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Abstract: (1) Background: Longitudinal changes in myocardial T1 relaxation time are unknown. We
aimed to assess the longitudinal changes in the left ventricular (LV) myocardial T1 relaxation time
and LV function. (2) Methods: Fifty asymptomatic men (mean age, 52.0 years) who underwent 1.5 T
cardiac magnetic resonance imaging twice at an interval of 54 ± 21 months were included in this study.
The LV myocardial T1 times and extracellular volume fractions (ECVFs) were calculated using the
MOLLI technique (before and 15 min after gadolinium contrast injection). The 10-year Atherosclerotic
Cardiovascular Disease (ASCVD) risk score was calculated. (3) Results: No significant differences
in the following parameters were noted between the initial and follow-up assessments: LV ejection
fraction (65.0 ± 6.7% vs. 63.6 ± 6.3%, p = 0.12), LV mass/end-diastolic volume ratio (0.82 ± 0.12 vs.
0.80 ± 0.14, p = 0.16), native T1 relaxation time (982 ± 36 vs. 977 ± 37 ms, p = 0.46), and ECVF (24.97
± 2.38% vs. 25.02 ± 2.41%, p = 0.89). The following parameters decreased significantly from the
initial assessment to follow-up: stroke volume (87.2 ± 13.7 mL vs. 82.6 ± 15.3 mL, p = 0.01), cardiac
output (5.79 ± 1.17 vs. 5.50 ± 1.04 L/min, p = 0.01), and LV mass index (110.16 ± 22.38 vs. 104.32
± 18.26 g/m2, p = 0.01). The 10-year ASCVD risk score also remained unchanged between the two
timepoints (4.71 ± 0.19% vs. 5.16 ± 0.24%, p = 0.14). (4) Conclusion: Myocardial T1 values and ECVFs
were stable over time in the same middle-aged men.

Keywords: myocardial T1 relaxation time; cardiac magnetic resonance imaging; extracellular
volume fraction

1. Introduction

Diffuse myocardial fibrosis can manifest in various diseases, such as hypertension,
aortic stenosis, cardiomyopathy, myocarditis, diabetes mellitus, and heart failure [1,2]. The
myocardial T1 relaxation time is highly correlated with diffuse myocardial fibrosis [2–5].
It aids the early detection of amyloidosis and Anderson—Fabry disease and also enables
the assessment of myocardial damage severity following acute myocardial infarction [6–8].
T1 mapping enables the calculation of the extracellular volume fraction (ECVF), which is
increased in conditions such as edema or inflammation [9,10].

T1 times and ECVF might change in relation to the progression of diseases or durations
of disease, as mentioned above. However, threshold values for myocardial abnormalities
have not been established according to age and sex to date. Furthermore, it has not been
clearly determined whether alterations in T1 times or ECVF in follow-up examinations
suggest disease progression and not a change due to aging.

Rosmini et al. revealed that T1 mapping techniques yielded inconsistent results regard-
ing the native T1 time with respect to increasing age, and that the ECVF was independent
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of age for all mapping techniques [11]. However, longitudinal changes in the myocardial T1
times and ECVF within the same individual have not been examined previously. Therefore,
our aim was to evaluate the longitudinal changes in the left ventricular (LV) myocardial T1
time and ECVF within the same asymptomatic individuals.

2. Materials and Methods
2.1. Patient Selection

Our Institutional Review Board Center approved this retrospective study. We evalu-
ated the records of asymptomatic individuals who underwent cardiac magnetic resonance
(CMR) imaging for the screening of cardiac diseases, including ischemic heart disease,
at our institution between March 2012 and March 2021. We excluded the following sub-
jects: (1) those who only underwent one test without a follow-up examination (n = 2528),
(2) those lacking an optimal sequence for T1 mapping (n = 60), and (3) women (because of
the very small sample size).

Thus, 50 asymptomatic men (mean age ± 1 standard deviation, 52.0 ± 5.3 years) were
finally included in this retrospective study.

They underwent 1.5 T CMR imaging (Magnetom Avanto; Siemens Healthineers) with
a 32-channel phased-array receiver coil twice at a mean interval of 54 ± 21 months (range,
11–112 months). The study selection process for the 2639 subjects screened is shown in
Figure 1. The subjects chose to undergo CMR examinations as a health checkup, regardless
of their cardiovascular risk factors, as CMR can help diagnose both ischemic and structural
heart diseases without radiation hazard and with smaller amount of contrast materials.
In addition, repeat CMR examinations were conducted again years later as part of the
health checkup.
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Figure 1. Flow chart depicting the inclusion of the study population. Asymptomatic subjects who
underwent cardiac magnetic resonance imaging for screening at our institution were included.
Subjects who underwent only one test without a follow-up examination (n = 2528), those whose
examination lacked an optimal sequence for T1 mapping (n = 60), and women (n = 1) were excluded.

2.2. CMR Protocol and Image Analysis

All subjects were under fasting state without hydration for eight to ten hours before
CMR examinations. Beta-blockers were not administered to them before CMR examina-
tions. CMR scanning was performed using the MOLLI technique (before and 15 min after
gadolinium contrast injection [0.1 mmol/kg of gadobutrol, Bayer Healthcare]). Image
acquisition and analysis were performed in accordance with the consensus statement by
the Society for Cardiovascular Magnetic Resonance [12]. Two cardiac radiologists who
were experienced in CMR (one had 2 years of experience, while the other had 32 years
of experience) calculated the LV native T1 and post-contrast T1 times in consensus by
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manually drawing the regions of interest (ROI) in the LV myocardium at the mid-ventricle
level (Figure 2) using dedicated software (Syngo.via; Siemens Healthineers). The T1 relax-
ation time of the blood pool, required for ECVF calculations, was measured in the cardiac
chamber at the same level while avoiding the papillary muscles. All original images were
assessed for artifacts caused by susceptibility and cardiac or respiratory motion. Each
motion-corrected series was evaluated for correct image alignment, and each map was
evaluated to determine whether the original images were transformed into an acceptable
map. Fully automated inline non-rigid motion correction was applied between the individ-
ual TI images before performing a T1 fit using a mono-exponential 3-parameter pixel-wise
curve fit.
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T1 maps acquired using the MOLLI technique. Regions of interest were manually drawn at the
mid-ventricle level of the left ventricular myocardium (blue dotted line) and blood pools (red dotted
line). (A) Before gadolinium contrast injection. (B) Fifteen min after gadolinium contrast injection.

An observer with 13 years of experience in the data acquisition and analysis of CMR
images analyzed the cardiac short-axis cine images (slice thickness, 6 mm; slice interval,
10 mm; cardiac phases, 30) using an Argus workstation (Siemens Healthineers) to calculate
the global LV function parameters (LV ejection fraction, end-systolic volume, end-diastolic
volume, mass, stroke volume, and cardiac output).

2.3. ECVF Calculation

The ECVF was calculated using the following formula:

(1 − hematocrit) × ∆R1myocardium/∆R1blood

where R1 = 1/T1.
The hematocrit values were obtained from venous blood samples collected on the

same day that CMR imaging was performed [12].

2.4. Clinical Information

The Atherosclerotic Cardiovascular Disease (ASCVD) 2013 Risk Calculator (provided
by the American Heart Association/American College of Cardiology [13]) was used to
calculate the risk scores. This calculator is commonly used to estimate the risk of atheroscle-
rotic cardiovascular disease development. It considers various risk factors, such as blood
pressure, cholesterol levels, smoking status, and diabetes. In this study, age was excluded
from the scoring because it was considered an independent variable.

2.5. Statistical Analysis

To compare the differences between the initial study and the follow-up study within
the same subjects, we conducted a paired t-test. In the group difference analysis, we
used an independent t-test to confirm the difference between the two groups. A simple
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correlation analysis using the Pearson correlation coefficient (r) was performed to examine
the relationship between the T1 times and cardiovascular risk factors. Specifically, a
correlation analysis was performed between the myocardial T1 times in the pre-contrast
assessment and the following risk factors in the initial and follow-up assessments: age,
risk score, LV ejection fraction, end-systolic LV volume (ESV), end-diastolic LV volume
(EDV), LV mass index, and LV mass/end-diastolic volume ratio. Additionally, a correlation
analysis was also performed on the difference between the myocardial T1 times or ECVF
and the following risk factors: age, risk score, LV ejection fraction, ESV, EDV, LV mass index,
and LV mass/end-diastolic volume ratio. Finally, changes in the T1 times and ECVF were
correlated with changes in the LV function parameters, risk scores, and study duration.
We performed a Bonferroni correction to adjust p-values to account for potential spurious
significant results when probing for simple relationships with multiple variables.

Intra-observer and inter-observer variabilities in two observers were measured by
calculating intraclass coefficients (ICCs) for LV function parameters, T1 times, and ECVF in
20 randomly-selected examinations for analyses at one-month intervals.

3. Results

The baseline characteristics of the 50 men and their status with respect to the cardio-
vascular risk factors are summarized in Table 1. Left ventricular function of the subjects at
the initial and follow-up assessments are summarized in Table 2.

Table 1. Clinical characteristics of the study subjects at the initial and follow-up assessments.

Characteristics Initial Assessments Follow-Up Assessments

Age (years) 52.0 ± 5.3 56.4 ± 5.6
Hematocrit (%) 43.4 ± 3.2 44.1 ± 2.8

Heart rate (beats/min) 66.4 ± 10.9 67.2 ± 11.2
Total cholesterol (mg/dL) 184.8 ± 34.5 181.2 ± 38.7
HDL cholesterol (mg/dL) 55.8 ± 14.1 56.8 ± 14.1

Triglyceride (mg/dL) 136.2 ± 102.6 128.6 ± 87.4
Creatinine (mg/dL) 0.96 ± 0.13 0.91 ± 0.14

Body weight (kg) 71.9 ± 10.8 72.4 ± 11.2
BMI (kg/m2) 24.2 ± 2.4 24.3 ± 2.7

Systolic blood pressure (mmHg) 121.5 ± 31.9 120.3 ± 17.0
Diastolic blood pressure (mmHg) 76.1 ± 12.4 77.4 ± 11.9
Treated for high blood pressure 13 (26 %) 18 (36 %)

Diabetes 2 (4 %) 3 (6 %)
Treated for diabetes 1 (2%) 3 (6%)

Smoking 8 (16 %) 8 (16 %)
10-year ASCVD risk (%) 4.71 ± 0.19 5.16 ± 0.24

There were no significant changes in the cardiovascular risk factors or 10-year ASCVD risk during the interval
between the initial and follow-up assessments (p = 0.14). ASCVD, atherosclerotic cardiovascular disease; BMI,
body mass index; HDL, high-density lipoprotein.

Table 2. Left ventricular function of the subjects at the initial and follow-up assessments.

Left Ventricular Measurements Initial
Assessments

Follow-Up
Assessments p-Value

LV ejection fraction (%) 65.0 ± 6.7 63.6 ± 6.3 0.12
LV mass/end-diastolic

volume ratio 0.82 ± 0.12 0.80 ± 0.14 0.16

LV end-systolic volume (mL) 46.3 ± 10.4 47.1 ± 10.4 0.60
Systolic volume index (mL/m2) 24.7 ± 4.7 25.3 ± 4.9 0.16
LV end-diastolic volume (mL) 133.7 ± 18.2 135.6 ± 42.3 0.76

Diastolic volume index (mL/m2) 72.2 ± 8.1 73.7 ± 24.4 0.33
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Table 2. Cont.

Left Ventricular Measurements Initial
Assessments

Follow-Up
Assessments p-Value

Stroke volume (mL) 87.2 ± 13.7 82.6 ± 15.3 0.01
Stroke volume index (mL/m2) 47.4 ± 6.8 44.6 ± 6.5 0.01

Cardiac output (L/min) 5.7 ± 1.1 5.5 ± 1.0 0.01
Cardiac index (L/min/m2) 3.1 ± 0.5 2.9 ± 0.4 0.01

LV mass index (g/m2) 110.2 ± 22.4 104.3 ± 18.3 0.01
The stroke volume, cardiac output, and LV mass index decreased significantly during the interval. The other
parameters did not show any significant changes. LV, left ventricle.

Significant late gadolinium enhancement, indicative of old myocardial infarction or
cardiomyopathy, was not present in all subjects.

No significant differences were noted between the initial and follow-up assessments
with respect to the LV ejection fraction (65.0 ± 6.7% vs. 63.6 ± 6.3%, p = 0.12), LV
mass/end-diastolic volume ratio (0.82 ± 0.12 vs. 0.80 ± 0.14, p = 0.16), native T1 times
(982 ± 36 vs. 977 ± 37 ms, p = 0.46), post-contrast T1 times with 15 min delay (449 ± 39 vs.
456 ± 24 ms, p = 0.26), and ECVF (24.97 ± 2.38% vs. 25.02 ± 2.41%, p = 0.89) (Figure 3).
However, the following parameters decreased significantly from the initial assessment
to the follow-up: stroke volume (87.2 ± 13.7 mL vs. 82.6 ± 15.3 mL, p = 0.01), car-
diac output (5.79 ± 1.17 L/min vs. 5.50 ± 1.04 L/min, p = 0.01), and LV mass index
(110.16 ± 22.38 g/m2 vs. 104.32 ± 18.26 g/m2, p = 0.01). The 10-year ASCVD risk score
did not change significantly during follow-up (initial vs. follow-up: 4.71 ± 0.19% vs.
5.16 ± 0.24%, p = 0.14).
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Figure 3. Mean T1 mapping values at the initial and follow-up assessments in 50 asymptomatic
men. There was no significant change in the T1 mapping values, including the native T1 values,
post-contrast T1 values, and ECVFs during follow-up. ECVF, extracellular volume fraction.

Group difference analysis using the follow-up interval based on the mean follow-
up interval of 54 months (Table 3 and Figure 4) revealed no significant differences be-
tween the short-term follow-up group (<54 months, n = 27) and the long-term follow-up
group (≥54 months, n = 23) with respect to the change (∆) in the native T1 mapping val-
ues (−3.2 ± 37.3 vs. −5.5 ± 45.4 ms, p = 0.84), ∆post-contrast T1 value (6.9 ± 43.5 vs.
5.9 ± 35.2 ms, p = 0.92), and ∆ECVF (0.05 ± 1.94 vs. 0.03 ± 2.66, p = 0.98).
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Table 3. Differences in the T1 mapping values and extracellular volume fractions between the
short-term follow-up and the long-term follow-up groups.

Short-Term
Follow-Up Group

(<54 Months, n = 27)

Long-Term
Follow-Up Group

(≥54 Months, n = 23)
p-Value

∆native T1 value (ms) −3.2 ± 37.3 −5.5 ± 45.4 0.84
∆post-contrast T1 value (ms) 6.9 ± 43.5 5.9 ± 35.2 0.92

∆ECV fraction (%) 0.05 ± 1.94 0.03 ± 2.66 0.98
There was no significant difference in the ∆T1 mapping values and extracellular volume fractions between the
short-term follow-up and long-term follow-up groups. ECV, extracellular volume.
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Figure 4. Comparison of the T1 values and ECVFs between the short-term follow-up group and the
long-term follow-up group. No significant differences are noted in these parameters between the two
groups. Error bars represent 1 standard deviation.

Group difference analysis by age based on the mean age of 52 years revealed no signifi-
cant differences between the lower-aged group (age < 52 years, n = 29) and the higher-aged
group (age ≥ 53 years, n = 21) with respect to the ∆native T1 value
(−2.2 ± 26.1 vs. −7.3 ± 55.9 ms, p = 0.70), ∆post-contrast T1 value (8.5 ± 47.1 vs. 5.7 ± 43.0,
p = 0.83), and ∆ECVF (−0.63 ± 2.50 vs. 0.95 ± 2.19, p = 0.08) (Figure 5).

J. Cardiovasc. Dev. Dis. 2023, 10, x FOR PEER REVIEW 6 of 11 
 

 

Table 3. Differences in the T1 mapping values and extracellular volume fractions between the short-
term follow-up and the long-term follow-up groups 

 
Short-Term Follow-Up 

Group 
(<54 Months, n = 27) 

Long-Term Follow-Up Group 
(≥54 Months, n = 23) p-Value 

Δnative T1 value 
(msec) −3.2 ± 37.3 −5.5 ± 45.4 0.84 

Δpost-contrast T1 
value (msec) 

6.9 ± 43.5 5.9 ± 35.2 0.92 

ΔECV fraction (%) 0.05 ± 1.94 0.03 ± 2.66 0.98 
There was no significant difference in the ΔT1 mapping values and extracellular volume fractions 
between the short-term follow-up and long-term follow-up groups. ECV, extracellular volume. 

 
Figure 4. Comparison of the T1 values and ECVFs between the short-term follow-up group and the 
long-term follow-up group. No significant differences are noted in these parameters between the 
two groups. Error bars represent 1 standard deviation. 

Group difference analysis by age based on the mean age of 52 years revealed no sig-
nificant differences between the lower-aged group (age < 52 years, n = 29) and the higher-
aged group (age ≥ 53 years, n = 21) with respect to the Δnative T1 value (−2.2 ± 26.1 vs. −7.3 
± 55.9 msec, p = 0.70), Δpost-contrast T1 value (8.5 ± 47.1 vs. 5.7 ± 43.0, p = 0.83), and ΔECVF 
(−0.63 ± 2.50 vs. 0.95 ± 2.19, p = 0.08) (Figure 5). 

 
Figure 5. Comparison of the T1 values and ECVFs between the lower-aged group and the higher-
aged group. No significant differences are noted in these parameters between the two groups. Error 
bars represent 1 standard deviation. 

Figure 5. Comparison of the T1 values and ECVFs between the lower-aged group and the higher-aged
group. No significant differences are noted in these parameters between the two groups. Error bars
represent 1 standard deviation.



J. Cardiovasc. Dev. Dis. 2023, 10, 252 7 of 11

Results of the analysis of the correlation between the myocardial T1 values/ECVF
and the risk factors are summarized in Table 4. Similarly, results of the analysis of the
correlation between changes in the myocardial T1 values/ECVF and the cardiovascular
factors or left ventricular function parameters are summarized in Table 5. Significant
negative correlations were observed between the ECVF and age (p = 0.006), and EDV
(p < 0.001) at the initial assessment. No significant correlation was observed between
the myocardial T1times and the cardiovascular risk factors and LV function parameters
at the initial and follow-up assessments. Additionally, no significant correlation was
observed between the myocardial ECVF and the cardiovascular risk factors and LV function
parameters at the follow-up assessments.

Table 4. Analysis of the correlation between the myocardial T1 values or extracellular vol-
ume fractions and the cardiovascular risk factors or left ventricular function parameters at the
initial assessment.

Analysis of the Correlation between
the Myocardial T1 Values at the Initial
Assessment and the Risk Factors and

LV Function Parameters

Correlation Coefficient (r) p-Value

Age −0.14 0.60
ASCVD risk score −0.10 >0.95

LVEF −0.13 0.70
LV mass −0.18 0.38

EDV −0.17 0.42
ESV 0.08 >0.95

LV mass/end-diastolic volume ratio −0.08 >0.95

Analysis of the Correlation between
the ECVF at the Initial Assessment

and the Risk Factors and LV
Function Parameters

Correlation Coefficient (r) p-Value

Age −0.41 0.006
ASCVD risk score −0.30 0.074

LVEF −0.12 0.74
LV mass 0.01 >0.95

EDV −0.54 <0.001
ESV 0.07 >0.95

LV mass/end-diastolic volume ratio 0.24 0.14
There was a significant negative correlation between the ECVF and the age, and EDV at the initial assessment.
EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume.

Table 5. Analysis of the correlation between changes in the myocardial T1 value or ECVF and the
cardiovascular risk factors or left ventricular function parameters.

Analysis of the Correlation between
Changes in the Myocardial T1 Values and

the Risk Factors and LV
Function Parameters

Correlation Coefficient (r) p-Value

Study interval 0.28 0.08
∆ASCVD risk score −0.21 0.26

∆LVEF 0.04 >0.95
∆LV mass 0.02 >0.95

∆EDV −0.47 <0.001
∆ESV 0.07 >0.95

∆LV mass/EDV ratio 0.26 0.12
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Table 5. Cont.

Analysis of the Correlation between
Changes in the ECVF and the Risk

Factors and LV Function Parameters
Correlation Coefficient (r) p-Value

Study interval 0.05 >0.95
∆ASCVD risk score 0.08 >0.95

∆LVEF −0.17 0.44
∆LV mass 0.14 0.62

∆EDV −0.17 0.40
∆ESV 0.18 0.36

∆LV mass/EDV ratio 0.27 0.1
Significant negative correlation was found between changes in the myocardial T1 values and changes in the EDV.

Correlation analysis showed a significant negative correlation (r = −0.47) between
changes in the myocardial T1 time and changes in the EDV (p < 0.001), while the correlations
were insignificant between other LV function parameters and changes in T1 times or ECVF.

No adverse cardiac events were reported until the dates of follow-up CMR examina-
tions in all subjects.

ICCs for intra-observer variability were 0.98, 0.99, and 0.98 for LVESV, LVEDV, and
LV mass, respectively, and ICCs for inter-observer variability for them were 0.95, 0.88, and
0.98, respectively. ICCs for inter-observer variability were 0.95 and 0.88 for T1 mapping
and ECVF, respectively, and ICCs for intra-observer variability for them were 0.95 and
0.95, respectively.

4. Discussion

Our study demonstrated that no significant changes occurred in the myocardial T1
time and ECVF over time in asymptomatic men, regardless of their age or follow-up interval.
The LV ejection fraction and LV mass/end-diastolic volume ratio did not differ significantly
between the initial and follow-up assessments. However, the stroke volume, cardiac output
and LV mass decreased significantly during the follow-up period. A significant negative
correlation was observed between changes in the myocardial T1 time and changes in
the EDV.

Physiological factors, such as age, sex, weight, height, body mass index, hematocrit,
and heart rate, may affect myocardial T1 mapping [14,15]. Previous studies in humans
have shown a consistent correlation between the myocardial T1 value and the extent
of diffuse myocardial fibrosis quantified using endomyocardial biopsy [16,17]. Diffuse
myocardial fibrosis is known to have an accelerated progression in many diseases, including
hypertension, aortic stenosis, cardiomyopathy, myocarditis, diabetes mellitus, and heart
failure [1,9,10]. Previous studies have investigated the correlation between age and T1
values. However, to the best of our knowledge, no research has been conducted on serial
T1 mapping within the same asymptomatic individuals.

According to the Multi-Ethnic Study of Atherosclerosis (MESA) by Rosmini et al. [11],
Kim et al. [18], Rauhalammi et al. [19], and Piechnik et al. [14], the T1 time and ECVF were
higher in women than in men; conversely, Dabir et al. reported no correlation between age,
sex, and the native T1 value [20]. Similarly, in healthy African-Americans, the native T1
time at 3 T scanning was not influenced by age, sex, and body mass index [21].

In some studies, the T1 time decreased with increasing age in women, whereas the
ECVF was not influenced by aging. Rosmini et al. reported that the native myocardial
T1 time decreased slightly, while the ECVF remained unaffected, with increasing age [11].
According to Rauhalammi et al., the mean native T1 time decreased with increasing age
in healthy women aged <33 years; however, it did not vary with age in men [19]. In the
MESA study, linear regression analyses demonstrated that greater partition coefficients,
pre-contrast T1 values, and ECVs were associated with older age in men. The ECVF was
also significantly associated with age in women after multivariable adjustment.
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In a study on healthy individuals, Piechnik et al. observed no age dependency of
the myocardial T1 values in individual and age group-based regression analyses [14]. In
their study, the myocardial T1 time was consistently higher in women than in men up to
the age of 45 years; thereafter, a convergence was noted, with no significant differences
between the two sexes. The T1 time did not vary with age in both sexes in other studies as
well [14,18,20,21]. In a study on asymptomatic individuals, the T1 value and ECVF did not
differ significantly among four age groups divided into quantiles [18]; no significant linear
correlation was observed between age and the T1 value or ECVF in the total population
and in each sex group.

In one study, the T1 values were similar across the age groups regardless of the field
strength used (1.5 T vs. 3 T) [20]. In another study, the global native T1 time decreased by
5.50 ms for each 10-year rise in the age; however, this was only at 1.5 T [19]. Dabir et al.
also reported that the T1 values were similar across the age groups for all field strengths
tested (group 1: ≤30 years [n, 1.5 T = 27, 3 T = 26], group 2: 31–42 years [n, 1.5 T = 28,
3 T = 27]; group 3: 42–53 years [n, 1.5 T = 27, 3 T = 24], group 4: ≥53 years [n, 1.5 T = 28,
3 T = 28]). A trend of positive association was observed between the native T1 time and
age at 1.5 T (r = 0.21, p < 0.1 for all) but not at 3 T; this association was stronger in the male
cohort (r = 0.23, p = 0.04).

As for the left ventricular function parameters, according to a meta-analysis of normal
reference ranges, men have larger EDV and ESV indices and a higher LV mass than
women [22]. The LV ejection fraction does not differ significantly between men and women.
EDV indices are larger in younger individuals (20–40 years) than in older individuals
(≥65 years). The LV mass is lower among East Asians (Chinese, Korean, and Singaporean-
Chinese) than among Caucasians. Furthermore, the LV mass index of Brazilian men and
women is greater than that of East Asians; however, it is lower than that of Caucasians [22].
A significant relationship was also observed between a lower LV mass index and 3 T
scanners. In the MESA study, the LV ejection fraction was higher in women than in men,
while the LV mass, volume, stroke volume (all indexed according to the body surface area),
and mass-to-volume ratio were higher in men than in women [15]. According to the study
by Davir et al., native T1 showed a mild association with LV-EDV, LV-ESV, and LV mass at
both 1.5 T and 3 T field strengths [20].

According to our analysis, stroke volume and cardiac output were found to decrease
with aging. One study reported a significant relationship between age and cardiac output,
showing a reduction of approximately 1 percent per year [23]. They explained that the
decline in cardiac output observed in their study was attributed to a decrease in stroke
index associated with decreases in body size and heart rate due to aging. Additionally,
another paper indicated that vagal withdrawal may account for increased heart rate during
the initial minute of exercise in younger individuals, the diminished responsiveness to
beta-adrenergic stimulation is primarily responsible for the reduced maximal heart rate
and cardiac output in the elderly [24].

Only age and LVEDV were seen to be correlated negatively with ECVF at the initial
assessment, while ASCVD risk scores, LVEF, LV mass, ESV, and LV mass/EDV ratio were
not correlated with T1 times or ECVFs. Again, only changes in LVEDV were seen to be
negatively correlated with changes in T1 values. Our study results suggest that most LV
function parameters do not change over time regardless of changes in T1 times or ECVF in
asymptomatic middle-aged men in less than 5 years. According to a meta-analysis [22],
both men and women in younger age had significantly larger indexed LVEDV, which
may be in line with the finding of a negative correlation between changes in T1 times and
changes in LVEDV in our study.

This study had several limitations. First, it was performed retrospectively at a single
center. Therefore, our findings should be validated in a larger prospective study. Second,
due to the low rate of examinations in women, our study only included men. The higher
native T1 time and ECVF in women than in men in several studies suggest the influence
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of sex hormones on the myocardial structure and function [11,14,15,18,19]. Third, T2
relaxation times were not quantified and analyzed in this study.

5. Conclusions

The myocardial T1 relaxation times and ECVF were stable over time in the same
individuals. Changes in the EDV were negatively correlated with changes in the myocardial
T1 times.

Author Contributions: Conceptualization, Y.H.C.; methodology, Y.H.C. and S.-J.C.; investigation,
S.H.S.; data curation, S.H.S.; writing—original draft preparation, S.H.S. and Y.H.C.; writing—review
and editing, S.H.S., S.M.K., S.-J.C. and Y.H.C.; supervision, Y.H.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The Institutional Review Board (IRB) of our hospital ap-
proved this study.

Informed Consent Statement: The requirement for patient consent was waived due to its retrospec-
tive nature.

Data Availability Statement: All data underlying the results are available as part of this article and
no additional source data are required.

Acknowledgments: The authors would like to thank Da Hyeun Lee, an audiovisual engineer at
Samsung Medical Information & Medical Services, for designing figures for this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mason, T.; Coelho-Filho, O.R.; Verma, S.; Chowdhury, B.; Zuo, F.; Quan, A.; Thorpe, K.E.; Bonneau, C.; Teoh, H.; Gilbert, R.E.; et al.

Empagliflozin Reduces Myocardial Extracellular Volume in Patients With Type 2 Diabetes and Coronary Artery Disease. JACC
Cardiovasc. Imaging 2021, 14, 1164–1173. [CrossRef]

2. Lee, S.P.; Lee, W.; Lee, J.M.; Park, E.A.; Kim, H.K.; Kim, Y.J.; Sohn, D.W. Assessment of diffuse myocardial fibrosis by using MR
imaging in asymptomatic patients with aortic stenosis. Radiology 2015, 274, 359–369. [CrossRef]

3. Diao, K.Y.; Yang, Z.G.; Xu, H.Y.; Liu, X.; Zhang, Q.; Shi, K.; Jiang, L.; Xie, L.J.; Wen, L.Y.; Guo, Y.K. Histologic validation of
myocardial fibrosis measured by T1 mapping: A systematic review and meta-analysis. J. Cardiovasc. Magn. Reson. 2016, 18, 92.
[CrossRef]

4. Iles, L.M.; Ellims, A.H.; Llewellyn, H.; Hare, J.L.; Kaye, D.M.; McLean, C.A.; Taylor, A.J. Histological validation of cardiac
magnetic resonance analysis of regional and diffuse interstitial myocardial fibrosis. Eur. Heart J. Cardiovasc. Imaging 2015,
16, 14–22. [CrossRef] [PubMed]

5. Kockova, R.; Kacer, P.; Pirk, J.; Maly, J.; Sukupova, L.; Sikula, V.; Kotrc, M.; Barciakova, L.; Honsova, E.; Maly, M.; et al. Native
T1 Relaxation Time and Extracellular Volume Fraction as Accurate Markers of Diffuse Myocardial Fibrosis in Heart Valve
Disease-Comparison With Targeted Left Ventricular Myocardial Biopsy. Circ. J. 2016, 80, 1202–1209. [CrossRef]

6. Duca, F.; Kammerlander, A.A.; Panzenböck, A.; Binder, C.; Aschauer, S.; Loewe, C.; Agis, H.; Kain, R.; Hengstenberg, C.;
Bonderman, D.; et al. Cardiac Magnetic Resonance T(1) Mapping in Cardiac Amyloidosis. JACC Cardiovasc. Imaging 2018,
11, 1924–1926. [CrossRef]

7. van den Boomen, M.; Slart, R.; Hulleman, E.V.; Dierckx, R.; Velthuis, B.K.; van der Harst, P.; Sosnovik, D.E.; Borra, R.J.H.; Prakken,
N.H.J. Native T(1) reference values for nonischemic cardiomyopathies and populations with increased cardiovascular risk: A
systematic review and meta-analysis. J. Magn. Reson. Imaging 2018, 47, 891–912. [CrossRef]

8. Reinstadler, S.J.; Stiermaier, T.; Liebetrau, J.; Fuernau, G.; Eitel, C.; de Waha, S.; Desch, S.; Reil, J.C.; Pöss, J.; Metzler, B.; et al.
Prognostic Significance of Remote Myocardium Alterations Assessed by Quantitative Noncontrast T1 Mapping in ST-Segment
Elevation Myocardial Infarction. JACC Cardiovasc. Imaging 2018, 11, 411–419. [CrossRef] [PubMed]

9. Lurz, J.A.; Luecke, C.; Lang, D.; Besler, C.; Rommel, K.P.; Klingel, K.; Kandolf, R.; Adams, V.; Schöne, K.; Hindricks, G.; et al.
CMR-Derived Extracellular Volume Fraction as a Marker for Myocardial Fibrosis: The Importance of Coexisting Myocardial
Inflammation. JACC Cardiovasc. Imaging 2018, 11, 38–45. [CrossRef] [PubMed]

10. Everett, R.J.; Treibel, T.A.; Fukui, M.; Lee, H.; Rigolli, M.; Singh, A.; Bijsterveld, P.; Tastet, L.; Musa, T.A.; Dobson, L.; et al.
Extracellular Myocardial Volume in Patients With Aortic Stenosis. J. Am. Coll. Cardiol. 2020, 75, 304–316. [CrossRef]

11. Rosmini, S.; Bulluck, H.; Captur, G.; Treibel, T.A.; Abdel-Gadir, A.; Bhuva, A.N.; Culotta, V.; Merghani, A.; Fontana, M.;
Maestrini, V.; et al. Myocardial native T1 and extracellular volume with healthy ageing and gender. Eur. Heart J. Cardiovasc.
Imaging 2018, 19, 615–621. [CrossRef]

https://doi.org/10.1016/j.jcmg.2020.10.017
https://doi.org/10.1148/radiol.14141120
https://doi.org/10.1186/s12968-016-0313-7
https://doi.org/10.1093/ehjci/jeu182
https://www.ncbi.nlm.nih.gov/pubmed/25354866
https://doi.org/10.1253/circj.CJ-15-1309
https://doi.org/10.1016/j.jcmg.2018.06.010
https://doi.org/10.1002/jmri.25885
https://doi.org/10.1016/j.jcmg.2017.03.015
https://www.ncbi.nlm.nih.gov/pubmed/28624398
https://doi.org/10.1016/j.jcmg.2017.01.025
https://www.ncbi.nlm.nih.gov/pubmed/28412435
https://doi.org/10.1016/j.jacc.2019.11.032
https://doi.org/10.1093/ehjci/jey034


J. Cardiovasc. Dev. Dis. 2023, 10, 252 11 of 11

12. Messroghli, D.R.; Moon, J.C.; Ferreira, V.M.; Grosse-Wortmann, L.; He, T.; Kellman, P.; Mascherbauer, J.; Nezafat, R.; Salerno, M.;
Schelbert, E.B.; et al. Clinical recommendations for cardiovascular magnetic resonance mapping of T1, T2, T2* and extracellular
volume: A consensus statement by the Society for Cardiovascular Magnetic Resonance (SCMR) endorsed by the European
Association for Cardiovascular Imaging (EACVI). J. Cardiovasc. Magn. Reson. 2017, 19, 75. [CrossRef] [PubMed]

13. Goff, D.C.; Lloyd-Jones, D.M.; Bennett, G.; Coady, S.; D’Agostino, R.B.; Gibbons, R.; Greenland, P.; Lackland, D.T.; Levy, D.;
O’Donnell, C.J.; et al. 2013 ACC/AHA Guideline on the Assessment of Cardiovascular Risk. Circulation 2014, 129, S49–S73.
[CrossRef] [PubMed]

14. Piechnik, S.K.; Ferreira, V.M.; Lewandowski, A.J.; Ntusi, N.A.; Banerjee, R.; Holloway, C.; Hofman, M.B.; Sado, D.M.; Maestrini, V.;
White, S.K.; et al. Normal variation of magnetic resonance T1 relaxation times in the human population at 1.5 T using ShMOLLI.
J. Cardiovasc. Magn. Reson. 2013, 15, 13. [CrossRef]

15. Liu, C.Y.; Liu, Y.C.; Wu, C.; Armstrong, A.; Volpe, G.J.; van der Geest, R.J.; Liu, Y.; Hundley, W.G.; Gomes, A.S.; Liu, S.; et al.
Evaluation of age-related interstitial myocardial fibrosis with cardiac magnetic resonance contrast-enhanced T1 mapping: MESA
(Multi-Ethnic Study of Atherosclerosis). J. Am. Coll. Cardiol. 2013, 62, 1280–1287. [CrossRef] [PubMed]

16. Bull, S.; White, S.K.; Piechnik, S.K.; Flett, A.S.; Ferreira, V.M.; Loudon, M.; Francis, J.M.; Karamitsos, T.D.; Prendergast, B.D.;
Robson, M.D.; et al. Human non-contrast T1 values and correlation with histology in diffuse fibrosis. Heart 2013, 99, 932–937.
[CrossRef] [PubMed]

17. Sibley, C.T.; Noureldin, R.A.; Gai, N.; Nacif, M.S.; Liu, S.; Turkbey, E.B.; Mudd, J.O.; van der Geest, R.J.; Lima, J.A.;
Halushka, M.K.; et al. T1 Mapping in cardiomyopathy at cardiac MR: Comparison with endomyocardial biopsy. Radiology 2012,
265, 724–732. [CrossRef] [PubMed]

18. Kim, M.Y.; Cho, S.J.; Kim, H.J.; Kim, S.M.; Lee, S.-C.; Paek, M.; Choe, Y.H. T1 values and extracellular volume fraction in
asymptomatic subjects: Variations in left ventricular segments and correlation with cardiovascular risk factors. Sci. Rep. 2022,
12, 12544. [CrossRef]

19. Rauhalammi, S.M.; Mangion, K.; Barrientos, P.H.; Carrick, D.J.; Clerfond, G.; McClure, J.; McComb, C.; Radjenovic, A.; Berry, C.
Native myocardial longitudinal (T1 ) relaxation time: Regional, age, and sex associations in the healthy adult heart. J. Magn.
Reson. Imaging 2016, 44, 541–548. [CrossRef] [PubMed]

20. Dabir, D.; Child, N.; Kalra, A.; Rogers, T.; Gebker, R.; Jabbour, A.; Plein, S.; Yu, C.Y.; Otton, J.; Kidambi, A.; et al. Reference values
for healthy human myocardium using a T1 mapping methodology: Results from the International T1 Multicenter cardiovascular
magnetic resonance study. J. Cardiovasc. Magn. Reson. 2014, 16, 69. [CrossRef]

21. Liu, C.Y.; Bluemke, D.A.; Gerstenblith, G.; Zimmerman, S.L.; Li, J.; Zhu, H.; Lai, S.; Lai, H. Reference values of myocardial
structure, function, and tissue composition by cardiac magnetic resonance in healthy African-Americans at 3T and their relations
to serologic and cardiovascular risk factors. Am. J. Cardiol. 2014, 114, 789–795. [CrossRef] [PubMed]

22. Raisi-Estabragh, Z.; Kenawy, A.A.M.; Aung, N.; Cooper, J.; Munroe, P.B.; Harvey, N.C.; Petersen, S.E.; Khanji, M.Y. Variation in
left ventricular cardiac magnetic resonance normal reference ranges: Systematic review and meta-analysis. Eur. Heart J. Cardiovasc.
Imaging 2021, 22, 494–504. [CrossRef] [PubMed]

23. Brandfonbrener, M.; Landowne, M.; Shock, N.W. Changes in Cardiac Output with Age. Circulation 1955, 12, 557–566. [CrossRef]
[PubMed]

24. Dai, X.; Hummel, S.L.; Salazar, J.B.; Taffet, G.E.; Zieman, S.; Schwartz, J.B. Cardiovascular physiology in the older adults. J. Geriatr.
Cardiol. 2015, 12, 196–201. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12968-017-0389-8
https://www.ncbi.nlm.nih.gov/pubmed/28992817
https://doi.org/10.1161/01.cir.0000437741.48606.98
https://www.ncbi.nlm.nih.gov/pubmed/24222018
https://doi.org/10.1186/1532-429X-15-13
https://doi.org/10.1016/j.jacc.2013.05.078
https://www.ncbi.nlm.nih.gov/pubmed/23871886
https://doi.org/10.1136/heartjnl-2012-303052
https://www.ncbi.nlm.nih.gov/pubmed/23349348
https://doi.org/10.1148/radiol.12112721
https://www.ncbi.nlm.nih.gov/pubmed/23091172
https://doi.org/10.1038/s41598-022-16696-0
https://doi.org/10.1002/jmri.25217
https://www.ncbi.nlm.nih.gov/pubmed/26946323
https://doi.org/10.1186/s12968-014-0069-x
https://doi.org/10.1016/j.amjcard.2014.06.007
https://www.ncbi.nlm.nih.gov/pubmed/25037675
https://doi.org/10.1093/ehjci/jeaa089
https://www.ncbi.nlm.nih.gov/pubmed/32460308
https://doi.org/10.1161/01.CIR.12.4.557
https://www.ncbi.nlm.nih.gov/pubmed/13261308
https://doi.org/10.11909/j.issn.1671-5411.2015.03.015

	Introduction 
	Materials and Methods 
	Patient Selection 
	CMR Protocol and Image Analysis 
	ECVF Calculation 
	Clinical Information 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

