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Site�specific T1 mapping protocols are given in ���������	
�����
��
���
��. 

Protocols are listed in the order of scanner numbers, with letter indices for scanners on 

which data was acquired with more than one site�specific T1 measurement protocol. T1 

ranges are based on published T1 values and imaging sites’ optimization of protocols to 

measure T1 for the brain(1), breast (2), liver (3) (4), prostate (5), and sarcoma (6).   

���	
��������


T1 values were obtained by fitting ROI�averaged signal curves, according to the 

equations 1�5 describing signal behavior for the different T1 measurement protocols. 

�����
��������


For the common IR�SE protocol, the fitting equation (7) (Eq. 1) accounted for 

imperfect inversion angle and non�negligible TR in comparison to T1. The equilibrium 

magnetization M0, inversion factor (invF) and T1 were derived from fitting magnitude 

signal values to Eq.1, by Levenberg�Marquardt non�linear least squares fitting 

algorithm, with initial values M00 = max (Signal), invF0 = 2, T10= TInull/ln(2), n0 = 0, and 

constraints M0 ≥ 0, 0 ≤ invF ≤ 2, T1 ≥ 0, n ≥ 0. The signal nulling time TInull was the time 

of minimum signal intensity.  

����� = ��	[���1 + ����� − 1� ∙ ����−�� ��⁄ � − ���� ∙ exp�−�� ��⁄ ��] + �    [1] 

with  ����	 = 1 − cos�#� , α being the inversion angle and TI the inversion time.  

�� 
���������


For the common and site�specific VFA protocols, T1 was derived by non�linear 

fitting (Eq. 2) of signal at applied flip angle values. T1 and M0 are derived from Eq. 2 by 

non�linear least squares Levenberg�Marquardt algorithm, with initial values M00 = max 

(Signal), T10 = 800 ms, and constraints M0 ≥ 0, 10 ≤ T1 ≤ 3000 ms. Neither B1 field or flip 

angle corrections were performed, since these correction methods are not standardized 

between vendors and scanners. For flip angle α, the signal intensity is given by: 

��#� = $%∗[�'()*+',- ,./ 	0] 123�4�
�'561�4�∗()*+',- ,./ 	0

         [2] 
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where
α is the nominal applied flip angle, and M0 is the equilibrium longitudinal 

magnetization. 

!"
��������


The T1 value was derived from the ratio of SPGR signals (Eq. 3) of the pre�

contrast PD weighted acquisition and a DCE�MRI pre�contrast (or baseline) time point, 

taking into account the differences in FA and TR (6). Eq. 3 was solved numerically in 

MATLAB for T1. The ratio of SPGR signals can be written as: 

789
79:;

= 1234.	∙��'<.�
�'5614.	∙<.

∙ �'5614=	∙<=
1234=	∙��'<=�

         [3] 

where E1= exp(�TR1/T1), and E2 = exp(�TR2/T1), TR1 and TR2, α1 and α2 are the TRs and 

applied flip angles for the PD and DCE acquisitions, respectively.  

���
��������


For VTR fast�spin echo acquisitions (5)#
T1 was derived from the signal 

dependence on TR according to Eq. 4. T1 and M are derived from Eq. 4 by non�linear 

least squares Levenberg�Marquardt fit, with initial values M00 = max (Signal), T10 = 1000 

ms, and constraints M0 ≥ 0, 10 ≤ T1 ≤ 3000 ms. The VTR signal intensity as a function of 

TR is:


����� = � ∙ [1 − exp +−�� ��/ 0]        [4] 

where  � = �� ∙ exp	�−�> �?�⁄ 


$��%�$��%�
����&��
��
��������


 The modified T1 relaxation signal for Look�Locker IR methods is described by 

Eq. 5 (8), with A, invF and T1* derived by a Levenberg�Marquardt non�linear least 

squares fitting algorithm, with initial values A0 = max (Signal), invF0 = 2, T10
*= TInull/ln(2), 

n0 = 0, and constraints 0 ≤ A ≤ 500, invF ≥ 1, T1 ≥ 0 ms. The signal nulling time TInull was 

the time of minimum signal intensity. 

����� = ��	[@	 ∙ �1 − ���� ∙ exp�−�� ��∗⁄ ��]      [5] 

where  �� = ��∗	 ∙ ����� − 1�

������


Reference NMR spectroscopy T1 values at 1.5T and 3T are provided in 

���������	
 ����
 �'. A representative example of IR�SE fit with and without 

constraints is provided in ���������	
��	(
��( Typical T1 fits from acquisitions with the 
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common IR�SE and VFA protocols are shown in ���������	
 ��	(
 ��
 ���
 �', 

respectively. 


 �������
 �������





)�����
�����
��������


The distribution of accuracy errors (%) of T1 measurements with the IR�SE protocol 

among the 10 platforms for samples with low (40�100 ms), intermediate (100�500 ms) 

and high (500�2000 ms) reference T1 values is presented in ���������	
 ����
 �*. 

Larger accuracy errors, as shown by the wider interquartile range (IQR), were observed 

for samples with low reference T1.  

)�����
�� 
��������


Accuracy errors (%) of T1 measurements with the common VFA protocol for the 10 

platforms for samples with low (40�100 ms), intermediate (100�500 ms) and high (500�

2000 ms) reference T1 values are presented in ���������	
����
�*. Larger accuracy 

errors, as shown by the increased medians and wider IQR, were observed for samples 

with low reference T1.


Inter�scanner comparison of accuracy error found significantly higher accuracy at 

scanner 9 than scanner 6 (adjusted ��= 0.044), scanner 10 than scanner 6 (adjusted �= 

0.0284), scanner 7 than scanner 6 (adjusted �� = 0.038), scanner 8 than scanner 6 

(adjusted ��= 0.043).  




�����������
 �������


)�����
�����
��������


The distribution of precision errors (%) of T1 measurements with the IR�SE 

protocol among the 10 platforms for samples with low (40�100 ms), intermediate (100�

500 ms) and high (500�2000 ms) reference T1 values is presented in ���������	
����


�+. The median precision error was <2.5%, with the exception of scanner 7.  




)�����
�� 
��������


The distribution of precision errors (%) of T1 measurements with the common 

VFA protocol among the 10 platforms for samples with low (40�100 ms), intermediate 
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(100�500 ms) and high (500�2000 ms) reference T1 values is presented in ���������	


����
�+. Precision errors were similar for the different ranges of reference T1 values. 

Inter�scanner comparison of the precision error (test�retest repeatability) found 

that test�retest repeatability was higher on 1.5T scanners 9 and 10 than on 3T scanners 

1,3,4,5,6 (adjusted �� < 0.0001). There were significant differences in repeatability 

between all scanners (adjusted � 10�10�0.03), except between 3T scanners 1 and 7, 

between scanner 2 and scanners 7 and 8, between scanners 5 and 6, between 

scanners 7 and 8, which did not have significantly different precision errors (adjusted � 

0.06 to >0.9999). The 1.5T scanners 9 and 10 were not significantly different in terms of 

repeatability (adjusted �� > 0.999), and they did not have significantly different 

repeatability from 3T scanners 2, 7 and 8 (adjusted�� 0.93�0.99). 




���
����&��
���������


Test�retest repeatability was significantly lower with protocol 1 than protocols 

2,3,4a, 4b, 4c, 5, 6, 8, 9a, 9b, 9d,10 (adjusted � 10�10�0.006), with protocol 4b than with 

protocols 2, 3, 6, 9a, 9b (adjusted � 10�9�10�6); with protocol 4c than with protocols 2, 3, 

5, 6, 8, 9a, 9b, 9d (adjusted � 10�9�0.036), with protocol 5 than with protocols 2, 3, 4a, 6, 

8, 9a, 9b (adjusted � 10�9�0.03), with protocol 6 than protocol 10 (adjusted ��< 10�9), 

with protocol 9c than protocols 2, 3, 4a, 4b, 4c, 5, 6, 9a, 9b, 9d, 10 (adjusted � 10�10�

0.019) with protocol 9d than protocols 2, 3, 4a, 6, 8, 9a, 9b (adjusted � 10�10�0.048), 

with protocol 10 than 2, 3, 8, 4a, 9a, 9b (adjusted ��10�10�10�8). 

Among site�specific protocols ,��	(
 *- for different anatomical applications 

,���������	
�����
��#
��-
 there was no significant difference in repeatability among 

brain protocols (adjusted � range: 0.42�0.99). Among breast protocols (VFA protocols 8 

and10;
 ���������	
 �����
 ��#
 ��-# protocol 8 at 3.0T was more repeatable than 

protocol 10 at 1.5T (adjusted �<10�4). Among liver protocols (4a, 4b, 9a, 9b), the VFA 

protocol 4b at 3.0T was less repeatable than the Look�Locker IR protocol 4a at 3.0T 

(adjusted � < 10�4), and the Look�Locker IR protocol 9a at 1.5T (adjusted � < 10�4). The 

liver Look�Locker IR protocols at different field strengths, 4a and 9a, did not have 

significantly different repeatability. However, the liver VFA protocols did show 

significantly different repeatability, with the 1.5T protocol 9b more repeatable than its 
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3.0T counterpart, 4b (adjusted � < 10�4). Among prostate protocols, protocol 9d at 1.5T 

performed better in terms of repeatability than the VFA protocol 9c at 1.5T (adjusted ��< 

10�4), the VFA protocol 4c at 3.0T (adjusted ��=0.0022), and the VTR protocol 1 at 3.0T 

(adjusted ��< 10�4). The VFA protocol 4c at 3.0T had better test�retest repeatability than 

the VFA protocol 9c at 1.5T (adjusted ��=0.019). 
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���������	
����
��(
Acquisition parameters for the site�specific T1 measurement protocols at 3.0T.  

 
� � ' *� *� *� + . / 

 ���������� !������
 0����
 0����
 $�1�
 $�1�
 !������
 ��&�
�����


�������


0����
 0����


��
���	
,��- 1000�2000 600�2000 600�2000 600�1000 600�1000 1000�2000 600�1700 600�2000 400�2000 

����� VTR VFA VFA Look�Locker 

IR 

VFA VFA PD VTR VFA 

����� GE Siemens Siemens Siemens Siemens Siemens Siemens Phillips Phillips 

������
��� Discovery 

750 

Skyra Tim Trio Skyra Skyra Skyra Tim Trio Ingenia Achieva 

)��� 24 ch head 32 ch head 32 ch head 18 ch body 

32 ch spine 

18 ch body 

32 ch spine 

18 ch body 

32 ch spine 

18 ch body 

32 ch spine 

16 ch head 32 ch head 

����
��	� 180 2,5,10,15, 

20,30 

2,5,10,15, 

20,25,30 

5 1,10,19 2,12 2 15 10 FA: 

2:2:20 

��
,��- 11 2.32 2.51 1 1.16 1.23 2.01 1.5 4.6 

��
,��- 600, 1500, 

5000 

6 6.3 2.18 10 3.44 50 100,200,500,

1000,2000 

7.9 

��

,��- � � � 48:78:2500 

(32 TIs) 

� � � � � 

�2�
,���- 200 x 200 256 x 208 256 x 208 420 x 315 350 x 262 259 x 259 200 x 200 200 x 200 192 x 192 

3����
�&
����� 12 20 20 1 26 20 16 16 10 

����
 ����%���


,��- 

6 2 2.11 8 5 3.5 5 6 5 

�����4 256 x 256 128 x 71 128 x 71 192 x 144 128 x 71 308 x 384 256 x 256 256 x 256 128 x 128 
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Acquisition parameters for the site�specific T1 measurement protocols at 1.5T.  

 5�
 5�
 5�
 5�
 �6


 ���������� Liver Liver Prostate I Prostate II Breast 

��
���	
,��- 400�800 400�800 1000�1500 1000�1500 300�1300 

����� Look�Locker IR VFA VFA VFA VFA 

����� Siemens Siemens Siemens Siemens GE 

������
��� Aera Aera Aera Aera Signa HDxt 

)��� 
18 ch body 

32 ch spine 

18 ch body 

32 ch spine 

18 ch body 

32 ch spine 

18 ch body 

32 ch spine 
head 

����
��	� 8 2,14 2,10 2,12 2,5,8,15,22,43 

��
,��- 1.3 1.4 1.4 1.4 4 

��
,��- 43 3.67 3.67 3.67 16.7 

��

,��- 
87.5:42.5:1422.5 

(32 TIs) 
� � � � 

�2�
,���- 340 x 276 260 x 260 260 x 260 260 x 260 200 x 200 

3����
�&
����� 2 26 26 26 50 

����
����%���
,��- 7 3.5 3.5 3.5 6 

�����4 192 x 78 160 x 128 160 x 128 160 x 128 256 x 160 
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  T1 (ms, mean ± standard deviation) values from NMR 

spectroscopy measurements performed in triplicate at NIST at 1.5T and 3.0T used as 

the reference standard. 




�����
 �(+�
 '(6�


S1 2033±4.6 1989±1 

S2 1489±1.4 1454±2.5 

S3 1012±0.2 984.1±0.33 

S4 730.8±1.1 706±1.5 

S5 514.1±0.06 496.7±0.41 

S6 367.9±0.66 351.5±0.91 

S7 260.1±0.04 247.1±0.086 

S8 184.6±0.02 175.3±0.11 

S9 132.7±0.02 125.9±0.33 

S10 92.7±0.09 89±0.17 

S11 65.4±0.1 62.7±0.13 

S12 46.3±0.01 44.5±0.09 

S13 32.5±0.012 30.8±0.016 

S14 22.9±0.044 21.7±0.005 
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�*(
 Accuracy errors (%) for each scanner, with the common IR�SE 

and VFA protocols, for ranges of reference T1 values in the phantom solution samples. 

Values are given as median (interquartile range). 


 

* Full range reference T1: 22.9�2033 ms at 1.5T, and 21.7�1989 ms at 3.0T*








 
�&���
��
���	
,��-7


*6��66
 �66�+66
 +66��666


������
 ����
,�-
 �����

 �� 
 �����

 �� 
 �����

 �� 


�
 3 0.8 (0.6) 39.5 (28.2) 0.7 (0.9) 8.8 (4.8) 3.3 (7.7) 10.0 (7.8) 

�
 3 7.7 (36.3) 44.6 (24.7) 4.2 (0.8) 13.1 (12.1) 2.2 (2.0) 23.0 (13.2) 

'
 3 7.4 (35.7) 20.5 (12.7) 3.3 (0.8) 27.5 (18.7) 1.5 (1.6) 18.2 (11.5) 

*
 3 9.1 (36.3) 3.1 (18.9) 4.7 (2.4) 11.4 (6.4) 1.8 (3.9) 9.1 (15.8) 

+
 3 9.2 (38.0) 15.4 (11.1) 3.4 (1.8) 3.6 (4.8) 1.3 (2.2) 6.4 (10.0) 

.
 3 0.1 (18.9) 13.7 (20.1) 0.8 (4.2) 38.6 (5.0) 3.5 (2.3) 30.9 (6.9) 

8
 3 8.8 (37.7) 5.1 (13.7) 3.9 (1.8) 6.9 (5.9) 1.4 (2.4) 6.8 (13.8) 

/
 3 1.7 (21.2) 19.1 (15.0) 1.1 (0.7) 7.5 (12.4) 5.3 (6.4) 6.4 (6.6) 

5
 1.5 11.9 (5.7) 10.8 (4.2) 2.7 (0.9) 8.0 (2.8) 2.8 (3.8) 6.0 (7.1) 

�6
 1.5 0.6 (0.7) 15.7 (3.8) 1.1 (0.7) 7.4 (4.4) 7.1 (11.4) 2.0 (1.8) 
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 Precision errors (%) for each scanner, with the common IR�SE 

and VFA protocols, for ranges of reference T1 values in the phantom solution samples. 

Values are given as median (interquartile range). 


 

* Full range reference T1: 22.9�2033 ms at 1.5T, and 21.7�1989 ms at 3.0T* 

 
�&���
��
���	
,��-7


*6��66
 �66�+66
 +66��666


������
 ����
,�-
 �����

 �� 
 �����

 �� 
 �����

 �� 


�
 3 0.6 (0.5) 4.8 (3.8) 0.1 (0.1) 4.3 (4.5) 0.4 (0.7) 4.4 (4.7) 

�
 3 0.03 (0.4) 3.1 (1.6) 0.1 (0.1) 0.7 (1.3) 0.6 (0.8) 0.6 (0.5) 

'
 3 0.5 (0.4) 15.8 (0.5) 0.2 (0.4) 11.6 (3.6) 0.1 (0.1) 16.7 (4.7) 

*
 3 0.3 (0.2) 26.3 (1.9) 0.3 (0.04) 26.2 (1.1) 0.3 (0.7) 24.2 (0.9) 

+
 3 0.5 (0.2) 17.7 (0.7) 0.4 (0.1) 19.0 (0.1) 0.2 (0.1) 19.8 (0.7) 

.
 3 1.3 (1.0) 23.1 (3.2) 0.2 (0.4) 23.4 (8.0) 2.0 (2.1) 21.6 (6.7) 

8
 3 14.6 (13.1) 3.7 (0.1) 13.4 (7.4) 2.8 (1.2) 0.8 (6.9) 3.9 (1.4) 

/
 3 0.4 (0.3) 1.5 (1.0) 0.4 (3.2) 0.5 (0.8) 0.1 (0.4) 2.7 (1.4) 

5
 1.5 0.3 (0.9) 2.2 (0.4) 0.2 (0.5) 2.1 (0.8) 0.2 (0.1) 2.7 (1.7) 

�6
 1.5 0.1 (1.8) 1.4 (0.6) 0.3 (0.7) 1.9 (0.2) 0.8 (0.4) 0.8 (1.9) 
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Example of fitting the IR�SE signal in phantom sample S5, with 

NMR T1 approximately 500 ms. When fitting Eq.1 to the magnitude signal data with a 

Levenberg�Marquardt algorithm with constraints on parameters T1=[0,Inf], M0=[0,Inf], 

invF=[0,2] and noise=[0,Inf], the fit (in black) under�performs and T1 is underestimated 

(T1 = 370.6 ± 73.6 ms). When parameters are fitted without constraints, the fit to the 

data is improved (in red; T1= 509.7 ± 0.91 ms).  
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��( Typical model fit for the IR�SE signal obtained with the common 

IR�SE protocol on scanner 4 (3T) in phantom samples S1�S14.  
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�'( Typical model fit for the VFA signal obtained with the common 

VFA protocol on scanner 4 (3T) in phantom samples S1�S14.  
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