrast  MRI  based  characterization  of  myocardium  by  T1-mapping  will  be  of  paramount  importance  to
obtain biomarkers,  e.g.  fibrosis,  which  determines  the  risk  of  heart  failure  patients.
T1-mapping  by  the  standard  post-processing  of  the  modified  look-locker  inversion  recovery  (MOLLI)  lacks  of  accuracy
when trying  to  reduce  its  duration,  which  on  the  other  hand,  is  highly  desirable  in  patients  with  heart  failure.  The  recently
suggested inversion  group  fitting  (IGF)  technique,  which  considers  more  parameters  for  fitting,  has  a  superior  accuracy
for long  T1 times  despite  a shorter  duration.  However,  for  short  T1 values,  the  standard  method  has  a superior  precision.
A conditional  fitting  routine  is  proposed  which  ideally  takes  advantage  of  both  algorithms.
Materials and  methods:  All  measurements  were  performed  on  a  1.5  T  clinical  scanner  (ACHIEVA,  Philips  Healthcare,
The Netherlands)  using  a  MOLLI  5(n)3(n)3  prototype  with  n(heart  beats)  being  a  variable  waiting  time  between  inversion
experiments. Phantom  experiments  covered  a  broad  range  of  T1 times,  waiting  times  and  heart  rates.  A  saturation  recovery
experiment served  as  a gold  standard  for  T1 measurement.  All  data  were  analyzed  with  the  standard  MOLLI,  the  IGF  fit  and
the conditional  fitting  routine  and  the  obtained  T1 values  were  compared  with  the  gold  standard.  In  vivo  measurements  were
performed in  a healthy  volunteer  and  a  total  of  34  patients  with  normal  findings,  dilative  cardiomyopathy  and  amyloidosis.
Results: Theoretical  analysis  and  phantom  experiments  provided  a  threshold  value  for  an  apparent  IGF  T ∗

1 determining
processing with  IGF  post  processing  for  values  above,  or  switching  to the  standard  technique  for  values  below.  This  was
validated in  phantoms  and  patients  measurements.  A  reduction  of  the  waiting  time  to  1  instead  of  3  heart  beats  between
the inversion  experiments  showed  reliable  results.  The  acquisition  time  was  reduced  from  17  to  13  heart  beats.  The  in  vivo

measurements showed  ECV  values  between  25%  (18–33%;  SD
with DCM  and  45%  (30–60%;  SD  0.9)  in  patients  with  amyloi
Conclusion: The  adopted  post-processing  algorithm  determin
while maintaining  a  high  precision.  Based  on  reduction  of  wait
hold duration  and  allows  fast  T1-mapping,  which  is  frequently
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Introduction

The biomarker extracellular volume of myocardium (ECV)
in cardiac MRI functions as surrogate for the extracellular
matrix and is linked to the clinical outcome. The increase
of the ECV is associated with the short term cardiovascular
mortality and in diseases such as amyloidosis and dilative
cardiomyopathy (DCM), recent data show that the ECV is an
independent predictor of mortality [1,2].

Cardiac magnetic resonance imaging (cMRI) allows the
radiation free in vivo tissue characterization by using native
and contrast enhanced sequences. T1 maps acquired with the
modified look locker inversion recovery (MOLLI) sequence
can quantify the ECV. MOLLI is based on a series of three
inversions with multiple single shot balanced Steady-State
Free Precession (bSSFP) readouts triggered to each heart-
beat during the relaxation of longitudinal magnetization. This
requires a sufficient waiting period in-between the inversions
to guarantee recovery to full magnetization before the next
inversion. In the original scheme, the waiting time covers three
heart beats, which lengthens the necessary breath-hold to 17
heartbeats. A three parameter fit is applied to the acquired data
[3,4]. The required breathing maneuvers demand an excellent
patient compliance and condition to minimize co-registration
artifacts, which limits the application of MOLLI in patients
with dyspnea e.g. due to impaired systolic or diastolic cardiac
function.

An optimized post-processing aims at the shortening of
the routine MOLLI protocol by minimizing the waiting time
between the inversions, improving accuracy and maintaining
precision. One solution is to alleviate the constraint that equi-
librium magnetization must be reached before the 2nd and
3rd inversion pulse by using the magnetization immediately
after these pulses as additional fit parameters. This inversion
group fitting (IGF) approach was recently suggested by Suss-
mann et al. [5] for determination of native T1 values and by
us [6]. IGF has the advantage that its accuracy is independent
from the waiting time in-between the inversion experiments,
which is a prerequisite to gain sufficient accuracy for the
standard MOLLI, in particular for long T1 times. However,
the increased number of fitting parameters makes IGF sus-
ceptible to fitting errors implying a lower precision. This, we
anticipated, should especially become a problem for smaller
T1 values, when compared to the standard MOLLI, which
would exclude IGF from a broad field of applications, e.g.
determination of ECV.

Hence, in this paper we propose a technique, which com-
bines the advantages of both approaches by a conditional fit
in order to obtain the better precision of the standard MOLLI
analysis for short T1 times, while gaining the advantage of
the IGF method to obtain accurate long T1 times though a
shortened acquisition time.
The paper is structured as follows: as IGF has solely been
characterized for native (long) T1 values, we first system-
atically investigate its precision for a broad range of T1
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phantoms and heart rates. The same is done for the accu-
racy of standard MOLLI post-processing. Based on error
analysis we present a switching algorithm for either IGF or
standard post-processing. This adaptive analysis is validated
in phantoms and in patients with impaired cardiac function.
Special emphasize is put on the dependence on the wait-
ing period between the inversion recoveries and a reliable
quantification for T1 times in myocardial tissue pre and post
contrast agent (CA) administration, which is the base for ECV
quantification.

Theory

MOLLI  and  IGF

The standard post-processing of MOLLI fits the signal
intensity time curve to a single exponential function S(t) =
A −  Be−t/T ∗

1 with fit parameters A, B  and the apparent relax-
ation time T ∗

1 . A  denotes the steady state signal Mss and B
defines the dynamic range B = M0 + Mss with M0 as the equi-
librium signal [7]. The longitudinal relaxation time is related
to its fitting partner by

T1 = M0

Mss

T ∗
1 =

(
B

A
−  1

)
T ∗

1 .  (1)

For T1-mapping, three consecutive inversion experiments
are performed during a single breath hold. For each exper-
iment, the inversion time is varied with respect to the
ECG-gated image acquisition. In standard post-processing,
data points from these inversion recoveries are merged and fit-
ted as described above to obtain T1 from Eq. (1). This approach
demands a sufficient long waiting time between the inversion
experiments so that the subsequent inversion pulse acts on
equilibrium magnetization.

The IGF method requires equilibrium magnetization only
for the first inversion pulse. The subsequent inversion recover-
ies n are assigned an individual initial magnetization M0,n, and,
hence, fitting parameter Bn = M0,n + Mss. As there is no con-
straint to these parameters, the waiting periods can be short-
ened. The other parameters such as steady state signal Mss
(appearing in fitting parameter A  and Bn) and apparent relax-
ation time T ∗

1 remain unchanged for all inversion curves (see
Fig. 1). The fit parameters are obtained from measured signal-
time points (ti,n, Si,n) by minimizing the least square sum

E(A, Bn,  T ∗
1 )

=
∑3

n=1

∑kn

i=1

(
Si,n −

(
A  −  Bne

−(ti,n/T ∗
1 )

))2
(2)
number of images within the nth inversion recovery, which
here is k1 = 5 and k2 = k3 = 3. To determine T1 from the appar-
ent T ∗

1 in Eq. (1) the equilibrium magnetization M0 is required,
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Figure 1. Scheme of the proposed post-processing. Right side: work-flow of the proposed algorithm. Upper left side: for long relaxation times
each inversion has a different M0i and is hence fitted with a different Bn, but all inversions have the same Mss (brown), corresponding to the fit
parameter A, and T ∗

1 (magenta). This solves the problem of incomplete relaxation before the second and third inversion. Lower left side For
short relaxation times only the first signal point in each inversion experiment (labeled by the different colored symbols) deviates significantly

 sh
ona
from Mss, This impedes fitting with separate Bn-values. However, the
subsequent inversions. This makes a single exponential fit (conventi

which can be obtained from the initial magnetization after the
first inversion pulse (contained in the fitting parameter, B1). i.e.

T1 =
(

B1

A
−  1

)
T ∗

1 . (3)

Conditional switch  between  MOLLI  and  IGF

IGF works well for long T1, or more precisely T ∗
1 , where

the signal intensities after each inversion recovery experiment
cover the dynamic range of the relaxation process (Fig. 1,
upper left). However for shorter T1/T ∗

1 , almost only the
initial signal intensities obtained after the inversion pulse
differ significantly from the steady state values, i.e. the
dynamic range of relaxation after an inversion pulse lacks of
sampling points which implies a poor fit precision (Fig. 1,
lower left). However, as Fig. 1 shows, the standard MOLLI
post-processing works well here. The combination of both
techniques, standard post-processing for short T1/T ∗

1 and
IGF for longer times demands a threshold for switching.
Theoretical considerations of the tradeoff between accuracy

of the standard –, and precision of the IGF post-processing
(see Suppl. and Result section), which were also confirmed
by the experiments (Result section) made us set this threshold
value to T ∗

1 =  TRR/1.5. So the algorithm first estimates T ∗
1

ort T1 guarantees almost complete recovery of magnetization before
l post-processing) to data points of all inversions feasible.

according to the IFG algorithm. For values above the threshold
the IGF algorithm is completed and T1 obtained from Eq. (3).
Values below the threshold demand reevaluation according
to the standard post-processing and T1 derives from Eq. (1)
(see Fig. 1).

Estimation  of  the  error  at  the  switching  point

We recently developed an analytical expression for T ∗
1 that

is obtained by balanced Steady State Free Precession (bSSFP)
readouts alternating with undisturbed longitudinal relaxation
periods, i.e. the setup of the IGF post-processing [8]. It is a
function of longitudinal/transverse relaxation times, parame-
ters of the imaging sequence and heart cycle length,

1

T ∗
1

= 1

T1
+ Tim

TRR

sin
(α

2

)z
(

1

T2
− 1

T1

)
(4)

with T1 as the true value, Tim = nTR is the duration of the
bSSFP readout (n  number of phase encoding steps, TR repeti-
tion time), α  is the bSSFP flip angle, and TRR the duration of

the heart cycle. In the above equation, we assumed flip back
of the spins after the bSSFP readouts.

As this apparent relaxation time and its fitting partner, as
well as steady state Sss and equilibrium magnetization S0 fulfill
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T ∗
1 /T1 =  SSS/S0, Eq. (21) in the Suppl. allows the determi-

nation of the relative systematic error for the standard MOLLI
post-processing as a function of the true T1 and heart cycle
length TRR.

Experimental  validation

All measurements were performed on a 1.5 T clinical
scanner (ACHIEVA, Philips Healthcare, The Netherlands).
An agarose gel phantom (Agarose2.5%) Type I A-6013,
Sigma–Aldrich containing 7 tubes doped with different con-
centrations of Gadobutrol (Bayer Healthcare, Gadovist; T1:
220–2500 ms) was used. Reference T1 measurements were
performed using a saturation recovery spin echo sequence
(TE 2.4 ms, TR 5 ms, flip angle 15◦, FOV 250 ×  250 ms, voxel
size 1.60/1.91/10.00 mm) with multiple delay times after the
inversion TD (25, 50, 100, 125, 200, 250, 300, 500, 1000,
1250, 1500, 2000, 2500, 3000, 4000, 5000 ms).

A 2D-MOLLI sequence provided as a research proto-
type by the vendor with the acquisition Scheme 5(n)3(n)3
was used with n as the number of heart beats between the
inversion experiments (waiting time n  = 0, 1, 2, 3, 4, 10).
Multiple RR-intervals (40, 60, 70, 80, 100 bpm) were sim-
ulated to investigate the influence of the heart rate. The
sequence parameters are: FOV 370 mm ×  370 mm, bandwidth
1.7 kHz/Pixel, acquisition matrix 192 ×  190, reconstruction
matrix 384 ×  384TR 2.4 ms, sense factor 2.3, flip angle 35◦,
70 k-space lines, slice thickness 10 mm. We used a linear
acquisition profile and a hyperbolic secant pulse.

For each MOLLI post-processing algorithm the mean
(T1,MOLLI) and standard deviation (SD) of T1 are calculated
from ROIs of the tubes. The relative error of the post-
processing as a measure of accuracy was obtained from

Error = T1,MOLLI

T1,SR

−  1,  (5)

With T1,SR as the mean T1 obtained from the reference
(saturation recovery)experiment. The precision of the post-
processing algorithms was quantified by its coefficient of
variation (relative standard deviation) as

relSD  = SD

T1,MOLLI

. (6)

In vivo  validation

The in vivo validation was performed on one healthy vol-
unteer (male, 35 years old) and a series of five consecutive
patients aged 24–65 years who were referred to the cMRI

department for detection of structural heart disease or acute
myocardial damage. All participants were scanned with a 2D-
MOLLI as described above prior and after administration of
 Phys 28 (2018) 25–35

Gadobutrol (Bayer Healthcare, Gadovist). In the healthy vol-
unteer, we chose n  from 0 to 4, in the patients series we use
n = 1 and 3.

Clinical  application

According to the recommendations of the SCMR, we
acquired a group of 10 patients with normal MRI results that
served as reference group (7 males, mean age 45 years (27–72,
SD 16)) [9]. Additionally, we included patients who were
referred to the cMRI department either for further workup of
suspected DCM (12 patients, 11 male patients, mean age 58
years old (34–80, SD 15)) or cardiac amyloidosis (7 patients,
5 male patients, mean age 64 years old (48–82, SD 12)). Of
the latter 19 patients, all had presented with an impaired car-
diac function, shortness of breath or overall severely impaired
clinical status.

We used the 2D MOLLI 5(1)3(1)3(1) both pre- and
post-contrast agent administration, and data were analyzed
according to the presented adapted algorithm. Gadobutrol
1.0 mmol/ml (Bayer Healthcare, Gadovist) was used as con-
trast agent, with 1.5 mmol per kg body weight for each patient.
Post contrast measurements were performed 13–15 min after
contrast agent application. Three MOLLI slices per patient
were acquired, with a basal, mid-basal, and apical position.
The MOLLI data were processed offline in MATLAB using an
external workstation according to the optimized protocol. The
calculation of the ECV used a hematocrit-based correction
according to prior established protocols [10,11],

ECV =  (1 −  hct)

(
1/T1Myo post −  1/T1Myo pre

)
(
1/T1Blood post −  1/T1Blood pre

) . (7)

All participating individuals have given written informed
consent. The local ethics committee has approved the study
concept.

Results

Phantom  validation

Fig. 2 shows the relative errors of T1 determined by differ-
ent post-processing strategies compared to the gold standard
(saturation recovery method) for 3 phantoms covering a range
from moderately short to long T1 values. For moderate short
T1 (391 ms) all post-processing methods provide similarly
accurate results, in particular all are independent from the
waiting time and heart rate. With increasing T1 the standard
post-processing algorithm exhibits larger deviations for short
waiting periods, and congruently for higher heart rates (Note:

waiting periods are measured in cycle lengths = 1/heart rate).
In contrast, the IGF and the conditional switch post-processing
yield results that are more accurate.
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Figure 2. The relative error of T1 determined from MOLLI data with standard post-processing IGF and the proposed combined post-
n r
the 
processing compared to reference measurement using a saturatio
performance of the algorithms for short T1 the three tubes from 

(given in beats per minute – bpm) and waiting times.

Fig. 3 shows the coefficient of variation (|SD/Mean|) as
a measure of precision for three relaxation times ranging
from short to intermediate values and different heart rates.
As expected, the longer T1 the better is the precision for all
algorithms. For long T1(706 ms) IGF and standard
post-processing show comparable coefficients of varia-
tion, whereas IGF has significantly less precision (high
coefficients) for shorter T1. Precision of IGF also decreases
with decreasing heart rate, as then many data points are
located near the steady state (Fig. 1), which increases the
random error for determining T1. In contrast the conditional
switched (adapted) technique exhibits similar precisions as
the standard technique.
Estimation  of  the  error  at  the  switching  point

For the estimation of the error at the switching point, the
waiting time was chosen according to twait =  TRR, as in
ecovery sequence is presented (see Eq. (7)). To demonstrate the
phantom with the shortest T1 are shown for different heart rates

patient scanning. This dependence of the systematic error on
relaxation time and heart rate is shown in (Fig. 4), where
we assumed a transverse relaxation time of T2 = 50 ms in
myocardium. The solid black threshold line (T ∗

1 =  TRR/1.5)
exhibits a bias of less than ∼5%. When we take into account
that the bias of the standard post-processing algorithm and ran-
dom error of the IGF algorithm are identical at the threshold
(see Suppl.) we estimate T1 obtained from T ∗

1 according to the
IGF algorithm to lie in the range T1(1 ±  Error). Eq. (7) deter-
mines the corresponding range of T ∗

1 . Now, we assume we had
by random error determined a T ∗

1 at the lower range, which
according to the switch algorithm in (Fig. 1) would imply
a standard post-processing, whereas the true T ∗

1 would have
implied the IGF algorithm. The dashed line in Fig. 4 shows
the bias of this “wrong” decision, which is also acceptable

small about 7%.

This small error near the switching threshold is also
obtained from experimental data as shown in (Fig. 5).
Both the difference of T1 obtained from IGF and standard



30 T. Kampf et al. / Z Med Phys 28 (2018) 25–35

Figure 3. The coefficient of variation (|SD/Mean|) of the estimated T1 determined from MOLLI data with standard post-processing, IGF
 wit
d w
and the proposed combined post-processing are shown for the tubes
shown for different heart rates (given in beats per minute – bpm) an

post-processing, as well the relative random error is in the
theoretical predicted range.

In vivo  validation

In vivo T1-mapping using the adapted post-processing
demonstrated that the calculated T1 value (red squares in
Fig. 6, right) was independent from the waiting period and
heart rate. In contrast the T1 value obtained from the standard
post-processing (blue diamonds in Fig. 6) increased with the
waiting period and approached asymptotically that of the
adapted post-processing after 2–3 heartbeats (Fig. 6, right).

Fig. 7 shows T1, obtained from standard and adapted
post-processing of intracavitary blood and a septal ROI of
myocardium prior to the administration of the contrast agent
for two different waiting times. The switching algorithm of the
adapted post-processing implied that the long T1 values were

all analyzed by IGF algorithm. This adapted post-processing
technique showed no or if at all moderate dependence on wait-
ing time. As expected, the standard procedure systematically
underestimated T1 for the short waiting period. In detail: In the
h the three shortest relaxation times. The quality of the fitted data is
aiting times.

myocardial ROI the differences of T1 of the MOLLI 5(1)3(1)3
and MOLLI 5(3)3(3)3 sequence when analyzed according to
the standard post-processing sequence reached up to 100 ms,
whereas the differences reached not more than 22 ms when
using the adapted post-processing method. In the blood ROI
the T1 times differed by a maximum of 185 ms in the standard
post-processing method and by a maximum of 101 ms in the
adapted post-processing method.

Clinical application

A total of 53 out of 493 segments according to the AHA
17 segment heart model were excluded due to coregistration
artifacts.

The patient group that served as reference group showed a
mean ECV of 25% (18–33%; SD = 0.03) in all analyzed slices.
The analysis of the clinical scans had excluded any hints for

structural or inflammatory diseases of the myocardium.

The analysis of the MRI scans in the DCM group revealed
no scars suggesting an ischemic damage (Fig. 8). However,
four patients had patchy left ventricular fibrosis. The left
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Figure 4. Color-coded bias (relative systematic error) of the standard
post-processing algorithm as a function of heart cycle length TRR

and longitudinal relaxation time T1 as obtained from Eq. (7) and Eq.
(21, Suppl.). The solid black line indicates the threshold of switch-
ing, T ∗

1 =  TRR/1.5, the dashed line that of erroneously switching
towards standard post-processing by assuming a smaller T ∗

1 due to
its random error (see text). Note that bias and random error are
equivalent at the switching threshold (Suppl.). Sequence param-
eters were: α  = 35◦, repetition time TR = 2.4 ms, 86 α  pulses, i.e.
Tim = 86 ×  2.4 ms = 206.4 ms.

Figure 5. Difference of T1 values as obtained by IGF and standard 

(saturation recovery spin-echo sequence). According to the algorithm in
shaded in grey, whereas the complement is analyzed with IGF. Differen
HR = 60 bpm (a), 80 bpm (b). HR = 80 bpm, waiting time = 2TRR (c), an
ys 28 (2018) 25–35 31

ventricular ejection fraction (EF) was measured between 20
and 50% (mean EF 34%, SD 0.09) at the time of the MRI
scan. The mean ECV of all analyzed slices is 30% with a
range of 22–40% (SD 0.04). The pre contrast mean T1 was
991 ms [905–1110 ms], the post contrast mean T1 was 437 ms
[393–498 ms]. In the cardiac amyloidosis group the cardiac
systolic function was within the normal range, with a mea-
sured LV function from 56 to 66% (mean 58%, SD 0.07) at
the time of the scans, even though the wall motion was stiff.
Overall, the mean ECV was 45% with a range of 30–60% (SD
0.9), the pre contrast mean T1 was 1060 ms [816–1180 ms] and
the post contrast mean T1 was 378 ms [308–456 ms] (Fig. 9).
Higher ECV values were obtained in the basal and midbasal
slices again matching the affection in the LGE scans (Table 1).

Discussion

The intention of the presented work is to demonstrate the
validity of an adapted post-processing algorithm that uses both
the conventional and the newly suggested IGF post-processing

method for the improved determination of T1 times. This
technique aimed to work at the shortest possible breath-hold
duration for both short and long T1 times. All methods, the
standard procedure, IGF, as well as the adapted algorithm were

post-processing, normalized to T1 provided by the gold standard
 Fig. 1, the range of T1 analyzed with the standard post-processing is
t heart rates, and waiting times are considered. Waiting time = 1TRR,
d =3TRR (d).
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Figure 6. Results of the in vivo validation. (Left) Example of a T1 map of a healthy volunteer. (Right) Comparison of the relaxation times
determined by the standard post-processing (blue diamonds) and the adapted post-processing (red squares) for a total of four ROIS in the
myocardium and different waiting periods.

Figure 7. Validation series in 5 patients – T1 times prior to CA administration in the blood (left figure) and the myocardium (septal ROI, right
figure). The T1 times in the intracavitary blood and myocardium are acquired for different waiting periods (heat beats), MOLLI 5(1)3(1)3
and MOLLI 5(3)3(3)3 and analyzed both by the standard post-processing method and the adapted post-processing method.

idd
Figure 8. Patient with DCM. Left: T1 map pre CA administration. M

validated in phantom experiments against a gold standard for
T1 measurement with a saturation recovery SE experiment.
The phantom tests show that the T1-quantification with
standard MOLLI post-processing depends on the real T1
value, heart rate and the length of the waiting period between
the different shots. For long T1 the standard procedure
le: T1 map post CA administration. Right: corresponding ECV map.

systematically underestimates the real T1 for short waiting
time. This is due to an incomplete recovery of the mag-

netization between inversion experiments. The subsequent
inversion pulse results in a reduced inverted magnetization,
and the relaxation is apparently accelerated. This effect
disappears or is reduced for sufficiently short relaxation
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Figure 9. Patient with amyloidosis. Patient with DCM. Left: T1 map pre CA administration. Middle: T1 map post CA administration. Right:
corresponding ECV map.

Table 1
Myocardial T1 values pre and post contrast administration and calculated ECV in the reference group, DCM and amyloidosis patients. In
brackets, the minimum, maximum and standard deviation are given.

Myocardial pre T1

(min–max; SD) [ms]
Myocardial post T1

(min–max; SD) [ms]
Myocardial ECV
(min–max; SD) [ms]

Reference group
Basal 704 (883–1023; 52) 455 (407–496; 28) 0.26 (0.29–0.29; 0.03)
Mid-basal 937 (829–1004; 58) 433 (362–481; 40) 0.26 (0.23–0.29; 0.02)
Apical 936 (829–1040; 70) 431 (318–490; 52) 0.25 (0.19–0.31; 0.03)

DCM
Basal 991 (905–1111; 57) 426 (394–461; 24) 0.32 (0.27–0.40; 0.04)
Mid-basal 984 (905–1058; 49) 441 (401–473; 25) 0.30 (0.22–0.36; 0.04)
Apical 998 (921–1091; 54) 445 (393–498; 28) 0.36 (0.25–0.40; 0.04)

Amyloidosis
Basal 1063 (816–1179; 117) 367 (316–456; 46) 0.48 (0.33–0.49; 0.09)

Mid-basal 1069 (983–1176; 69) 

Apical 1050 (930–1149; 90)

times, because for relaxation times shorter than the RR-cycle
magnetization has almost reached its equilibrium value after
one inversion experiment.

The IGF allows the reliable quantification of native T1
times that is less susceptible from the waiting time. How-
ever, at least one heart beat waiting time should be maintained
because a moderate deviation of less than 3% from the real
T1 was sometimes observed for heart rates of 60, 70, and
80 bpm at a waiting time of zero. Phantom experiment analysis
attributed this to an incomplete inversion based on deviations
in the inversion pulse that technically cannot be influenced.
The incomplete inversion causes an increased bias in the
quantified T1 values especially for short T1 values. How-
ever as this deviation is small it can be neglected in our
setting.

Other MOLLI modifications with a shortened acquisition
time are in use such as a 5(3)3/4(1)3(1)2 pattern for pre/post
contrast T1 measurements, that shorten the scan time from

17 to 11 heart beats. However, this shortened scan time is
achieved by both a shortening of waiting time as well as a
reduction in the acquisition of data points that then can be used
for the fit routine. Another approach to reduce the systematic
382 (308–449; 46) 0.44 (0.34–0.52; 0.07)
386 (328–439; 42) 0.44 (0.30–0.60; 0.10)

error of T1 mapping when trying to reduce the waiting time
is the ShMolli approach, that uses the 5(1)1(1)1 scheme [12].
Whereas we depend on one threshold for switching between
IGF and the standard postprocessing of MOLLI, the postpro-
cessing of ShMolli depends on two thresholds. As our Suppl.
shows, even the introduction of one threshold depends on
an extensive and lengthy analysis of random and systematic
error. The introduction of another threshold would escalate
the analysis further. A principle difference is that with IGF,
always all relaxation data from the three inversion experi-
ments are used, either for IGF or the standard postprocessing.
ShMOLLI, however differentiates. Depending on the value of
T1, it takes into account only the data of the first inversion
for long T1, of two inversions for the intermediate and of all
three only for short T1. As we use more data points for long
and intermediate T1 our approach should have a lower random
error.

The MOLLI 5(1)3(1)3 scheme was chosen for all patient

measurements. This allowed the reduction of the breath-hold
time by four heart beats from 17 to 14 heart beats, while
upholding the original number of data point acquisitions. A
series of 19 patients who presented with shortness of breath
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and an overall reduced physical condition was successfully
analyzed using the adapted post-processing algorithm. The
participating patients managed a good expiratory compliance
resulting in only a small number of segments that had co-
registration artifacts that prevented analysis. This result was
not influenced by any coregistration algorithms. The measured
T1 times pre and post contrast administration and the calcu-
lated ECV values can be matched with recent findings from
other groups who used MOLLI for the tissue characteriza-
tion in DCM and cardiac amyloidosis as well as for normal
reference values. Sado et al. measured a mean ECV value
in normal individuals of 25.3%, matching a normal ECV of
25.4% according to Kellmann et al. [13,14]. In cardiac amy-
loidosis, ECV values up to 40% have been reported, whereas
in DCM ECV values up to 31% have been documented
[15–18]. Our findings show a good congruency with this
data.

Limitations

It must be emphasized that the new post-processing only
corrects if necessary for the imperfect inversions in the sec-
ond and third inversion caused by to short waiting times. It
cannot correct for the T2 and magnetization transfer (MT)
dependence of T ∗

1 due to the used bSSFP imaging module.
This inherit deviations require a different correction scheme
which includes these parameters. The presented fitting rou-
tine does not solve any arrhythmia-induced problems because
it is based on a periodic data acquisition that is identical for
the standard post-processing. Due to the limited patient num-
bers and the focus on the sequence evaluation, we do not
perform any evaluation with regards to the clinical outcome
or prognostic value of the clinical data.

Conclusion

We present a post-processing algorithm that uses both the
IGF and the standard post-processing algorithm. The mod-
ification of the post-processing strategy allows shortening
of the measurement time without changes in the estab-
lished sequence protocol, over the full range of relaxation
times present in both native and post CA T1-mapping. The
protocol allows the examination of even severely impaired
patients.
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