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Abstract 

Background Although reference ranges of T1 and T2 mapping are well established for cardiovascular magnetic reso-
nance (CMR) at 1.5T, data for 3T are still lacking. The objective of this study is to establish reference ranges of myocar-
dial T1 and T2 based on a large multicenter cohort of healthy Chinese adults at 3T CMR.

Methods A total of 1015 healthy Chinese adults (515 men, age range: 19–87 years) from 11 medical centers who 
underwent CMR using 3T Siemens scanners were prospectively enrolled. T1 mapping was performed with a motion-
corrected modified Look–Locker inversion recovery sequence using a 5(3)3 scheme. T2 mapping images were 
acquired using T2-prepared fast low-angle shot sequence. T1 and T2 relaxation times were quantified for each slice 
and each myocardial segment. The T1 mapping and extracellular volume standardization (T1MES) phantom was used 
for quality assurance at each center prior to subject scanning.

Results The phantom analysis showed strong consistency of spin echo, T1 mapping, and T2 mapping among cent-
ers. In the entire cohort, global T1 and T2 reference values were 1193 ± 34 ms and 36 ± 2.5 ms. Global T1 and T2 
values were higher in females than in males (T1: 1211 ± 29 ms vs. 1176 ± 30 ms, p < 0.001; T2: 37 ± 2.3 ms vs. 35 ± 2.5 
ms, p < 0.001). There were statistical differences in global T2 across age groups (p < 0.001), but not in global T1. Linear 
regression showed no correlation between age and global T1 or T2 values. In males, positive correlation was found 
between heart rate and global T1 (r = 0.479, p < 0.001).

Conclusions Using phantom-validated imaging sequences, we provide reference ranges for myocardial T1 and T2 
values on 3T scanners in healthy Chinese adults, which can be applied across participating sites.
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Background
Cardiovascular magnetic resonance (CMR) mapping 
techniques allow non-invasive assessment of myocar-
dial tissue characteristics and are increasingly routinely 
used in clinical studies. T1 and T2 mapping allows pixel-
wise measurement of T1 and T2 relaxation times of left 
ventricular (LV) myocardium, as well as T1-derived 
extracellular volume (ECV) fraction, which can provide 
additional diagnostic and prognostic information [1]. T1 
mapping has been utilized for the detection of myocar-
dial fibrosis, edema, amyloid infiltration, iron overload, 
and lipid accumulation [1]. T2 mapping can be used to 
detect myocardial edema in acute ischemia and subclini-
cal myocardial injury [2, 3], as well as myocardial inflam-
mation involved in myocarditis [4, 5] and Takotsubo 
cardiomyopathy [6]. ECV is widely used in ischemic and 
nonischemic cardiomyopathies to quantify focal and dif-
fuse fibrosis [7, 8].

Although both 1.5T and 3T scanners are widely used 
for cardiac imaging, reference ranges of T1 and T2 
relaxation time values at 3T field strength have not been 
harmonized due to significant technical heterogeneity 
[9–11] and demographic-related discrepancies [12–16] 
(e.g., sex and age) between studies. The latest Society for 
Cardiovascular Magnetic Resonance (SCMR) guideline 
[17] emphasizes that local institutions should establish 
their own site-specific reference ranges for T1 and T2 
mapping, and parameter values should only be com-
pared under same technical conditions (e.g., vendors, 
field strength, acquisition scheme, and postprocessing 
approach). If local reference ranges are not available for 
T1 and T2 mapping, quantitative results should not be 
reported clinically [1]. The objective of this study is to 
provide reference ranges for myocardial T1 and T2 relax-
ation times derived from a large multicenter cohort and 
to verify the consistency among sites under controlled 
technical conditions.

Materials and methods
Study subjects
As part of a prospective clinical registry study, partici-
pants were recruited from 11 medical centers in China 
(URL: http:// www. chictr. org. cn/ index. aspx. Unique iden-
tifier: ChiCTR1900025518). From Sep 2019 to May 2022, 
a total of 1015 healthy Chinese adults without any known 
cardiovascular diseases (or other conditions affecting the 
cardiovascular system) and MRI contraindications were 
prospectively recruited. General clinical data were col-
lected, including age, sex, height, weight, blood pressure, 
exercise intensity, personal and family history. Exclusion 
criteria were as follows: clinically confirmed hyperten-
sion; clinically confirmed diabetes; clinically diagnosed 
familial hyperlipidemia; myocarditis history; definite 

coronary artery disease; combined with structural heart 
disease, such as valvular disease (without mild valvular 
regurgitation), congenital heart disease; previous cardiac 
surgery; professional athletes or other long-term endur-
ance sports, amateur marathon enthusiasts; clinically 
confirmed hyperthyroidism or hypothyroidism; com-
bined with malignant tumors; combined with autoim-
mune diseases; severe lung disease; blood system diseases 
(including anemia); complicated with severe liver and 
kidney dysfunction; combined neurological and mus-
cular diseases; drug abuse or addiction; recent (within 3 
months) or long-term (more than 6 months) use of car-
diovascular drugs; claustrophobia; no informed consent 
was obtained. Comprehensive physical examination and 
electrocardiogram were performed on the day of CMR 
scan.

Ethics
The study was approved by the local Institutional Ethics 
Committee of each center, and all procedures were fol-
lowing the Declaration of Helsinki. All participants pro-
vided written informed consent.

Acquisition and analyses of images
CMR was performed using 3T scanners (MAGNETOM 
Prisma or Skyra; Siemens Healthcare, Erlangen, Ger-
many) equipped with a 32-channel phased-array body 
coil. For quality assurance of cardiac parametric map-
ping at each individual site, the T1 Mapping and Extra-
cellular volume Standardization (T1MES) phantom 
scans were performed at each center prior to subject 
scanning. The T1MES phantom contained 9 vials  (NiCl2 
doped agarose) covering T1 and T2 ranges in the blood 
and myocardium before and after gadolinium-based 
contrast agents. Scanning was strictly performed based 
on the user manual (https:// doi. org/ 10. 6084/ m9. figsh 
are.c. 36101 75_ D1. v1). The temperature of the scanner 
room was 22 ± 2 ℃. The “Reference” T1 and T2 values 
(rT1, rT2) were first acquired using basic single-slice 
sequences with TR = 10 ms inversion recovery spin 
echo (SE, 8 Tis from 50 to 1800 ms) for measurement 
of T1, and single-slice TR = 7000 ms spin echo (SE) (25 
TEs from 10 to 250 ms) for measurement of T2. The fit-
ting of T1 relaxation time was performed using Grid 
Search-RD-NLS-PR algorithm [18]. T1 mapping was 
performed with a motion-corrected modified Look–
Locker inversion recovery (MOLLI) sequence with a 
5(3)3 scheme. The typical parameters of T1 mapping 
were as follows: true fast imaging with steady-state 
free precession pulse sequence; linear k-space order-
ing; repetition time (TR)/ echo time (TE) = 246 ms/1.08 
ms; flip angle (FA) = 35°; inversion time (TI) = 100 ms; 
TI increment = 80 ms; field of view (FOV) = 150 × 150; 
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matrix = 96 × 96; and slice thickness = 8  mm. The 
typical parameters for T2 mapping were as follows: 
T2-prepared fast low-angle shot (FLASH) sequence; 
centric k-space ordering; TR/TE = 228 ms/1.41 ms; 
FA = 12°; FOV = 150 × 150; matrix = 96 × 96; slice thick-
ness = 8  mm; and T2 preparation pulses with 0-, 30-, 
and 55-ms echo times. RR intervals were set as 600 ms 
and 900 ms.

Cardiac DOT engine (Siemens Healthineers, Erlan-
gen, Germany) was used for automatic localization of the 
long-axis planes and short-axis planes in all the scans to 
minimize the discrepancy between sites and technicians. 
T1 mapping was performed with a motion-corrected 
MOLLI sequence with a 5(3)3 scheme. T1 mapping slices 
were acquired at three long-axis planes (two-, three-, and 
four-chamber views) and three short-axis planes (the 
base, middle, and apex). The typical parameters were 
as follows: Trufi pulse sequence; linear k-space order-
ing; TR/ TE = 300 ms/1.15 ms; FA = 35°; TI = 100 ms; TI 
increment = 80 ms; FOV = 280 × 360; matrix = 256 × 160; 
and slice thickness = 8  mm. T2 mapping images were 
acquired using T2-prepared FLASH sequence in the 
same planes as T1 mapping. The typical parameters were 
as follows: centric k-space ordering; TR/TE = 315 ms/1.5 
ms; FA = 12°; FOV = 280 × 360; matrix = 256 × 160; slice 
thickness = 8 mm; and T2 preparation pulses with 0-, 30-, 
and 55-ms echo times.

All images were analyzed in the core laboratory with 
dedicated postprocessing software (Medis suite v2.3; 
Medis Medical Imaging, Leiden, the Netherlands). Image 
analysis was performed by two investigators (Z.Q.X and 
W.H.L, with 9 and 7 years of CMR experience, respec-
tively). T1 and T2 values were measured for each of the 
9 vials in identically sized ROIs that occupied the central 
50% area of each gel, away from edge-ringing artifacts. 
T1 and T2 mapping of subjects were analyzed accord-
ing to the SCMR post-processing guideline [17]. When 
measuring T1 and T2 values, the endo- and epicardial 
contours were manually delineated with 10% endo- and 
epicardial offsets. T1 and T2 mapping were assessed per 
segment according to the American Heart Association 
(AHA) 16-segment model. Segments with artefacts, basal 
images with outflow tract, and incomplete apical images 
were excluded from analysis.

Intra‑observer and inter‑observer variability
To test the intra-observer and inter-observer variabil-
ity in T1 and T2 assessment, 50 subjects were randomly 
selected. Inter-observer variability was analyzed on the 
same image set by two independent investigators. Intra-
observer variability was analyzed on the same image set 
by one investigator one month later.

Statistical analysis
Statistical analysis was performed using SPSS (version 
26.0, IBM SPSS Inc., Chicago, IL, USA) and R (version 
4.0.3; the Free Software Foundation’s GNU project). Con-
tinuous variables were tested for normality using the 
Kolmogorov–Smirnov test. The reference ranges were 
defined as ± 2 standard deviation (SD) from the mean. 
Kendall’s W was performed to verify the consistency of 
SE, T1 mapping, and T2 mapping among centers. The 
coefficient of variation (CoV) was defined as the ratio of 
the SD to the mean. Accuracy was measured in each vial 
as average of absolute difference between T1 (T2) meas-
urements obtained from SE and each sequence. Preci-
sion was measured in each vial as the average of the SD 
of T1 (T2) measurements obtained with each sequence. 
T1 and T2 values were compared among age groups 
(19–39 years, 40–59 years and > 60 years) and between 
sexes. Independent-samples t-tests were used to compare 
mean values between sexes. One-way analysis of vari-
ance or Kruskal–Wallis test were used to compare mean 
values among three age groups. Linear regression was 
used for analyses of the relationships between global T1, 
T2 and age. Intra-observer and inter-observer variability 
were measured by the CoV, intraclass correlation coeffi-
cient (ICC), and Bland–Altman analysis. A two-tailed p 
value of < 0.05 was considered statistically significant. All 
the subjects were also stratified by sex and age decades, 
shown in Additional file 1: Table S1 and S2.

Results
Phantom study
The mean rT1, rT2, T1 and T2 values for each vial are 
shown in Fig. 1. The consistency of rT1 and rT2 among 
centers was almost perfect (Kendall’s W = 0.992; 0.988, 
respectively), indicating that the SE sequences are reli-
able. The agreement of T1 mapping among centers was 
almost perfect (Kendall’s W = 0.992, RR interval = 600 ms; 
Kendall’s W = 0.992, RR interval = 900 ms), and the agree-
ment of T2 mapping among centers was strong (Kendall’s 
W = 0.825, RR interval = 600 ms; Kendall’s W = 0.885, RR 
interval = 900 ms), which indicates the reliability of T1 
mapping and T2 mapping data among centers, even at a 
fast heart rate. In native myocardium mimics (vial B, E, 
and H), the CoVs for T1 mapping and T2 mapping were 
below 10% (Table 1), indicating low variability. The accu-
racy and precision of T1 mapping and T2 mapping were 
shown in Table 1.

Demographic characteristics of healthy Chinese subjects
A total of 1015 subjects (515 men, 42 ± 15 years) were 
included, the demographic characteristics of study sub-
jects are shown in Table  2. There was no significant 
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difference in age between men and women (p = 0.240). 
Body mass index (BMI), systolic blood pressure (SBP), 
diastolic blood pressure (DBP) and heart rate (HR) were 
higher in males compared to females. Biventricular end-
diastolic/systolic volume index, and LV mass index were 
higher in males than in females, while LVEF and RVEF 
were higher in females than males.

Sex and age differences in myocardial T1 and T2 values
A total of 681 (4.2%) myocardial segments for T1 map-
ping and 912 (5.6%) myocardial segments for T2 map-
ping were excluded. The reference ranges for T1 and 
T2 are shown in Table  3. Both T1 and T2 were signifi-
cantly higher in females when compared to males (both 
p < 0.001). The values are shown with the subjects divided 
into three groups according to age range (19–39 years, 
40–59 years and ≥ 60 years). Global and septal T2 pro-
gressively increased with age (both p < 0.001), while there 
was no significant difference in global and septal T1 
among the three age groups (Table 4).

Analysis of relationships
For both sexes, linear regression showed that no corre-
lation between age, BMI, and global T1 or T2. In males, 
a positive correlation was found between HR and global 
T1 (r = 0.479, p < 0.001), but not for global T2. In females, 
no correlation was found between HR and global T1 or 
global T2.

Segmental and layer‑specific analysis of myocardial T1 
and T2 values
Segmental T1 and T2 values according to the AHA 
16-segment model are shown in the bulls-eye plots in 
Fig. 2). T1 and T2 values of all segments in females were 
higher than those in males. For the entire cohort, T1 and 
T2 values were statistically different among the three 
slices (all p < 0.001), and apical T1 and T2 values were 
higher compared to basal (both p < 0.01) and middle slice 
values (both p < 0.01). In males, T1 and T2 values were 
also statistically different among the three slices (both 
p < 0.001), and the apical T2 values were higher than the 

Fig. 1 Phantom compartment arrangement and T1 and T2 values
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basal (both p < 0.001) and middle slices (both p < 0.001) 
but not T1. In females, T1 and T2 values were statisti-
cally different among the three slices (all p < 0.001), and 
the apical T1 and T2 values were higher than the basal 
(both p < 0.01) and middle slices (both p < 0.01).

Intra‑observer and inter‑observer reproducibility
The intra-observer and inter-observer variabilities of the 
T1 and T2 values are shown in Table 5; Figs. 3 and 4. T1 
and T2 exhibited high ICCs and low CoV values, indicat-
ing excellent reproducibility.

Table 1 The CoV, accuracy, and precision of T1 mapping and T2 mapping of T1MES phantom

The coefficient of variation (CoV) was defined as the ratio of the SD to the mean. Accuracy was defined as average of absolute difference between T1 (T2) 
measurements obtained from T1 (T2) SE and T1 (T2) mapping. Precision was defined as the average of the SD of T1 (T2) measurements obtained with T1 (T2) mapping

Vial no. T1 mapping T2 mapping

 CoV (%)  Accuracy (ms)  Precision (ms)  CoV (%)  Accuracy (ms)  Precision (ms)

RR interval = 600 ms

Vial A 0.9 15 0.9 12.1 5 11.0

Vial B 3.6 134 3.2 6.3 14 4.7

Vial C 0.5 6 0.5 2.3 74 1.5

Vial D 0.8 25 0.7 4.8 6 4.2

Vial E 5.0 215 4.3 6.6 14 4.9

Vial F 7.9 169 7.2 17.2 183 6.9

Vial G 1.0 10 0.9 2.8 2 2.7

Vial H 2.7 82 2.5 6.1 10 5.0

Vial I 19.8 5 20.1 12.2 46 9.2

RR interval = 900 ms

Vial A 0.5 17 0.4 4.0 6 3.5

Vial B 3.6 119 3.3 4.3 13 3.4

Vial C 0.8 6 0.8 2.2 72 1.4

Vial D 0.6 27 0.6 4.1 6 3.7

Vial E 4.4 189 3.8 5.2 12 4.0

Vial F 7.1 122 6.7 10.0 159 4.8

Vial G 0.7 11 0.7 2.3 2 2.2

Vial H 2.2 79 2.1 3.9 9 3.3

Vial I 19.9 4 20.1 8.9 51 6.5

Table 2 Demographic characteristics of multicenter cohort of healthy Chinese adults

Data are presented as means ± standard deviation (SD). P-value is for t-test between sexes

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, HR heart rate, LV left ventricle/ventricular, RV right ventricle/ventricular, EDVi end-
diastolic volume index, ESVi end-systolic volume index, EF ejection fraction, LVMi left ventricular mass index

Total (n = 1015) Male (n = 515) Female (n = 500) P value

Age (years) 42 ± 15 42 ± 15 43 ± 14 0.240

BMI (kg/m2) 23.3 ± 3.2 24.3 ± 3.1 22.3 ± 3.0 < 0.001

SBP (mmHg) 121 ± 11 122 ± 110 118 ± 11 0.049

DBP (mmHg) 74 ± 9 75 ± 9 71 ± 9 < 0.001

 h (bmp) 75 ± 11 76 ± 12 75 ± 10 0.027

LVEDVi (ml/m2) 75.2 ± 11.4 77.7 ± 12.0 72.7 ± 10.2 < 0.001

LVESVi (ml/m2) 28.4 ± 5.9 30.0 ± 6.1 26.8 ± 5.2 < 0.001

LVEF (%) 62.3 ± 4.7 61.4 ± 4.7 63.2 ± 4.6 < 0.001

LVMi (g/m2) 45.5 ± 7.3 49.1 ± 7.0 41.8 ± 5.5 < 0.001

RVEDVi (ml/m2) 75.4 ± 13.1 79.5 ± 13.9 71.2 ± 10.9 < 0.001

RVESVi (ml/m2) 28.8 ± 6.5 31.3 ± 6.5 26.3 ± 5.4 < 0.001

RVEF (%) 62.0 ± 4.7 60.9 ± 4.5 63.2 ± 4.6 < 0.001
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Discussion
In this large multicenter 3T CMR study, using a stand-
ardized scanning platform and protocol, as well unified 
post-processing in a core laboratory, reference ranges for 
myocardial T1 and T2 relaxation times were established. 
The reference ranges show discrepancies with previous 
3T single center studies. Although no significant correla-
tions were found between age, sex, and myocardial T1 or 
T2 values, sex and age differences are confirmed. In addi-
tion, phantom analysis demonstrates the transferability 
of the T1 and T2 mapping protocols beyond a single site, 
which provides a viable basis for multicenter CMR stud-
ies in heart disease utilizing mapping techniques.

Currently, the most widely used clinical techniques 
for T1 mapping are based on the MOLLI or shortened-
MOLLI (shMOLLI) techniques [19]. Myocardial T1 
reference values reported in previous studies differed 
significantly due to different field strength, vendors, and 

pulse sequences. Gottbrecht et al. [10] have summarized 
the pooled mean of native T1 at 3T ranging from 1171 to 
1214 ms (Siemens, MOLLI) and 1152–1188 ms (Siemens, 
shMOLLI). Although the MOLLI 5(3)3 scheme with a 
total acquisition duration of 11 heartbeats has excellent 
precision and reduced HR sensitivity [20–22], there is 
still no consensus on the T1 reference value, which partly 
limits their use in clinical routine.

Previous studies have reported conflicting informa-
tion on age or sex associations of myocardial T1 val-
ues [12–15, 23, 24]. T1 was found to be associated with 
older age in men in the Multi-Ethnic study of Athero-
sclerosis (MESA) (n = 1231, age range: 54–93 years) [12], 
while Rauhalami et al. [24] demonstrated that global T1 
was inversely associated with age in women (n = 84, age 
range: 45 ± 18 years). Dong et al. [15] found that sex was 
independently related with global T1 (n = 69, age range: 
18–76 years), while Dabir et al. [23] found no correlation 

Table 3 T1 and T2 mapping parameters in healthy Chinese adults by sex

Data are presented as means ± SD (lower/upper limits). Lower/upper limits calculated as mean ± 2 SD. P-value is for t-test between sexes

Total (n = 1015) Male (n = 515) Female (n = 500) P value

T1 value (ms)

Base 1195.5 ± 35.8 (1123.9–1267.1) 1180.3 ± 32.4 (1115.5–1245.2) 1211.1 ± 32.2 (1146.7–1275.6) < 0.001

Middle 1186.5 ± 39.0 (1108.5–1264.5) 1169.4 ± 34.6 (1100.2–1238.6) 1204.1 ± 35.3 (1133.5–1274.6) < 0.001

Apex 1201.5 ± 46.2 (1109.1–1293.8) 1180.0 ± 42.2 (1095.6–1264.3) 1225.0 ± 38.2 (1148.5–1301.4) < 0.001

Global 1193.2 ± 34.1 (1124.9–1261.5) 1176.0 ± 29.9 (1116.3–1235.7) 1210.9 ± 28.8 (1153.2–1268.6) < 0.001

Septum 1201.9 ± 42.2 (1117.6–1286.3) 1185.5 ± 39.5 (1106.4–1264.5) 1218.9 ± 37.9 (1143.2–1294.6) < 0.001

T2 value (ms)

Base 35.7 ± 2.6 (30.5–40.9) 35.0 ± 2.5 (30.0–40.0) 36.4 ± 2.5 (31.4–41.4) < 0.001

Middle 35.9 ± 2.7 (30.4–41.3) 35.1 ± 2.7 (29.7–40.5) 36.7 ± 2.5 (31.6–41.7) < 0.001

Apex 36.5 ± 3.1 (30.4–42.6) 35.8 ± 3.1 (29.7–41.9) 37.2 ± 2.9 (31.4–43.0) < 0.001

Global 35.9 ± 2.5 (30.9–41.0) 35.2 ± 2.5 (30.2–40.2) 36.7 ± 2.3 (32.0–41.4) < 0.001

Septum 36.3 ± 3.0 (30.3–42.3) 35.6 ± 3.0 (29.6–41.6) 37.0 ± 2.8 (31.5–42.6) < 0.001

Table 4 Parameters of T1 and T2 mapping in healthy Chinese adults by age

Data are presented as means ± SD (lower/upper limits). Lower/upper limits calculated as mean ± 2 SD. P-value is for one-way ANOVA test among age groups

19–39 years (n = 467) 40–59 years (n = 425) ≥ 60 years (n = 123) P value

T1 value (ms)

Base 1192.4 ± 32.7 (1127.1–1257.8) 1196.2 ± 38.2 (1119.7–1272.6) 1205.1 ± 37.1 (1131.0–1279.2) 0.966

Middle 1186.1 ± 37.9 (1110.4–1261.8) 1185.4 ± 39.1 (1107.2–1263.7) 1191.4 ± 42.7 (1106.1–1276.7) 0.030

Apex 1204.2 ± 42.9 (1118.4–1290.0) 1198.6 ± 48.4 (1101.8–1295.4) 1200.8 ± 50.0 (1100.7–1300.9) 0.262

Global 1192.6 ± 32.1 (1128.4–1256.7) 1192.3 ± 35.4 (1121.5–1263.0) 1198.7 ± 37.0 (1124.6–1272.7) 0.178

Septum 1201.1 ± 40.1 (1120.8–1281.4) 1200.0 ± 42.2 (1115.6–1284.4) 1211.6 ± 48.1 (1115.4–1307.9) 0.156

T2 value (ms)

Base 35.1 ± 2.7 (29.8–40.5) 36.0 ± 2.4 (31.2–40.8) 36.8 ± 2.5 (31.8–41.7) < 0.001

Middle 35.3 ± 2.8 (29.7–40.9) 36.2 ± 2.5 (31.1–41.2) 37.0 ± 2.7 (31.6–42.4) < 0.001

Apex 35.9 ± 3.1 (29.6–42.2) 36.9 ± 2.9 (31.0–42.7) 37.5 ± 2.8 (31.9–43.1) 0.099

Global 35.4 ± 2.6 (30.2–40.6) 36.2 ± 2.3 (31.6–40.9) 37.0 ± 2.4 (32.2–41.8) < 0.001

Septum 35.8 ± 3.1 (29.6–42.0) 36.5 ± 2.8 (30.9–42.2) 37.3 ± 2.8 (31.6–43.0) < 0.001
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Fig. 2 T1 and T2 value in AHA-16 segments displayed in bulls eye plots. T1 value (A–C) and T2 value (D–F) in AHA-16 segments. *p < 0.001, male vs. 
female

Table 5 Intra-observer and inter-observer reproducibility of T1 and T2 values

LOA  limit of agreement, CoV coefficient of variation, ICC intra-class correlation coefficient, SD standard deviation

Bias SD of bias 95% LOA CoV (%) ICC p value

Intra-observer

T1 base 4.63 7.19 (− 18.73 to 9.46) 2.6 0.962 < 0.001

T1 middle − 5.19 6.14 (− 17.23 to 6.85) 2.6 0.970 < 0.001

T1 apex − 4.23 8.19 (− 20.28 to 11.83) 3.5 0.976 < 0.001

T1 global − 4.54 4.14 (− 12.65 to 3.57) 2.4 0.978 < 0.001

T2 base − 0.34 0.80 (− 1.90 to 1.20) 6.2 0.926 < 0.001

T2 middle − 0.58 0.94 (− 2.42 to 1.27) 6.6 0.892 < 0.001

T2 apex − 0.38 0.86 (− 2.06 to 1.30) 7.9 0.948 < 0.001

T2 global − 0.45 0.72 (− 1.87 to 0.97) 6.3 0.930 < 0.001

Inter-observer

T1 base − 5.58 9.23 (− 23.68 to 12.52) 2.6 0.939 < 0.001

T1 middle − 4.92 7.62 (− 19.84 to 10.01) 2.7 0.967 < 0.001

T1 apex − 3.72 9.20 (− 21.75 to 14.32) 3.6 0.973 < 0.001

T1 global − 4.58 5.29 (− 14.95 to 5.78) 2.5 0.972 < 0.001

T2 base − 0.35 0.83 (− 1.98 to 1.28) 6.1 0.917 < 0.001

T2 middle − 0.65 1.03 (− 2.67 to 1.38) 6.6 0.869 < 0.001

T2 apex − 0.37 0.90 (− 2.14 to 1.40) 7.9 0.943 < 0.001

T2 global − 0.47 0.78 (− 2.00 to 1.06) 6.2 0.918 < 0.001
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between age, sex, and T1 (n = 102, age range: 17–83 
years). Some studies have interpreted the age-related ele-
vation of myocardial T1 as a marker of increased inter-
stitial fibrosis or ECV [12, 15]. Conversely, Rosmini et al. 
[25] demonstrated myocardial T1 measured by MOLLI 
and shMOLLI was slightly lower with increasing age 
(n = 94, age range: 20–76 years), which may be attrib-
uted to the accumulation of myocardial lipofuscin or 
hemosiderin with age. We found no relationship between 
age and myocardial T1 in this study. The discrepancies 
between the findings suggest that the characterization 
of healthy aging myocardium is challenging, with limited 
data available in the field. Possible reasons for this finding 
are as follows: First our subjects were free of cardiovascu-
lar disease and associated comorbidities, the prevalence 
of which increases with age and affects myocardial T1. 
Second, our subjects included populations from different 
provinces, and the interference of geographic factors was 

weakened. Third, native T1 may be insensitive to detect 
mild fibrosis in healthy aging myocardium.

Myocardial T2 relaxation curves are constructed based 
on the multi-echo pulse sequences, and the most fre-
quently used techniques are T2p-bSSFP and gradient 
spin echo (GRASE) supplied by different vendors. Myo-
cardial T2 reference values reported in previous stud-
ies were significantly different, ranging from 32 to 47 
ms (Siemens, T2p-bSSFP) [26–29] at 3T. Additionally, a 
meta-analysis demonstrated the pooled mean of T2 was 
44–48 ms at 3T [11]. The significant heterogeneity of 
T2 values among studies suggest that T2 is sensitive to 
technical factors, e.g., vendor differences, field strength, 
pulse sequence, echo times, off-resonance, motion com-
pensation, fit model, and B1 inhomogeneity [30, 31], 
emphasizing the need to establish site-specific reference 
for specific technical conditions. In addition, sex and age 
differences among study cohorts may also have additional 

Fig. 3 Bland–Altman plots for intra-observer and inter-observer reproducibility of T1 mapping. Bias (solid lines) and 95% limits of agreement 
(dashed lines) are shown. The first row shows the intra-observer reproducibility of T1 base (A), T1 middle (B), T1 apex (C), and T1 global (D). The 
second row shows the inter-observer reproducibility of T1 base (E), T1 middle (F), T1 apex (G), and T1 global (H)

Fig. 4 Bland–Altman plots for intra-observer and inter-observer reproducibility of T2 mapping. Bias (solid lines) and 95% limits of agreement 
(dashed lines) are shown. The first row shows the intra-observer reproducibility of T2 base (A), T2 middle (B), T2 apex (C), and T2 global (D). The 
second row shows the inter-observer reproducibility of T2 base (E), T2 middle (F), T2 apex (G), and T2 global (H)
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effects on T2 heterogeneity. However, due to the small 
sample size of myocardial T2 values reported in previous 
studies, most of which number fewer than 50 individu-
als, the relevant effects of demographic factors have not 
been well established. Bönner et  al. [32] demonstrated 
higher myocardial T2 in females and age-related increase 
T2 measured by 1.5T GRASE, while Roy et al. [14] found 
myocardial T2 measured by 3T GRASE decreased with 
increasing age by but are not affected by sex. Although 
we found no relationship between myocardial T2 and 
age, there is a statistically significant difference in T2 
value of each age group. Establishing the reference ranges 
at 3T based on a large cohort of healthy individuals and 
standardized techniques will encourage more widespread 
application of T2 mapping techniques.

We observed slightly higher T1 and T2 values in the 
apex than in the basal and mid myocardium. Partial vol-
ume effect due to the LV curvature could explain this 
finding by including the blood signal into voxels [33]. We 
attempted to minimize this effect by choosing a high iso-
tropic spatial resolution and excluding part of endocar-
dium. We also observed slight difference in T1 and T2 
values per segment. This phenomenon may be attributed 
to artifacts (e.g., B0, B1 inhomogeneity, off-resonance 
artifacts, motion artifacts, susceptibility artifacts, and 
partial volume) [33, 34] and physiologic variance (e.g., 
regional difference in perfusion, ECV, amount of colla-
gen, and collagen fiber orientation) [9]. A small number 
of segments in this study were excluded from analysis 
due to motion artifacts and susceptibility artifacts. The 
main cause of artifacts at 3T is B0 and B1 inhomogene-
ity resulting in segmental differences. In addition, partial 
volume effects in thicker slices can lead to artifacts in the 
hypermobile regions, such as the left ventricular lateral 
wall [9, 33]. Excluding segments affected by artifacts did 
not result in excluding extreme outliers in a few previ-
ous studies [9, 34]. The intra-individual inhomogeneity 
of myocardial segments deserves further investigation. 
Although the slice and segmental differences were small, 
this must be taken into consideration in clinical interpre-
tation because of possible overlap between healthy and 
abnormal tissue. In addition, some cardiomyopathies 
often show segmental involvement, for example, myocar-
dial fibrosis and edema in hypertrophic cardiomyopathy 
often appear in the most hypertrophic segment [35, 36], 
and Fabry disease typically shows fibrosis and edema in 
the basal and mid inferolateral myocardium [37], which 
requires segmental analysis of myocardial tissue charac-
teristics in clinical applications.

We found myocardial T1 and T2 relaxation times were 
longer in females than in males, which is consistent to 
previous 1.5T studies [9, 32]. However, there was no sig-
nificant prolongation of T2 relaxation times in females 

in other 3T studies [9, 14, 33], which might be associ-
ated with numerous artifacts and small sample cohorts. 
Whether sex differences in myocardial T1 and T2 are due 
to biological differences or related to the different ven-
dors and protocols remains unknown. Sex hormones are 
known to affect cardiac geometry and function, which 
were also observed in this cohort. Thinner ventricular 
walls in females may predispose them to partial volume 
effects and residual diastolic motion [38, 39]. Addition-
ally, although HR was higher in males than in females and 
there was a positive correlation between HR and global 
T1values in males, T1 values in males are still lower than 
those in females, which may indicate that the influence of 
HR on T1 value is not dominant in this cohort.

The CMR core laboratory can provide a platform for 
image quality control and accurate image analysis in mul-
ticenter studies. The SD of global T1 values (34 ms) in this 
study was close to or smaller than previously reported 
single-center studies [10], ranging from 21 to 51 ms. 
Likewise, the SD of global T2 values (2.5 ms) was close 
to or smaller than reported in previous studies [26–29], 
ranging from about 2.3–3.3 ms. In addition, the phantom 
study showed strong consistency of T1 mapping and T2 
mapping among centers. These results illustrate that the 
standardization of cardiac parametric mapping across 
individual sites in this study is effective and that reference 
values can be applied to multiple participating sites.

Limitations
The present study has several limitations. The reference 
range in the present study provided only a reference for 
the same field strength and vendor. Contrast-enhanced 
imaging was not performed on healthy subjects, so we 
did not obtain reference ranges for post-contrast T1 and 
ECV, and subclinical disease or remote myocardial injury 
may have confounded results. The study only concerned 
subjects of Chinese ethnicity and did not involve direct 
comparisons between ethnicities. In addition, hormone 
levels and other serum biomarkers were not available. 
Correlations between native T1 and T2 and biomarkers 
need further exploration.

Conclusions
In summary, using phantom-validated protocols, we sys-
tematically provide 3T reference ranges for myocardial 
T1 and T2 relaxation times derived from a large multi-
center study of healthy Chinese adults. Myocardial T1 
and T2 relaxation times were longer in females than in 
males. There were statistical differences in T2 across 
age groups, but not in T1. Our study further suggests 
that sex and age should be considered when interpret-
ing myocardial T1 and T2 results. After controlling for 
demographic-related factors and technical heterogeneity, 
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the present study can be referenced for the diagnosis, 
risk stratification, and prognostic analysis of native tissue 
characteristics in Chinese subjects in clinical practice and 
research at 3T.
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