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Blood T1* correction increases
“accuracy of extracellular
‘volume measurements using 3T
e cardiovascular magnetic resonance:
mmmmE®t . Comparison of T1 and T1* maps

Yongning Shang(®?, Xiaochun Zhang?, Xiaoyue Zhou?, Andreas Greiser®, Zhengwei Zhou*>,
Debiao Li* & Jian Wang?

. The goals were to compare the differences between ECV, (extracellular volume derived from

: myocardial T1 and blood T1), ECV_ (combination of myocardial T1 and blood T1*), and ECVnL (derived

. from myocardium T1* and blood T1*), and to explore the diagnostic accuracy of these factors for

. discriminating between controls and patients. The Modified Look-Locker Inversion Recovery sequence

. was performed in 42 subjects to generate both T1 and T1* maps. Native and post-contrast T1 values

. for myocardium and blood pool were obtained, and ECVL, ECVc, and ECVnL were then calculated.

. The global ECVc values were smaller than the ECVL values (0.006, 2.11%, p < 0.001) and larger than

© the ECVnL values (0.06, 21.6%, p < 0.001) in all participants. The ECVc led to a 4-6% increase in the

: AUCvalue and a 24-32% reduction in the sample size to differentiate between the controls and other

. patients when compared with the ECVL. Blood T1* correction can improve the precision of blood T1

. values and can consequently increase the accuracy of the extracellular volume fraction measurement.

- The ECVc can be used to improve diagnostic accuracy and reduce the sample size required for a clinical
study.

Cardiac T1 mapping allows the quantitative measurement of myocardial and blood longitudinal relaxation T1".
. The extracellular volume fraction (ECV), derived from native and post-contrast T1 mapping, reflects the size of
. the extracellular space in the myocardium and can be used as an important diagnostic biomarker of disease?, as
: well as for observation of disease progression® and prognosis**. T1 mapping, together with the ECV, introduced a
. new frontier in radiology and cardiology, enabling the quantification of important tissue properties of both local
and global myocardium, independent of function®.
: T1 mapping can be performed utilizing several techniques, such as Saturation recovery Single-sHot
© Acquisition (SASHA)’, saturation pulse prepared heart-rate-independent inversion recovery (SAPPHIRE)?, and
. awidely used ECG-triggered method (Modified Look-Locker Inversion Recovery, MOLLI)*!°. Although the
effects of T2 sensitivity, magnetization transfer, and inversion efficiency lead to an underestimation of myocardial
© T1 values', the higher signal-to-noise ratio (SNR), which is due to IR preparation and a large number of images,
: permits MOLLI to more precisely measure T1 values than SASHA. Compared with SASHA and its modified
. version (SAPPHIRE), MOLLI and the shortened MOLLI (ShMOLLI)*? yield higher precision and lower accu-
© racy'™3 Modifications of MOLLI sampling schemes (such as 5(3)3 and 4(1)3(1)2 for native and post-contrast
T1 mapping'*) have been proposed to reduce breath-hold duration and reduce heart rate sensitivity, which incre-
mentally increase the precision of T1 measurements. To summarize, MOLLI has been widely accepted and used
for the precise measurement of myocardial T1.
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Parameters All participants (n =42)
Age, years 55.0+10.6
Gender, male/female 25/17
Height, m 1.6240.09
Weight, kg 63.9+9.5
Body mass index, kg/m? 242+27
Body surface area, m* 1.68+0.16
Systolic blood pressure, nmHg 119.4+13.8
Diastolic blood pressure, nmHg 77.6+9.4
Heart rate, bpm 73.6+11.0
Ejection fraction, % 585473
End-diastolic volume index, ml/m? 70.4+12.7
End-systolic volume index, ml/m? 29.5+10.1
Stroke volume index, ml/m? 409+7.6
Cardiac index, I/min/m? 2.9940.59
Myocardial mass index, g/m? 57.9+134
Hematocrit, % 39.8+34
ﬁa(t(;) ;gadolinium enhancement positive, 7(167)

Table 1. Demographic and left ventricular functional parameters of all the participants. Data were presented
as mean =+ standard deviation. Total number: type 2 diabetes mellitus (T2DM) without hypertension (HT)
(n=19), T2DM with HT (n=5), HT (n=2), healthy volunteers (n =7), hypertrophic cardiomyopathy (n=4),
cardiac amyloidosis (n = 1), chronic myocardial infarction (n=1), left ventricular noncompaction (n=1),
dilated cardiomyopathy (n = 1), arrhythmogenic right ventricular cardiomyopathy (n=1).

Calculation of the ECV is based on the measurement of both native and post-contrast T1 of the myocar-
dium and the blood pool and is calibrated using the hematocrit (HCT) value'®. In previous studies, the ECV was
obtained by manually drawing regions of interest (ROIs) on T1 maps. The application of the motion correction
(MOCO) technique can eliminate the effect of respiratory and heart motion to allow the calculation of a more
accurate myocardial T1 value and permit the generation of fully automated calculated pixel-wise ECV maps!®'7.
However, due to the inflow effect of the blood pool, the T1 values of the blood pool and the myocardium differ in
the measurement. More specifically, for the measurement of blood T1, because there is inflow or replacement of
fresh blood with each heartbeat, the Look-Locker (LL) correction should be eliminated to provide a more realistic
estimation of the blood T1.

ECV measurements based on the blood T1 values from LL-generated maps may lead to misestimation of their
true values, which will likely limit the clinical implications of ECV in disease diagnosis, observation of disease
progression, and prognosis. Theoretically, T1* maps, based on image registration without the LL correction, can
therefore be used for more accurate measurement of blood T1 values, and thus, a more accurate ECV.In a pre-
vious study’®, Zhao et al. described the LV ECV calculated from myocardial T1 and blood T1* in patients with
atrial fibrillation but did not compare this measurement method with others. Nickander et al. reported that blood
T1 and T1* correction reduced the variability in native myocardial T1 values". They did not calculate ECV, but
their results placed much importance on the effects of blood values in the myocardium. Considered together,
blood T1* values should be prioritized to obtain more accurate measurements of the ECV.

Therefore, we hypothesized the following: 1) There may be differences in blood T1 values obtained from T1
and T1* mapping; 2) ECV can be more accurately calculated from myocardial T1 and blood T1*; and 3) The
more precise ECV can improve the accuracy of disease diagnosis and reduce the sample size needed to identify
the difference in the ECV between the controls and patients.

Results
The demographic and left ventricular functional parameters of all the participants are shown in Table 1.

Comparison of native and post-contrast T1 values of the myocardium and blood between T1
and T1* mapping in all participants. Both the native and post-contrast T1 values of the sixteen segments
of the LV myocardium and blood pools in the three slices are presented in Fig. 1. In addition, Supplementary
Figure S1 shows the native and post-contrast T1 values from the T1/T1* mapping of the LV global myocar-
dium and blood pool. There were significant differences in myocardial and blood T1 values between the T1 and
T1* maps (based on paired t-tests) for myocardial native (p < 0.001), post-contrast T1 (p < 0.001), blood native
(p=10.003), and post-contrast T1 values (p <0.001).

Comparison of LV myocardial ECV, and ECVcin all participants. The sixteen segments and the ECVL
(derived from myocardial T1 and blood T1) and ECVc (combination of myocardial T1 and blood T1*) of the global
LV myocardium in all the participants are shown in Fig. 2 and supplementary Figure S2, and the results are summa-
rized in Table 2. The global ECVL was strongly correlated with the ECVc (correlation coefficient=0.991, p < 0.001).
The mean difference between the global ECVL and ECVc was 0.006 (95% confidence interval, —0.007 to 0.019), and
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Figure 1. Superimposed symbols with connecting line of T1 and T1* values. Superimposed symbols with
connecting line showing native and post-contrast T1 and T1* maps of American Heart Association 16-segment
myocardium and three slices blood in all subjects.

the global ECVL was 2.11% larger than the global ECVc (p < 0.001). In addition, the sixteen segments and the ECVL
were also consistently correlated with ECVc (all the correlation coeflicients were > 0.9, all p < 0.001). Paired t-tests
and the Bland-Altman plots showed that the ECVL was larger than the ECVc (mean differences ranged from 0.004
to 0.011); these were statistically significant (all p < 0.01), though the mean differences were small.

Comparison of the LV myocardial ECVc and ECVnL in all participants. The ECVc and ECVnL
(derived from myocardium T1* and blood T1*)of the global LV myocardium and sixteen segments in all the par-
ticipants are shown in Fig. 2 and supplementary Figure S2 and are summarized in Table 3. The global ECVc was
strongly correlated with the ECVnL (correlation coefficient =0.871, p < 0.001). The global ECVc was 21.6% larger
than the global ECVnL (p < 0.001), and the mean difference was 0.06 (95% confidence interval, 0.01 to 0.11). The
ECVc of the sixteen segments was also correlated with the ECVnL (correlation coefficient ranged from 0.539 to
0.908, all p < 0.001). Moreover, all the ECVc values were significantly larger than the ECVnL (mean differences
ranged from 0.050 to 0.070, all p < 0.001).

Regarding the comparison between the ECVL and ECVnL, all the data are summarized in Supplementary
Table SI1.

Sample size using the ECV| and ECV_ for identifying the differences in ECV between the con-
trols and patients. The mean and standard deviation (SD) of the ECVL and ECVc are summarized in
Table 4. The SD of the ECVc was smaller than that of the ECVL in the T2DMs without HT, controls, and cardio-
myopathies. Regarding the mean difference between the T2DMs without HT and controls, the AECVc was 3%
larger than the AECVL, whereas for the mean difference between the cardiomyopathies and controls, the AECVc
was 19% larger than the AECVL. As a result, the reduction in SD and increase in the mean difference reduced the
total sample size for identifying the differences between the T2DMs patients without HT and the controls from
63 to 48 (24% reduction in sample size). These factors reduced the total sample size for identifying p < 0.001 the
differences between the cardiomyopathies and controls from 62 to 42 (32% reduction in sample size).

Comparison of the diagnostic accuracy of the ECV, and ECV_ to discriminate between the con-
trols and patients. To differentiate between the controls and T2DM without HT, the AUC values for the
ECVL and ECVc were 0.677 and 0.707, respectively, and the difference between the two AUC values was statisti-
cally significant (AAUC = 0.030, 4%, P =0.024, Fig. 3(a). To differentiate between the controls and patients with
cardiomyopathies, the AUC values for the ECVL and ECVc were 0.778 and 0.825, respectively, and the differ-
ence between the two AUC values was statistically significant (AAUC = 0.0480, 6%, P < 0.001, Fig. 3(b). Taken
together, the ECVc can improve the diagnostic accuracy for discriminating between the controls and patients.
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Figure 2. Bland-Altman plots of ECV. Bland-Altman plots and superimposed symbols with connecting line
show comparisons among the global ECVL, ECVc, and ECVnL.

1 0.26640.050 | 0.261+£0.049 | 0.005 1.88 0.988% <0.001
2 0.29340.051 | 0.287+£0.049 | 0.006 2.04 0.986* <0.001
3 0.28440.055 | 0.278+£0.053 | 0.006 2.11 0.989% <0.001
4 0.28740.068 | 0.281£0.066 | 0.006 2.09 0.992% <0.001
5 0.28240.071 | 0.277£0.069 | 0.006 2.13 0.993% <0.001
6 0.26940.050 | 0.263+£0.049 | 0.005 1.86 0.988%* <0.001
7 0.27340.045 | 0.269+0.044 | 0.004 1.46 0.981% 0.010
8 0.2834:0.047 | 0.279+£0.046 | 0.004 141 0.982% 0.009
9 0.28240.050 | 0.278£0.049 | 0.004 1.42 0.984%* 0.010
10 0.27640.055 | 0.272+£0.054 | 0.004 1.45 0.988% 0.008
11 0.283£0.055 | 0.28040.054 | 0.004 141 0.987% 0.010
12 0.281+0.046 | 0.27740.044 | 0.004 1.42 0.981% 0.008
13 0.304£0.054 | 0.29340.055 | 0.010 3.29 0.953* <0.001
14 0.290£0.046 | 0.28040.044 | 0.010 3.45 0.941% <0.001
15 0.284£0.051 | 0.2744-0.048 | 0.010 3.52 0.955%* <0.001
16 0.318£0.049 | 0.30640.045 | 0.011 3.46 0.936* <0.001
Global 0.285+0.049 | 0.27840.047 | 0.006 2.11 0.991%* <0.001

Table 2. Comparison of LV myocardial ECVL and ECVc in all participants. Correlation coeflicient: linear
regression between ECVL and ECVc, *all p < 0.001 AHA: American Heart Association.

Intra- and inter-observer reproducibility. Bland-Altman diagrams for the ECVL, ECVc, and ECVnL
of the sixteen segments of the myocardium are shown in Supplementary Figure S3-8. Summaries of the

Bland-Altman statistics and ICC values for the intra- and inter-observer differences are shown in Supplementary
Tables S2-4.
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1 0.26140.049 0.206 4 0.055 0.055 21.1 0.826* <0.001
2 0.287 £0.049 0.22640.049 0.061 21.3 0.821% <0.001
3 0.278 £0.053 0.21540.052 0.063 22.7 0.785% <0.001
4 0.281£0.066 0.21140.074 0.070 24.9 0.723% <0.001
5 0.277 £0.069 0.21040.074 0.067 24.2 0.728* <0.001
6 0.263 £ 0.049 0.207 £0.066 0.057 21.7 0.861* <0.001
7 0.269 £ 0.044 0.21940.047 0.050 18.6 0.815% <0.001
8 0.279 £ 0.046 0.22040.041 0.059 21.1 0.812% <0.001
9 0.278 +0.049 0.21740.042 0.061 21.9 0.908% <0.001
10 0.27240.054 0.21140.053 0.061 22.4 0.818% <0.001
11 0.28040.054 0.2164-0.054 0.064 22.9 0.678% <0.001
12 0.277 +0.044 0.21940.042 0.058 20.9 0.864* <0.001
13 0.293+0.055 0.2304:0.048 0.063 21.5 0.539% <0.001
14 0.280 4 0.044 0.22140.043 0.059 21.1 0.711% <0.001
15 0.27440.048 0.220£0.043 0.054 19.7 0.695% <0.001
16 0.306 4 0.045 0.245+0.052 0.062 20.3 0.668* <0.001
Global 0.278 4+0.047 0.218 40.044 0.060 21.6 0.871% <0.001

Table 3. Comparison of LV myocardial ECVc and ECVnL in all participants Correlation coefficient: linear
regression between ECVc and ECVnL, *all p < 0.001 AHA: American Heart Association.

ECV, 0.2860 0.0368 0.2672 0.0155 0.3086 0.0834

ECV, 0.2786 | 0.0333 0.2593 | 0.0138 0.3086 | 0.0793
T2DMs without HT - Controls | Cardiomyopathies - controls

AECV, 0.0188 0.0414

AECV, 0.0193 0.0493

AECV,-AECV, 0.0005 0.0079

(AECV.-AECV,)/AECV, 3% 19%

Table 4. The ECV, and ECV, of the T2DMs patients without HT, controls, and cardiomyopathies SD: standard
deviation, T2DMs without HT: type 2 diabetes mellitus without hypertension.

a 1wof | b100 =
_ | A / |
i | A
80 |- 1 80 |-
I i : —
5 __| ____________ ! B
I ] i ;
5 60| 5 60| i
E i / E i /
g [ — i / z i
3 - / AUCECVy: 0677 || 2 - / AUC(ECV,): 0.778
40 / AUC(ECV,): 0.707 40 / AUC(ECV,): 0.825
- / AAUC=0.030 - AAUC=0.048
i P=0.024 - P<0.001
200 -—- ECV 20 -—- ECVt
[ — ECV. [ — ECV.
U I R B S R U o T T B S B
0 20 40 60 80 100 0 20 40 60 80 100
100-Specificity 100-Specificity

Figure 3. Receiver operating characteristic (ROC) curves. ROC curves showing the capacity of the ECVL and
ECVc to discriminate between controls and others. (a) ROC curves show the capacity of the ECVL and ECVc to
discriminate between controls and diabetes patients without hypertension. (b) ROC curves show the capacity of
the ECVL and ECVc to discriminate between controls and patients with cardiomyopathies.
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Discussion

There were significant differences in both the native and post-contrast T1 values of blood and myocardium
obtained from the T1 and T1* maps. The ECVc was significantly smaller than the ECVL whereas it was larger
than the ECVnL. In addition, the ECVc can reduce the total sample size needed for identifying differences in the
ECV between the controls and patients, and the ECVc can improve the diagnostic accuracy for discriminating
between the controls and patients.

We found that the blood T1* values were higher compared to the blood T1 values for the native T1 acqui-
sitions and were mirrored by inverse effects in post-contrast acquisition in all the participants. Our results are
consistent with those in a study conducted by Nickander'®, where mean blood R1 (1/T1) was 0.00064 & 0.00004
ms-1 and mean blood R1* (1/T1¥) was 0.00061 £ 0.00005 ms-1 at 1.5T CMR. Although the differences were not
compared, those data showed a trend suggesting that the blood T1* value was larger than the blood T1 value.
In MOLLI due to the recurrent signal readout after a single inversion, the magnetization returns to steady state
more rapidly than in free relaxation, and this is addressed by the Look-Locker correction. In this study, a true
Look-Locker experiment with MOLLI was not performed, as there were long episodes of free relaxation dis-
turbed by a few readout trains. Nevertheless, there was an “enforced” decay that could have been addressed by
correction, as proposed for the original Look-Locker method. As the blood did not see the repeated readout pulse
trains, it should not require this type of correction. Therefore, blood T1 value measurements are not sufficiently
accurate on the T1 maps generated by the LL technique or its derived MOLLI prototype. T1%, as one of the three
parameters in a three-parameter model to obtain T1 maps, is initialized as the linearly interpolated zero-crossing
time generated from the “polarity” corrected signal intensity curve?. The pixel-wise T1* parametric maps, which
have not undergone the LL correction, should be used for more accurate measurements of the blood T1 values!®.
Therefore, there is theoretically a significant difference in the blood T1 obtained from the T1 and T1* maps. Of
note, our in vivo study results corroborate this theory. In future studies, T1* maps should be used for more accu-
rately measuring the blood T1.

The inversion efficiency is another important factor that can influence the accuracy of MOLLI-based T1 esti-
mation to a certain extent. Recent studies?* indicated that the inversion factor can be applied to correct T1
(T1corrected =T1/ inversion factor) to improve MOLLI T1 estimation accuracy. Although it can be estimated
by simulating the adiabatic inversion pulse?! for a certain tissue, the actual in vivo inversion factor can be signifi-
cantly different from the theoretical value. Further study® showed that the actual in vivo inversion factor may be
dependent on the MRI hardware and may need to be measured in vivo for each MRI scanner. Our present study
focused on T1%, so the influence of inversion factor on T1 estimation was not explored. In view of its importance,
inversion factor shall be attached to more attention in the future studies.

Besides the original three-parameter exponential curve fitting T1 estimation algorithm, several T1 estimation
algorithms have recently been proposed for the MOLLI sequence, including the Bloch equation simulation with
slice profile correction (BLESSPC) T1 estimation?*, the inversion group (IG) fit*® and the Instantaneous Signal
Loss simulation (InSiL) T1 estimation®. Shao et al.?? compared four T1 estimation algorithms for MOLLI with
inversion factor correction and indicated that BLESSPC has superior accuracy and is the least sensitive to the flip
angle, the heart rate and the acquisition scheme variations than the original fit, IG fit and InSiL, but the original
fit has superior precision than the other three methods for T1 > 400 ms. Due to the absence of in vivo inversion
factor, diagnostic accuracy for ECV of the “no correction” T1* approach was not compared with BLESSPC, IG
fit and InSiL in the present study. It is interesting to see which method can provide better diagnostic accuracy for
ECV in the future.

ECV was introduced to overcome the limitations of post-contrast T1 values in assessing diffuse abnormali-
ties, one of which is the type and dose of contrast agent®, injection scheme?’, or time point post-contrast image
acquisition?, among other factors. The ECV is not sensitive to these effects, accounting for the blood T1 values
and variation in the HCT". Therefore, besides the myocardial issue, blood T1 values should also be seriously con-
sidered. We found that for the native T1 value of blood, T1* was higher than T1; for the post-contrast T1 value of
blood, T1* was lower than T1. Thus, the ECVc is consequently lower than the ECVL.

Recently, much effort has been put to explore the feasibility of the synthetic ECV which derived from the
blood T1 value and to validate its clinical value. Some studies***° has demonstrated that the synthetic ECV
strongly correlates with the conventionally calculated ECV (all R*>0.90 at 1.5T MR and 3.0 T MR) and can be
an alternative to it without blood sampling. However, Raucci et al.’! reported that although it strongly correlates
with conventionally calculated ECV (0.80 <R?< 0.90 at 1.5 T MR), synthetic ECV can result in miscategorization
of individual patients, especially in pediatric and young adult patients. Although the clinical value of synthetic
ECV is still on the line, the accuracy of blood T1 values is being embraced as a very important factor in ECV
calculation. The present study did not focus on estimating the synthetic ECV, but more attention will be attached
to it in our future study.

Our results highlight the complexity of performing ECV measurements, but they also stress the importance
of post-processing methods aimed at increasing accuracy and enhancing clinical diagnostic use. While some
diseases such as MI or CAL show a significant increase in the ECV, more subtle differences are obtained in con-
ditions with less myocardial damage, such as T2DM, HT, or HCM without LGE?*2. In Wongs study®, which com-
prised 231 patients with diabetes and 945 participants without diabetes, the median ECV of the participants
with and without diabetes were 0.302 and 0.281, respectively. The difference between the two groups was about
0.021 (7%). Although the difference in the ECV of the two groups was significant, there was a marked over-
lap of the ECV between the two groups. Nevertheless, the ECV was determined to be an important prognos-
tic index for predicting mortality and/or incident hospitalization for heart failure in diabetes. Therefore, even
small differences between the values calculated from unstandardized sequences or post-processing procedures
may limit the clinical utility of the ECV. Notably, the accuracy and precision of the ECV measurements are
thus far unclear because of the difficulty in obtaining in vivo reference values for ECV measurements. Previous
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studies have demonstrated that different reference values for the ECV were acquired in studies with different field
strengths and sequences'*. Regarding our results in the present study, there was a minor but statistically signif-
icant difference between the ECVL and ECVc measurements, which indicated an incremental role of blood T1
measurements accuracy in ECV values. Further studies are needed to confirm the reference values for the ECVc
measurements in the normal controls and patients.

Our results indicate that the ECVc led to an increase in diagnostic accuracy compared with ECVL, which may
be attributed to the ECVc-associated larger mean difference between the groups and smaller SD in each group.
This might have significant clinical implications for diseases that are characterized by an alteration in the ECV,
such as amyloidosis, cardiomyopathies, HT, and/or T2DM-related cardiac diseases. With increased diagnostic
accuracy, these diseases could potentially be detected earlier when only subtle differences in the ECV may be
present. In addition, the 4-6% increase in diagnostic accuracy means that 4-6% subjects can be clearly diagnosed
and treated in time, which is very important for patients.

Limitations. This study has several limitations. First, the sample size of this study was relatively small, more
specifically the proportion of patients with serious myocardial damage (such as MI, myocarditis, HCM, CAL,
etc.). Because the complexity of enrolled patients can test the robustness and efficiency of the ECV calcula-
tion method, more patients should be included in future studies. Second, considering that the ECVc measure-
ments were derived from myocardium T1 maps and blood T1* maps, T1* maps cannot be generated using
cvi42. Thus, although the ECV values can be directly obtained from ECV maps, ECVc values cannot be directly
obtained from T1* maps. In this study, we acquired the T1 and T1* values of the myocardium and blood on
native and post-contrast T1 and T1* maps and subsequently calculated the ECVL and ECVc. Although this was
time-consuming and relatively complicated, the process can reduce errors substantially. In the future, the impor-
tance of ECVc values should be further investigated to directly generate T1* maps.

Conclusions

Blood native T1* is longer than native T1 and post-contrast T1* is shorter than post-contrast T1. The ECVc is
smaller than the ECVL and larger than the ECVnL. In general, blood T1* correction can improve the accuracy of
blood T1 values and can consequently increase the accuracy of extracellular volume fraction measurement. The
ECVc can be used to improve diagnostic accuracy and reduce the sample size required for clinical study.

Methods

Study population. All the recruited participants were scanned with cardiac magnetic resonance (CMR)
between January and March 2017, in our hospital. Three patients who did not receive gadolinium injections were
excluded, and therefore a total of 42 participants were included, comprising nineteen patients with type 2 dia-
betes mellitus (T2DMs) without hypertension (HT), five with T2DMs with HT, two patients with HT, four with
hypertrophic cardiomyopathy (HCM), and one each with cardiac amyloidosis (CAL), chronic myocardial infarc-
tion (MI), left ventricular noncompaction (LVNC), dilated cardiomyopathy (DCM), and arrhythmogenic right
ventricular cardiomyopathy (ARVC). Seven healthy volunteers, who were not referred as patients for normal
manifestation on clinical CMR and without risk factors or evidence of cardiovascular disease, were also recruited.
The study was approved by the Southwest Hospital Ethics Committee (reference number, 2016-Scientific-
Research-No. 50) and was performed in accordance with the Declaration of Helsink and all the participants
provided written informed consent.

Cardiac Magnetic Resonance protocols. All CMR was performed using a 3T MAGNETOM Trio a Tim
System (Siemens Healthcare, Erlangen, Germany) with a 6-channel body matrix coil plus 2 rows of the spine
array coil. A prototype for patient-specific, localized shimming in the heart was used to improve field uniformity.
Blood samples were collected about 30 minutes before scanning and were immediately sent to the Department of
Clinical Laboratory to obtain the HCT.

We compared the differences in T1 values of the myocardium and blood acquired from both T1 and T1*
mapping; compared the differences in ECV| (derived from LL-corrected myocardial T1 and blood T1), ECV,
(combination of LL-corrected myocardial T1 and non-LL-corrected blood T1%#), and ECVnL (derived from
non-LL-corrected myocardium T1* and blood T1*); calculated the sample size using the ECVL and ECVc for
identifying differences in the ECV between the controls and patients; and compared the differences in the diag-
nostic accuracy of the ECVL and ECVc to discriminate between the controls and patients.

Cine. Electrographic-gated, breath-hold steady-state free-precession (SSFP) short-axis retro-gated cine images
covering the entire left ventricle (LV) were taken at 6 mm slice thickness, 1.5 mm slice gap, field of view (FOV)
325 x 400 mm?, matrix 179 x 256, repetition time (TR) 59.22 ms, and echo time (TE) 1.45ms, and at 25 phases
per cardiac cycle. All the cine images were analyzed offline on a workstation with Argus software (Siemens
Healthcare, Erlangen, Germany). Endo- and epicardial contours were manually traced to measure the LV cavity
at end-diastole and end-systole. The papillary muscles were included in the LV volume. The LV end-diastolic vol-
ume index (EDVi), end-systolic volume index (ESVi), stroke volume index (SVi), ejection fraction (EF), cardiac
index (CI), and myocardial mass index (MMi) were obtained.

Late Gadolinium Enhancement (LGE). Segmented LGE images covering the entire LV were performed
using the Phase Sensitive Inversion Recovery (PSIR) sequence (TR/TE 680/1.94 ms, 8 mm slice thickness, 1.6 mm
slice gap, FOV 325 x 400 mm?) approximately 10 min after a bolus administration of 0.2 mmol/kg gadodiamide
(Omniscan, GE Healthcare).
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Figure 4. Short-axis T1 and T1* maps. Images show example of native and post-contrast T1 and T1* maps of
three slices and the corresponding American Heart Association sixteen segments in one participant.

T1 mapping. A breath-hold ECG-gated, MOLLI prototype with a 5(3)3 and 4(1)3(1)2 sampling pattern was
performed for native and post-contrast T1 mapping, respectively, with FOV 400 x 300 mm?, matrix 256 X 166,
and 6 mm thickness. Basal, mid-ventricular, and apical short-axis images were acquired before and approximately
15 min after the administration of gadodiamide. T1 maps were generated inline from the MOLLI images with
MOCO and T1* maps were generated from the images without the Look-Locker correction. All the T1 and T1*
maps were transferred to the cvi42 software (Circle Cardiovascular Imaging Inc., Calgary, Alberta, Canada) for
offline analysis.

The LV endo- and epicardial borders were manually delineated with attention paid to avoiding partial-volume
effects from the blood pool and epicardial fat. Sixteen myocardial segments (according to the American Heart
Association, myocardial 17-segment classification with exclusion of the apical segment) and global native and
post-contrast T1 and T1* values were obtained. The regions of interest (ROIs) were manually drawn with care
in the LV cavity to avoid the papillary muscles and myocardium. Global and three-slices blood native and
post-contrast T1 and T1* values were measured (Fig. 4). The global and 16-segmental myocardial ECV were
calculated from native and post-contrast T1 and T1* maps using the following equations:

1 1

ECVL _ (1 _ HCT) T1 m};opost

T1 myo native
1
T1 blood post T1 blood native (1)

1 1

ECV, = (1 — HCT) Tt mi’o post Tl myolnative

T blood post T blood native (2)
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Statistical analysis. The data were expressed as mean and standard deviation. Differences between the
means for all the participants were compared using the paired t-test and the Bland-Altman method*. The rela-
tionships between bivariates were analyzed using Pearson’s method. For inter-observer reproducibility, images of
ten randomly selected participants were independently analyzed by two radiologists (Shang Y and Zhang X, each
with more than three years” experience). For intra-observer reproducibility, one radiologist (Shang Y) reanalyzed
images of ten participants after one month. The intra- and inter-observer variabilities for the ECV were visualized
as Bland-Altman plots and analyzed by determining the intra-class correlation coeflicient (ICC). The values for
the area under the receiver operating characteristic (ROC) curves (AUC) were calculated to compare the capacity
of the ECVL and ECVc to discriminate between the controls and others. The sample size was also calculated.
Statistical tests were two-tailed, and the statistical significance was defined as P < 0.05. Statistical analysis was
performed using SPSS (version 21.0, SPSS Inc., Chicago, IL, USA), GraphPad Prism (version 6.01, GraphPad
Software, Inc., La Jolla, CA, USA), and MedCalc (version 11.4.2.0, MedCalc Software, Ostend, Belgium).

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References

1. Schelbert, E. B. & Messroghli, D. R. State of the Art: Clinical Applications of Cardiac T1 Mapping. Radiology 278, 658-676, https://
doi.org/10.1148/radiol.2016141802 (2016).

2. Banypersad, S. M. et al. T1 mapping and survival in systemic light-chain amyloidosis. Eur Heart ] 36, 244-251, https://doi.
org/10.1093/eurheartj/ehu444 (2015).

3. Jeuthe, S. et al. Myocardial T1 maps reflect histological findings in acute and chronic stages of myocarditis in a rat model. J
Cardiovasc Magn Reson 18, 19, https://doi.org/10.1186/s12968-016-0241-6 (2016).

4. Wong, T. C. et al. Association between extracellular matrix expansion quantified by cardiovascular magnetic resonance and short-
term mortality. Circulation 126, 12061216, https://doi.org/10.1161/CIRCULATIONAHA.111.089409 (2012).

5. Wong, T. C. et al. Myocardial extracellular volume fraction quantified by cardiovascular magnetic resonance is increased in diabetes
and associated with mortality and incident heart failure admission. Eur Heart ] 35, 657-664, https://doi.org/10.1093/eurheartj/
¢ht193 (2014).

6. Moon, J. C. et al. Myocardial T1 mapping and extracellular volume quantification: a Society for Cardiovascular Magnetic Resonance
(SCMR) and CMR Working Group of the European Society of Cardiology consensus statement. ] Cardiovasc Magn Reson 15, 92,
https://doi.org/10.1186/1532-429x-15-92 (2013).

7. Chow, K. et al. Saturation recovery single-shot acquisition (SASHA) for myocardial T(1) mapping. Magnetic resonance in medicine

71, 2082-2095, https://doi.org/10.1002/mrm.24878 (2014).

. Weingartner, S. et al. Combined saturation/inversion recovery sequences for improved evaluation of scar and diffuse fibrosis in patients
with arrhythmia or heart rate variability. Magnetic resonance in medicine 71, 1024-1034, https://doi.org/10.1002/mrm.24761 (2014).
9. Messroghli, D. R. et al. Modified Look-Locker inversion recovery (MOLLI) for high-resolution T1 mapping of the heart. Magnetic

resonance in medicine 52, 141-146, https://doi.org/10.1002/mrm.20110 (2004).

10. Messroghli, D. R., Greiser, A., Frohlich, M., Dietz, R. & Schulz-Menger, J. Optimization and validation of a fully-integrated pulse
sequence for modified look-locker inversion-recovery (MOLLI) T1 mapping of the heart. Journal of magnetic resonance imaging:
JMRI 26, 1081-1086, https://doi.org/10.1002/jmri.21119 (2007).

11. Roujol, S. et al. Accuracy, precision, and reproducibility of four T1 mapping sequences: a head-to-head comparison of MOLLI,
ShMOLLI, SASHA, and SAPPHIRE. Radiology 272, 683-689, https://doi.org/10.1148/radiol. 14140296 (2014).

12. Piechnik, S. K. et al. Shortened Modified Look-Locker Inversion recovery (ShMOLLI) for clinical myocardial T1-mapping at 1.5 and
3 T within a 9 heartbeat breathhold. J Cardiovasc Magn Reson 12, 69, https://doi.org/10.1186/1532-429X-12-69 (2010).

13. Teixeira, T. et al. Comparison of different cardiovascular magnetic resonance sequences for native myocardial T1 mapping at 3T. ]
Cardiovasc Magn Reson 18, 65, https://doi.org/10.1186/s12968-016-0286-6 (2016).

14. Kellman, P, Arai, A. E. & Xue, H. T1 and extracellular volume mapping in the heart: estimation of error maps and the influence of
noise on precision. J Cardiovasc Magn Reson 15, 56, https://doi.org/10.1186/1532-429x-15-56 (2013).

15. Arheden, H. et al. Measurement of the distribution volume of gadopentetate dimeglumine at echo-planar MR imaging to quantify
myocardial infarction: comparison with 9mTc-DTPA autoradiography in rats. Radiology 211, 698-708, https://doi.org/10.1148/
radiology.211.3.r99jn41698 (1999).

16. Ridgway, J. P. Cardiovascular magnetic resonance physics for clinicians: part 1. J Cardiovasc Magn Reson 12, 71, https://doi.
org/10.1186/1532-429X-12-71 (2010).

17. Kellman, P. et al. Extracellular volume fraction mapping in the myocardium, part 2: initial clinical experience. ] Cardiovasc Magn
Reson 14, 64, https://doi.org/10.1186/1532-429X-14-64 (2012).

18. Zhao, L. et al. Systolic MOLLI T1 mapping with heart-rate-dependent pulse sequence sampling scheme is feasible in patients with
atrial fibrillation. ] Cardiovasc Magn Reson 18, 13, https://doi.org/10.1186/512968-016-0232-7 (2016).

19. Nickander, J. et al. Blood correction reduces variability and gender differences in native myocardial T1 values at 1.5 T cardiovascular
magnetic resonance - a derivation/validation approach. ] Cardiovasc Magn Reson 19, 41, https://doi.org/10.1186/5s12968-017-0353-7
(2017).

20. Xue, H. et al. Motion correction for myocardial T1 mapping using image registration with synthetic image estimation. Magnetic
resonance in medicine 67, 1644-1655, https://doi.org/10.1002/mrm.23153 (2012).

21. Kellman, P, Herzka, D. A. & Hansen, M. S. Adiabatic inversion pulses for myocardial T1 mapping. Magnetic resonance in medicine
71, 1428-1434, https://doi.org/10.1002/mrm.24793 (2014).

22. Shao, J., Liu, D,, Sung, K., Nguyen, K. L. & Hu, P. Accuracy, precision, and reproducibility of myocardial T1 mapping: A comparison
of four T1 estimation algorithms for modified look-locker inversion recovery (MOLLI). Magnetic resonance in medicine 78,
1746-1756, https://doi.org/10.1002/mrm.26565 (2017).

23. Shao, J., Nguyen, K. L., Natsuaki, Y., Spottiswoode, B. & Hu, P. Instantaneous signal loss simulation (InSiL): an improved algorithm
for myocardial T(1) mapping using the MOLLI sequence. Journal of magnetic resonance imaging: JMRI 41, 721-729, https://doi.
org/10.1002/jmri.24599 (2015).

o

SCIENTIFICREPORTS | (2018) 8:3361 | DOI:10.1038/s41598-018-21696-0 9


http://dx.doi.org/10.1148/radiol.2016141802
http://dx.doi.org/10.1148/radiol.2016141802
http://dx.doi.org/10.1093/eurheartj/ehu444
http://dx.doi.org/10.1093/eurheartj/ehu444
http://dx.doi.org/10.1186/s12968-016-0241-6
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.089409
http://dx.doi.org/10.1093/eurheartj/eht193
http://dx.doi.org/10.1093/eurheartj/eht193
http://dx.doi.org/10.1186/1532-429x-15-92
http://dx.doi.org/10.1002/mrm.24878
http://dx.doi.org/10.1002/mrm.24761
http://dx.doi.org/10.1002/mrm.20110
http://dx.doi.org/10.1002/jmri.21119
http://dx.doi.org/10.1148/radiol.14140296
http://dx.doi.org/10.1186/1532-429X-12-69
http://dx.doi.org/10.1186/s12968-016-0286-6
http://dx.doi.org/10.1186/1532-429x-15-56
http://dx.doi.org/10.1148/radiology.211.3.r99jn41698
http://dx.doi.org/10.1148/radiology.211.3.r99jn41698
http://dx.doi.org/10.1186/1532-429X-12-71
http://dx.doi.org/10.1186/1532-429X-12-71
http://dx.doi.org/10.1186/1532-429X-14-64
http://dx.doi.org/10.1186/s12968-016-0232-7
http://dx.doi.org/10.1186/s12968-017-0353-7
http://dx.doi.org/10.1002/mrm.23153
http://dx.doi.org/10.1002/mrm.24793
http://dx.doi.org/10.1002/mrm.26565
http://dx.doi.org/10.1002/jmri.24599
http://dx.doi.org/10.1002/jmri.24599

www.nature.com/scientificreports/

24. Shao, J., Rapacchi, S., Nguyen, K. L. & Hu, P. Myocardial T1 mapping at 3.0 tesla using an inversion recovery spoiled gradient echo
readout and bloch equation simulation with slice profile correction (BLESSPC) T1 estimation algorithm. Journal of magnetic
resonance imaging: JMRI 43, 414-425, https://doi.org/10.1002/jmri.24999 (2016).

25. Sussman, M. S., Yang, I. Y., Fok, K. H. & Wintersperger, B. J. Inversion group (IG) fitting: A new T1 mapping method for modified
look-locker inversion recovery (MOLLI) that allows arbitrary inversion groupings and rest periods (including no rest period).
Magnetic resonance in medicine 75, 2332-2340, https://doi.org/10.1002/mrm.25829 (2016).

26. Kawel, N. ef al. T1 mapping of the myocardium: intra-individual assessment of post-contrast T1 time evolution and extracellular
volume fraction at 3T for Gd-DTPA and Gd-BOPTA. ] Cardiovasc Magn Reson 14, 26, https://doi.org/10.1186/1532-429x-14-26
(2012).

27. McDiarmid, A. K. et al. Single bolus versus split dose gadolinium administration in extra-cellular volume calculation at 3 Tesla. J
Cardiovasc Magn Reson 17, 6, https://doi.org/10.1186/s12968-015-0112-6 (2015).

28. Miller, C. A. et al. Comprehensive validation of cardiovascular magnetic resonance techniques for the assessment of myocardial
extracellular volume. Circulation. Cardiovascular imaging 6, 373-383, https://doi.org/10.1161/circimaging.112.000192 (2013).

29. Treibel, T. A. et al. Automatic Measurement of the Myocardial Interstitium: Synthetic Extracellular Volume Quantification Without
Hematocrit Sampling. JACC. Cardiovascular imaging 9, 54-63, https://doi.org/10.1016/j.jcmg.2015.11.008 (2016).

30. Fent, G. J. et al. Synthetic Myocardial Extracellular Volume Fraction. JACC. Cardiovascular imaging 10, 1402-1404, https://doi.
0rg/10.1016/j.jcmg.2016.12.007 (2017).

31. Raucci, E J. et al. Synthetic hematocrit derived from the longitudinal relaxation of blood can lead to clinically significant errors in
measurement of extracellular volume fraction in pediatric and young adult patients. ] Cardiovasc Magn Reson 19, 58, https://doi.
org/10.1186/s12968-017-0377-z (2017).

32. Bulluck, H. et al. Myocardial T1 mapping. Circulation journal: official journal of the Japanese Circulation Society 79, 487-494, https://
doi.org/10.1253/circj.CJ-15-0054 (2015).

33. Dabir, D. et al. Reference values for healthy human myocardium using a T1 mapping methodology: results from the International
T1 Multicenter cardiovascular magnetic resonance study. ] Cardiovasc Magn Reson 16, 69, https://doi.org/10.1186/s12968-014-
0069-x (2014).

34. Bland, J. M. & Altman, D. G. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet
(London, England) 1, 307-310 (1986).

Acknowledgements
This work was funded by the National Natural Science Foundation of China (grant numbers 81471647 and
81571748) and SWH2016JSTSYB-18.

Author Contributions

X.C.Z., D.B.L. and J.W. Fparticipated in the experimental design, results analysis, and conclusion. Y.N.S. and
X.C.Z. performed MRI scan, data measurement and analysis and wrote the paper. X.Y.Z., A.G. and Z.W.Z. revised
manuscript for important intellectual content. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21696-0.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:3361 | DOI:10.1038/s41598-018-21696-0 10


http://dx.doi.org/10.1002/jmri.24999
http://dx.doi.org/10.1002/mrm.25829
http://dx.doi.org/10.1186/1532-429x-14-26
http://dx.doi.org/10.1186/s12968-015-0112-6
http://dx.doi.org/10.1161/circimaging.112.000192
http://dx.doi.org/10.1016/j.jcmg.2015.11.008
http://dx.doi.org/10.1016/j.jcmg.2016.12.007
http://dx.doi.org/10.1016/j.jcmg.2016.12.007
http://dx.doi.org/10.1186/s12968-017-0377-z
http://dx.doi.org/10.1186/s12968-017-0377-z
http://dx.doi.org/10.1253/circj.CJ-15-0054
http://dx.doi.org/10.1253/circj.CJ-15-0054
http://dx.doi.org/10.1186/s12968-014-0069-x
http://dx.doi.org/10.1186/s12968-014-0069-x
http://dx.doi.org/10.1038/s41598-018-21696-0
http://creativecommons.org/licenses/by/4.0/

	Blood T1* correction increases accuracy of extracellular volume measurements using 3T cardiovascular magnetic resonance: Co ...
	Results

	Comparison of native and post-contrast T1 values of the myocardium and blood between T1 and T1* mapping in all participants ...
	Comparison of LV myocardial ECVL and ECVc in all participants. 
	Comparison of the LV myocardial ECVc and ECVnL in all participants. 
	Sample size using the ECVL and ECVc for identifying the differences in ECV between the controls and patients. 
	Comparison of the diagnostic accuracy of the ECVL and ECVc to discriminate between the controls and patients. 
	Intra- and inter-observer reproducibility. 

	Discussion

	Limitations. 

	Conclusions

	Methods

	Study population. 
	Cardiac Magnetic Resonance protocols. 
	Cine. 
	Late Gadolinium Enhancement (LGE). 
	T1 mapping. 
	Statistical analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 Superimposed symbols with connecting line of T1 and T1* values.
	Figure 2 Bland-Altman plots of ECV.
	﻿Figure 3 Receiver operating characteristic (ROC) curves.
	Figure 4 Short-axis T1 and T1* maps.
	Table 1 Demographic and left ventricular functional parameters of all the participants.
	Table 2 Comparison of LV myocardial ECVL and ECVc in all participants.
	Table 3 Comparison of LV myocardial ECVc and ECVnL in all participants.
	Table 4 The ECVL and ECVc of the T2DMs patients without HT, controls, and cardiomyopathies.




