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T1Mappingin Differentiating Healthy and
Pathological Myocardium

ABSTRACT

Background: This study aimed to identify the optimal measurement location and tech-
nique for native T1 mapping to establish a standardized approach. The diagnostic per-
formance of various T1 mapping measurement approaches was evaluated by comparing
nonischemic dilated cardiomyopathy (NIDCM) and hypertrophic cardiomyopathy (HCM)
cohorts with a control group.

Methods: Patients who underwent 1.5 T cardiac magnetic resonance (CMR) were retro-
spectively reviewed with standardized protocol [functional sequences, T1 mapping, and
late gadolinium enhancement] between November 2016 and January 2023. A total of
143 subjects (61 NIDCM, 60 HCM, and 22 controls) were grouped based on CMR findings.
Native T1 mapping images were acquired in basal, midventricular, and apical short-axis
(SAX) slices. Regions of interest were drawn in both the whole left ventricular (LV) myo-
cardium SAX and the interventricular septum. Diagnostic yield and optimal cut-off val-
ues for native T1were investigated.

Results: Native T1values were significantly higher than the control group for 6 different
measurement approaches (P < .05). Basal SAX and basal septal measurements provided
the highest diagnostic accuracy values for both groups. Statistical analysis revealed that
T1 values could differentiate between healthy and diseased myocardium, with a diag-
nostic accuracy of 86% for NIDCM and 73.4% for HCM. Furthermore, T1values correlated
with measures of global systolic function and LV remodeling.

Conclusions: The study shows that native T1 mapping using a streamlined single-slice
acquisition with a septal measurement technique achieves diagnostic performance
comparable to multi-slice protocols while reducing measurement heterogeneity. This
optimization facilitates a time-efficient workflow and improves patient comfort without
compromising diagnostic accuracy.

Keywords Cardiac diseases, cardiomyopathies, fibrosis, magnetic resonance imaging, T1
mapping

INTRODUCTION

Cardiac magnetic resonance (CMR) T1 mapping is a technique for quantitative
assessment of tissue characteristics in cardiac disease and provides a unique
assessment of diffuse fibrosis in various cardiomyopathies. In recent years, it has
been recognized that the myocardial interstitium has an important role in the
pathogenesis of long-term cardiovascular complications, mainly heart failure.™
The accumulation of fibrillar collagen in the highly organized architecture of the
myocardial interstitial space, known as myocardial fibrosis, has been identified as
a major cause of myocardial dysfunction. From a histopathological point of view,
myocardial fibrosis can be classified as “focal” confined to a definable area, and
“diffuse,” which is more uniform, with a global distribution.?® Diffuse myocardial
fibrosis, which leads to myocardial remodeling, is the fundamental process in the
development of myocardial dysfunction in several cardiomyopathies."?” Recent
clinical studies have also shown that fibrosis is an important independent predic-
tor of adverse cardiac outcomes.?

Cardiac magnetic resonance is a non-invasive imaging modality that provides
a comprehensive assessment of myocardial anatomy and function with high
accuracy and reproducibility. Late gadolinium enhancement (LGE) imaging and
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T1 mapping are the 2 main CMR techniques used for myo-
cardial fibrosis assessment. The visualization of fibrosis by
CMR is based on the expansion of the extracellular space
due to fibrosis, resulting in an increased volume of gado-
linium distribution and delayed washout within the tis-
sue.®® Visualization of cardiac pathology with LGE relies on
differential spatial accumulation of gadolinium to provide
black-and-white image contrast. Therefore, focal fibrosis is
easily distinguished by well-demarcated areas, whereas dif-
fuse fibrotic processes cannot be sufficiently visualized as
abnormal patterns, because there is no apparent contrast
between 1region and another.¢” T1 mapping is a technique
that enables the diagnosis of these diffuse conditions by
measuring T1 values that directly correspond to the varia-
tioninintrinsic tissue propertiesinvolving the entire myocar-
dium. Several studies have proposed that native T1 values
are potentially valuable for the quantitative assessment of
myocardial fibrosis, which can be used for the assessment of
disease activity, the follow-up of disease progression, and
guiding treatment."*"°2 Native T1 mapping also has addi-
tional benefits in patients who cannot tolerate a prolonged
CMR scan or who have contraindications to the use of con-
trast media, mainly renal impairment and a history of aller-
gic or anaphylactic reaction, which prohibit obtaining LGE
sequences.®®

Current literature describes different approaches to myo-
cardial T1 measurements ranging from segmental models to
the entire myocardium within the short axis (SAX) plane. The
Society for Cardiovascular Magnetic Resonance (SCMR) and
the European Association of Cardiovascular Imaging (EACVI)
consensus statement recommends drawing a single region
of interest (ROI) in the mid-cavity septum for assessing dif-
fuse disease to minimize susceptibility artifacts and partial

HIGHLIGHTS

e Native T1 mapping effectively distinguishes healthy
myocardium from diffuse disease and enables early
detection of disease in nonischemic dilated cardio-
myopathy and hypertrophic cardiomyopathy patients
without the need for contrast agents.

Although basal levels provided the numerically highest
area under the curve values, no statistically significant
difference was observed between ventricular levels,
supporting that a single-slice acquisition alone provides
diagnostic performance comparable to multi-slice
protocols.

The septal measurement technique offers significantly
lower measurement heterogeneity than whole-slice
short axis approaches.

e A streamlined single-slice protocol offers a feasible
approach to improving clinical workflow by reducing
scan time and enhancing patient comfort by minimizing
breath-holding burden.

Increased native T1 values correlate significantly with
impaired global systolic function and left ventricular
remodeling.
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volume effects.”® However, there is still limited comparative
data on whether other anatomical levels might offer supe-
rior diagnostic accuracy or better reproducibility in different
cardiomyopathy phenotypes. Further comparative data are
needed to establish a robust, standardized, and time-effi-
cient measurement approach for routine clinical practice.

The present study aimed to evaluate the performance
of native T1 mapping with modified Look-Locker inver-
sion recovery (MOLLI) 5(3)3, between healthy and diffusely
diseased myocardium in 2 different subgroups including
nonischemic dilated cardiomyopathy (NIDCM) and hyper-
trophic cardiomyopathy (HCM). The primary objective was
to identify the optimal anatomical level and measurement
technique that provides the highest diagnostic accuracy. By
comparing different approaches, the study aimed to dem-
onstrate the most practical measurement method for rou-
tine clinical practice.

METHODS

Ethics and Study Population

Thisretrospective case-control study protocol was approved
by the approved by the Institutional Human Research Ethics
Committee of Ankara University (Approval No: 101-65-24,
dated February 6, 2024), and written informed consent was
obtained from all participants.

Between November 2016 and January 2023, patients who
underwent 1.5 T CMR with standardized protocol for any
clinical prediagnosis were retrospectively reviewed. Prior to
enrollment, subjects were grouped based on CMR findings.
Nonischemic dilated cardiomyopathy is defined as the pres-
ence of left ventricular (LV) dilation and systolic dysfunction,
which can be measured as increased LV end-diastolic vol-
ume (EDV) and LV end-systolic volume (ESV) indexed to body
surface area (BSA) (EDVi >100, ESVi > 37) and decreased LV
ejection fraction (EF) (EF < 56%) that cannot be explained by
coronary artery disease or abnormal stress in the absence
of ischemic-like LGE.™" Hypertrophic cardiomyopathy is
defined as the presence of a maximal end-diastolic wall
thickness (LVWTmax) of >15 mm in the absence of LV dila-
tation that cannot be explained by abnormal loading con-
ditions.™®" In the presence of family members of a patient
with HCM or association with a positive genetic test, more
limited hypertrophy (13 mm) was considered diagnostic.™°
The control group consisted of normotensive subjects who
had undergone unenhanced CMR throughout the study
period, with normal CMR findings. Selecting these indi-
viduals from the same clinical workflow and timeframe as
the patient groups enabled the creation of a longitudinally
matched internal reference. This approach aimed to reduce
potential fluctuationsin T1 measurements, thereby ensuring
comparability across the 7-year study period. The patient
enrollmentisshownin Figure 1. Patients were excluded if they
had evidence of 1) ischemic type LGE; 2) myocardial infiltra-
tion due to amyloidosis, iron accumulation, lipid-storage dis-
ease, arrhythmogenic right ventricular cardiomyopathy; or
3) significant primary valvular heart disease, based on CMR
findings. Also, patients with incomplete CMR sequences or
artifacts that cause contaminated nondiagnostic images
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Screened patients

(November 2016 - January 2023)
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Figure 1. The patient enrollment and group assignment protocol. *Three patients with only basal T1 mapping slices, 9 patients
with severe uncorrectable respiratory and motion artifacts, and 3 patients with LVOT on basal section images, a total of 15

patients were excluded. DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LGE, late gadolinium enhancement;

LVOT, left ventricle outflow tract; MRI, magnetic resonance imaging; NIDCM, nonischemic dilated cardiomyopathy.

served as exclusion criteria. Furthermore, patients with T1
mapping images showing the LV outflow tract (LVOT) at the
basal level were excluded to avoid partial volume effects
and measurement contamination in the septum (Figure 2).
Patients in the HCM group were randomly selected to match
the number of patients in the NIDCM group. Patients in the
control group were also randomly selected to have half of
the sample size of the cardiomyopathy groups.

Cardiac Magnetic Resonance Protocol and Image Analysis
The CMR examinations were performed using a 1.5 T mag-
netic resonance imaging (MRI) scanner (Aera, Siemens
Healthcare), and 18-channel cardiac coil with standardized
protocol and post-processing procedures.

Cine short axis and long axis images were acquired by retro-
spective gating and breath holding in expiration, with paral-
lel imaging performed using a balanced steady-state free
precession technique (repetition time/time to echo (TR/TE),
42.98/1.33; flip angle, 80°).

T1 mapping images were obtained using MOLLI 5(3)3 heart
rate—corrected sequence, in the SAX, through the basal,
mid-ventricular, and apical slices obtained in the mid-dias-
tole, as previously described.?? To obtain the same slice
position at the basal section for each patient, the basal slice
was standardized using the 5’ in 3’ method as previously
described.”? Magnetic resonance imaging parameters for
T1mapping were TR: 272 ms, TE: 112 ms, field of view (FOV)
360 X 360 mm, inversion time (TI) 180 ms, slice thickness 8
mm, number of slices: 3. All mapping parameters remained
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unchanged throughout the 7-year study period to ensure
longitudinal stability.

Late gadolinium enhancement images were obtained
approximately 9-10 minutes after an intravenous injection
of 0.1 mmol/kg of gadobutrol with Tl selected according to
the nulling time detected at Look-Locker images. Magnetic
resonance imaging parameters for LGE were TR: 702 ms, TE:
1.09 ms, FOV: 340x340 mm, slice thickness: 8 mm, and num-
ber of slices: 3.

An imaging software workstation (syngo.ia, Siemens
Healthineers) was used to perform cardiac volume mea-
surements. Simpson'’s rule was used to determine the global
function of the left ventricle.?* All volumes were normalized
to BSA. Measurement of end-diastolic LV myocardial thick-
ness on SAXimages and LVWTmax was noted for all subjects.

T1 mapping measurements were performed on inline
motion-corrected maps, using an imaging software work-
station (syngo.via, Siemens Healthineers). To determine the
optimal diagnostic approach, 6 distinct measurement data-
sets per patient were generated by drawing ROIs that cover
the whole LV myocardium and the interventricular septum
in the basal, mid-ventricular, and apical slices (Figure 3).
These ROI placements were performed with high precision
to exclude the blood pool and papillary muscles, thereby
minimizing potential partial volume effects at the endocar-
dial and epicardial borders. Reported T1values were derived
without looking at the corresponding LGE images. Mean
and standard deviation (SD) values were noted. Coefficient
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Figure 2. Basal section of the native T1 mapping. Septum

was not included in the SAX measurement due to
contamination and partial volume effects caused by the
LVOT. In conclusion, patients with LVOT at the basal level
were excluded from the study. LVOT, left ventricular outflow
tract; SAX, short-axis.

of variation (CoV) reflecting the heterogeneity of T1 val-
ues was assessed by the formula: mean/SD.?>% T1 measure-
ments were performed by a single observer (S.B.U., 3 years
of experience in CMR) and randomly selected subjects were
re-measured by the first observer to analyze intra-observer
agreement and a second observer (E.P., 12 years of experi-
ence in CMR) to analyze inter-observer agreement.

Statistical Analysis

Statistical analyses were performed using SPSS software
version 13.0 (IBM Corp., Armonk, NY, USA). The normality
of continuous variables was assessed for each study group
separately using the Shapiro—Wilk test. Descriptive statis-
tics are presented as mean + SD for continuous variables
and as frequencies with percentages (%) for nominal data.
Categorical data were compared using the Chi-square
test or Fisher's exact test, as appropriate. For comparisons
between 2 independent subgroups, the Student'’s t-test or
Mann—Whitney U-test was employed. The paired t-test
and Wilcoxon signed-rank test were utilized for paired com-
parisons of different measurement locations within each
of the 3 study groups. For inter-group comparisons of con-
tinuous variables across the 3 study groups (control, NIDCM,
and HCM), a one-way analysis of variance (ANOVA) with

Bozer Uludag et al. T1Mapping in Differentiating Healthy and Pathological Myocardium

Tukey's Honestly Significant Difference post-hoc test was
used for parametric data, while the Kruskal—Wallis test fol-
lowed by Bonferroni-adjusted Dunn'’s test was used for non-
parametric variables. Intra- and inter-observer agreements
were evaluated using the intraclass correlation coefficient
(ICC). The diagnostic performance of each measurement
approach was determined through receiver operating char-
acteristic (ROC) curve analysis. Comparison of the area
under the curve (AUC) values was conducted using DeLong'’s
test. The relationships between native T1 relaxation times
and morphological or functional parameters were evaluated
using Spearman’s rank correlation analysis. Statistical sig-
nificance was accepted for P <.05.

RESULTS

Study Population

A total of 143 subjects with NIDCM (n=61), HCM (n=60), and
control group (n=22) were enrolled in the study. Patients’
demographic characteristics are shown in Table 1. There was
no significant difference in age between NIDCM and HCM (P
=.159). All groups had similar sex representations (P = .658),
as well as body massindex (BMI) (P =.095) and BSA (P =.292).

Global Morphological and Functional Parameters

In comparison with the control group; patients with HCM
had significantly higher LV-mass indices (X?(2)=33.46, P
< .0017) and increased LVWT (X?*(2)=105.71, P < .001), and
patients with NIDCM had enlarged cavity volumes (LV-ESVi:
X?(2)=102.78, P < .001; LV-EDVi: X?(2)=98.18, P < .001) and
lower EF (X?(2)=95.26, P < .001). Global morphological and
functional measures for all patients are presented in Table 2.

Native T1Values Across Different Measurement
Approachesin Nonischemic Dilated Cardiomyopathy,
Hypertrophic Cardiomyopathy, and Control Groups

The mean native myocardial T1 value in the control group
was 997.67 + 23.88 ms; in NIDCM group was 1053.52 + 58.60
ms; in HCM group was 102997 + 46.36 ms. The native T1val-
ues of cardiomyopathies and controls are shown in Table 3.
T1 values were significantly higher in 2 different cardiomy-
opathy groups than the control group for all measurement
approaches (P < .05). Statistical analysis also showed sig-
nificant differences between NIDCM and HCM groups for all
approaches except midventricular SAX and midventricular-
basal septal measurements (Table 3).

There was no statistically significant difference between
SAX andseptal measurements for 3slice levels for each study
group (P> .05). The mean T1values compared between SAX
and septal measurements in 3 slices showed a statistically
significant correlation (r=0.921, P < .001, r=0.948, P < .001,
and r=0.921, P < .001, respectively) (Figure 4).

Coefficient of variation values, the heterogeneity of native
T1 measures, were significantly higher for SAX measure-
ments (basal: 0.060 + 0.015, midventricular: 0.057 + 0.016,
apical: 0.056 + 0.017) than septal ROIs (basal: 0.048 + 0.013,
midventricular: 0.048 + 0.089, apical: 0.039 + 0.012) (P <
.001). Also, CoV values were significantly higher in NIDCM
group than control group for all measures. The spread of
differences was higher for the NIDCM group than the HCM
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MIDVENTRICULAR APICAL
] ! |

BASAL

interventricular septum in 3 different slices for the calculation of the mean myocardial T1value. LV, left ventricle; ROI, region of
interest; SAX, short-axis.

group, and also for the control group than the HCM group  differentiation of cardiomyopathies compared to con-

(Table 4). trols and between cardiomyopathies. The NIDCM group
had higher diagnostic accuracy compared to the HCM
Receiver operating characteristic curve analysis with cor-  group [(75.9%-86%) vs. (66.7%-73.45%), respectively]. Basal

responding cut-off values between study groups for each  SAX and basal septal measurements provided the highest
native T1 measurement approach is shown in Table 5. diagnostic accuracy values and AUC for both cardiomy-
Figure 5 illustrates ROC curves of native T1 values for the  opathy groups; however, none of these differences were
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Table 1. Demographic Characteristics of Study Groups

Control NIDCM HCM

(n=22) (n=61) (n=60)
Age (Years) 38.3+13.3 43+14.7 48.2+14.1*
Male 13 (65 %) 38(62.3%) 43(70.5%)
Weight (kg) 81+11.7 79.6 £16.2 81.6+149
Height (m) 1.73+01 1.71+0.2 1.69 + 0.1
BMI (kg/m?) 272+3.8 265+6.2 28.4+4.3
BSA (m?) 194 +0.2 1.87+0.2 192+0.2

Values are presented as mean + SD and/or n (%). Continuous variables
were compared across the 3 groups using one-way ANOVA or the
Kruskal—Wallis test, as appropriate. p-values for pairwise comparisons
were derived from Tukey's HSD test or the Bonferroni-corrected
Dunn's test, depending on the normality of the data distribution.
*indicates statistical significance (P < .05) vs control.

BMI, body massindex; BSA, body surface area; HCM, hypertrophic
cardiomyopathy; NIDCM, nonischemic dilated cardiomyopathy; SD,
standard deviation.

significant. The details of diagnostic performance of native
T1 mapping according to the cut-off values are presented
in Table 6.

Analysis of Correlations

T1 values showed negative correlation with LV-EF and posi-
tive correlation with LV-EDViandindexed LV mass. There was
no statistically significant correlation between LVWTmax
and T1 values for any of the measurement approaches,
including all subjects. However, in HCM patients, there was
a positive correlation between LVWTmax and T1 values
(Table 7). Also in NIDCM patients, statistical analysis showed
a weak negative correlation between LVWTmax and T1
values in apical SAX and septal measurements (r=-0.252,
P=.025;r=-0.273, P=.017, respectively).

In 39 patients (60.9%) with NIDCM and 51 patients (79.6%)
with HCM, visually detectable LGE was found in at least 1
segment. T1 values were significantly higher in cardiomy-
opathies with the LGE subgroup compared with controls.
Statistical analysis showed no significant difference in T1
values between cardiomyopathies with and without LGE. T1

Table 2. Global Morphological and Functional Parameters of
Study Groups

Control NIDCM HCM

(n=22) (n=61) (n=60)
LV-EF (%) 59.8 +5.8 31.5+101* 63+11.6
LV-ESVi (mL/m?) 289+8  88.8+315* 254%12.2
LV-EDVi (mL/m?) 70.8+12 127.7 £29.4* 672+18.2
LV-Mass index (g/m?) 601+10 88.4+20.5% 96+32.4*
LVWTmax (mm) 9.6+19 87+22 22.3+5.7*

Values are presented as mean + SD. Due to the non-normal distribution
of the data, global comparisons were performed using the Kruskal—
Wallis test (df=2), and adjusted p-values for pairwise comparisons
were derived from the Bonferroni-adjusted Dunn's test.

*P < .05 indicates statistical significance vs control; italic values
represent P < .05 indicates statistical significance between NIDCM and
HCM.

EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic
volume; HR, heartrate; LV, left ventricle; LVWTmax, maximal wall
thickness; SD, standard deviation.

Table 3. Native T1Relaxation Times in Controls, NIDCM, and HCM Groups

NIDCM Adj.P Control HCM Adj.P NIDCM HCM Adj.P

Control

Native T1relaxation times (ms)

SAX

.008*

1025.4 +46.7
10269 +43.4

1053.3+ 601
1046.7 +55.6

0.009*
0.007*
0.003*

1025.4 + 46.7
10269 +43.4

9961+231
996.8 +25.8

<.001*
<.001*
<.001*

1053.3+ 6011
1046.7 +55.6

9961+ 231
996.8 +25.8

Apical

.097
.008*

1026.3 + 411

1048.7 +£53.3

1026.3 + 411

995.8+20.8

1048.7 +£53.3

995.8+20.8

Midventricular

Basal

Septum

.033*

1034.2 +£52.2
1036.6 +50.7

10621+ 67.5
1056.4 +55.7

0.007*
0.003*
0.003*

Values are presented as mean + SD. Due to the non-normal distribution of the data, global comparisons were performed using the Kruskal—Wallis test (df

pairwise comparisons were derived from the Bonferroni-adjusted Dunn's test.

*P < .05 indicates statistical significance.

1034.2+52.2
1036.6 +50.7

9999 +25.6
1002.5+26.6

<.001*
<.001*
<.001*

10621+ 675
1056.4 +55.7

9999 +25.6
1002.5+26.6

Apical

180

1030.6 +44.3

1054 + 60

1030.6 +44.3

9949 +229

1054 + 60

9949 +229

Midventricular

.610

2), and adjusted p-values for

Basal

Adj, adjusted; HCM, hypertrophic cardiomyopathy; NIDCM, nonischemic dilated cardiomyopathy; SD, standard deviation; SAX, short-axis.
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values were significantly higherin cardiomyopathies without

LGE subgroup compared to

Assessment of Reproducibi
Mapping

controls (Figure 6).

lity and Agreement of Native T1

In a subset of subjects (n=31), excellent intraobserver was
demonstrated (SAX: apical=0.980, midventricular=0.992,

basal=0.985; Septal: apic

al=0.989, midventricular=0.991,

basal=0.963; P < .001 for all) and interobserver (SAX: api-
cal=0.979, midventricular=0.986, basal=0.984; Septal:
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DISCUSSION

In this retrospective case-control study, native T1 mapping
demonstrated excellent diagnostic performance in dif-
ferentiating healthy myocardium from diffuse disease in
both NIDCM and HCM cohorts, yielding consistently high
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Figure 4. Correlation between different measurement techniques. Scatter plot diagrams, comparing the native T1 values
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AUC values without the need for contrast administration.
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Table 5. Cut-Off Values from ROC Curve Analysis of Native T1Relaxation Times for Each Measurement Technique Between Study

Groups
Cut-Off AUC P 95% ClI
Cut-off values from ROC curve analysis of native T1values in control group and NIDCM
T1SAX
Apical 1016 0.864 <.001* 0.786-0.943
Midventricular 1019.42 0.831 <.001* 0.744-0.917
Basal 1013.41 0.885 <.001* 0.810-0.960
T1SEPTUM
Apical 1022.86 0.840 <.001* 0.756-0.923
Midventricular 1032.94 0.843 <.001* 0.761-0.924
Basal 1016.8 0.844 <.001* 0.761-0.928
Cut-off values from ROC curve analysis of native T1valuesin control group and HCM
T1SAX
Apical 1000.76 0.723 .002* 0.614-0.833
Midventricular 1020.28 0.720 .002* 0.612-0.829
Basal 1012.41 0.750 .001* 0.647-0.854
T1SEPTUM
Apical 1003.86 0.737 .001* 0.632-0.841
Midventricular 10131 0.729 .002* 0.622-0.836
Basal 1010.56 0.755 <.001* 0.653-0.856
Cut-off values from ROC curve analysis of native T1valuesin NIDCM and HCM
T1SAX
Apical 10409 0.661 .002* 0.564-0.759
Midventricular 1041.67 0.613 .032* 0.513-0.714
Basal 103813 0.662 .002* 0.565-0.759
T1SEPTUM
Apical 1048.87 0.640 .008* 0.541-0.738

Values are presented as mean + SD. ROC curve analysis was only performed for parameters that demonstrated statistically significant differences
between groups in the initial comparative analysis. Parameters with P> .05 were excluded from ROC analysis due to lack of diagnostic

discriminatory power.
*P <.05indicates statistical significance.

AUC, area under curve; HCM, hypertrophic cardiomyopathy; NIDCM, nonischemic dilated cardiomyopathy; ROC, receiver operating characteristic;

SAX, short-axis.

studies focusing on Fabry-like and hypertrophic phenotypes
have explicitly proposed the basal septum as a highly appro-
priate region for native T1measurements, citing its lower SD
and superior discriminative power in differentiating various
hypertrophic phenotypes.*** Additionally, some investiga-
tions focusing on Duchenne muscular dystrophy and hemo-
dialysis cohorts have shown that basal T1 values exhibit high
diagnostic performance and reproducibility, comparable to
mid-level measurements.*’’*® However, despite these find-
ings, current literature indicates that there is still a lack of
standalone recommendations for using a single-slice basal
approach as the primary diagnostic standard. Nevertheless,
these values are usually used as supplementary data rather
than as a standalone alternative.’03437

Critically, since no statistically significant difference in diag-
nostic accuracy was observed between the 3 ventricular lev-
els, and septal measurements demonstrated significantly
lower measurement heterogeneity than whole-slice SAX
approaches, it is argued that a standardized, single-slice
acquisition at 1 level, using a septal measurement method,
is a robust and sufficient approach for reliable diagnosis.
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Transitioning toward a single-slice method could signifi-
cantly enhance clinical workflow and reduce the cumulative
breath-holding burden on patients without compromising
the diagnostic performance of native T1mapping. This prac-
tical optimization is essential for the further standardization
and procedural efficiency of T1 mapping in routine clinical
practice, where minimizing examination time and maximiz-
ing patient compliance are crucial. In addition to improving
process efficiency, the adoption of a standardized single-
slice approach is essential for minimizing both intra- and
inter-observer variability. Performing all mapping measure-
ments at a consistent anatomical level for each patient, such
as the basal or mid-ventricular region, is crucial for ensur-
ing longitudinal comparability. This standardization enables
highly reproducible follow-up assessments across imaging
sessions and among different readers, which is necessary for
accurate monitoring of disease progression or therapeutic
response in cardiomyopathies.

T1values correlate with measures of global systolic function
and LV remodeling. The findings agree with Puntmann et al’
who conducted research (3 T MOLLI; 27 NIDCM, 25 HCM, 30
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Figure 5. ROC curve of native T1relaxation times for each measurement technique for the diagnosis of NIDCM and HCM. *P < .05

indicates statistical significance. AUC, area under curve; HCM, hypertrophic cardiomyopathy; NIDCM, nonischemic dilated
cardiomyopathy; ROC, receiver operating characteristic; SAX, short-axis.

control subjects) and showed that T1 values have a nega-
tive correlation with LV-EF and a positive correlation with
indexed LV-EDV.

In HCM patients, it was observed that T1 values have a
positive correlation with LVWTmax for all measurement
approaches. Similarly, Hinojar et al*® [(3 T MOLLI ((3(3)3(3)5);
95 HCM and 32 controls] who reported a similar association
between T1and both indexed LV mass (r=0.47, P < .001) and
LVWTmax (r=0.44, P< .001). In another study, Puntmann
et al’ (3 T MOLLI; 27 NIDCM, 25 HCM, 30 control subjects)
found a positive association between T1and indexed LV mass
(r=0.51, P <.001) in patients with HCM. Studies on HCM using
segmental analysis of standard American Heart Association
(AHA) segments have demonstrated that hypertrophied or
LGE-positive segments exhibit higher native T1 values than
non-hypertrophied or LGE-negative segments. These find-
ings support the use of focal interrogation of diseased seg-
ments as a complementary approach to, rather than an
alternative for, global assessment.?*' However, the current
literature does not specify the requirement for subtype-
specific measurement techniques for different HCM phe-
notypes.**** The study did not perform a subgroup analysis
based on specific HCM phenotypes and did not specifically
target hypertrophied segments for ROl placement. The
results indicate that even a simplified single-slice approach
with whole-SAX or septal measurements effectively distin-
guishes pathological myocardium and reflects the degree of
hypertrophy, consistent with previous studies.”® These find-
ings indicate that the streamlined method effectively cap-
tures the systemic myocardial involvement characteristic

of HCM, although it may be less sensitive in detecting peak
regional values in complex phenotypes compared to com-
prehensive segmental mapping.

In NIDCM patients, statistical analysis revealed a weak neg-
ative correlation between LVWTmax and T1 values only in
apical SAX and septal measurements. It is assumed that this
finding is mainly related to measurement errors due to the
more difficult and artifact-prone apical measurements.

Atotal of 90 patients (39 NIDCM and 51HCM) showed atleast
1 segment of visually detectable LGE. Cardiomyopathies
with LGE showed higher T1 values than the control group.
However, T1relaxation times were significantly longer even
in cardiomyopathies without the LGE subgroup compared
to controls. In the current study, there was no significant dif-
ference in T1 values between cardiomyopathies with and
without LGE. This finding is in agreement with a study per-
formed by Puntmann et al’ (3 T MOLLI; 27 NIDCM, 25 HCM,
30 control subjects) that showed that there were no signifi-
cant differences in mean T1 values between subjects with
visually detectable LGE and those without it. Dass et al? (3
T ShMOLLI; 18 DCM, 28 HCM, 12 control subjects) demon-
strated that in HCM and DCM patients T1 values were sig-
nificantly higher in segments with LGE than in those without
it, even in segments not demonstrating LGE T1 values were
significantly higher than normal for each patient group. In
another study, Elsafty et al®*® (1.5 T LL; 50 DCM, 12 HCM, 10
healthy volunteers) reported that including all patients, T1
values were significantly higherin segments with LGE thanin
those withoutit, eveninsegments notdemonstrating LGE T1
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Table 7. Spearman Correlation Between Native T1Relaxation
Times and LV-EF. LV-EDVi and LV-Mass Index Including All
Subjects and Spearman Correlation Between Native T1
Relaxation Times and LVWTmax and LV-Mass Index for HCM
Patients

LV-EF All Subjects

r P
T1SAX
Apical -0.284 <.001*
Midventricular —-0.226 .005*
Basal -0.291 <.001*
T1SEPTUM
Apical -0.273 .001*
Midventricular -0.198 .014*
Basal —-0.229 .004*
LV-EDVi All Subjects
r P
T1SAX
Apical 0.367 <.001*
Midventricular 0.308 <.001*
Basal 0.350 <.001*
T1SEPTUM
Apical 0.348 <.001*
Midventricular 0.288 <.001*
Basal 0.308 <.001*
LV-Mass Index All Subjects
r P
T1SAX
Apical 0141 .095*
Midventricular 0.285 <.001*
Basal 0.286 <.001*
T1SEPTUM
Apical 0192 .021*
Midventricular 0.286 <.001*
Basal 0.274 .001*
HCM GROUP
LVWTmax LV Mass Index
r P r P
T1SAX
Apical 0.349 .003* 0.041 .381
Midventricular 0.398 .001* 0.224 .047*
Basal 0.409 .001* 0173 .099
T1SEPTUM
Apical 0.374 .002* 0.005 .516
Midventricular 0.372 .002* 0139 151
Basal 0.400 .001* 0131 166

*P < .05indicates statistical significance.
EF, ejection fractio; EDVi, end-diastolic volume index; LV, left ventricle;
LVWTmax, maximal left ventricular wall thickness; SAX, short-axis.

values were significantly higher than normal. It appears that
the explanation for this difference between the mentioned
studies and this study is the segmental measurement tech-
nique. Dass et al? and Elsafty et al*® performed segmental

Bozer Uludag et al. T1Mapping in Differentiating Healthy and Pathological Myocardium

measurements of T1 values and compared T1 values with
the effect of the presence of segmental LGE. However, the
effect of LGE presence was investigated at any segment on
overall myocardial T1values.

T1 mapping was found to be a powerful method for differ-
entiating between NIDCM and controls with high sensitiv-
ity, specificity, diagnostic accuracy, and positive predictive
value (PPV), but not for negative predictive value (NPV). For
differentiating HCM from controls, the mean T1 was found
to have relatively good sensitivity, specificity, accuracy, and
PPV compared to the NIDCM group, but it also has limited
NPV. Thongsongsang et al** (3 T 5(3)3 MOLLI; 157 DCM, 112
HCM, 595 controls) reported a significant difference in the
mean T1values of midventricular SAX and septum compared
to the control group with DCM and HCM patients. Their
study's AUC results are similar to the study. The number of
patients and the variety in field strength they used could
explain the difference in specificity and NPV of T1 values.
This study observed a lower sensitivity, specificity, and AUC
than Puntmann et al.” Rogers et al™ reported that T1 values
showed significant differences between controls and LV
hypertrophy and DCM groups for both septal and SAX mea-
surement techniques, with greater differences observed at
3T compared to 1.5 T field strength. Therefore, it is believed
that this difference may be explained by the differentimag-
ing platforms that Puntmann et al’ used.

The possible reason for higher T1 values and AUC results in
NIDCM patients compared to HCM in the study as well as
in the previously cited studies could be related to the thin-
walled myocardium in NIDCM cases, which is subject to
a potential measurement error related to partial volume
effect.??*> The study further showed that CoV values were
significantly higherin NIDCM group than control group for all
measures. While increased wall thickness obviously improves
ROl placement within the myocardium, the potential for
measurementerrorinthe thinned, dilated myocardium is sig-
nificantly higher. The spread of differences was also higher
for the control group than the HCM group. The recorded
regional differences are unlikely to represent a real differ-
ence in tissue composition. Instead, the reported differ-
ences are thought to be caused by some other factors, such
as magnetic susceptibility artifacts and measurement errors
related to wall thickness.

Goebel etal®® (1.5 T 5(3)3MOLLI; 177 DCM, 12 HCM, 54 healthy
hearts) reported a significant difference in mean T1 values
betweenhealthy heartsubjectswithDCMand HCM patients.
The AUC for the DCM group was 0.814 (P < .001), and the
AUC for the HCM group was 0.688 (P=.067). Badr et al* (1.5
T MOLLI; 30 DCM, 15 healthy participants) recorded an AUC
value of 0.919 for differentiating between myocardial fibro-
sisin the DCM group and normal myocardium in healthy con-
trols. Both of the mentioned studies performed T1 mapping
onal.5T MRIsystem with MOLLI sequence, and their results
are similar to the AUC results of the study.

Regarding the reliability of T1 values, Puntmann et al” and
Badr et al* found excellent inter-observer agreement for
T1estimation with ICC of 0.98 and 0.928, respectively, which
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Figure 6. Comparison of native T1 relaxation times between the control group and cardiomyopathies with and without LGE

subgroups. *P < .05 indicates statistical significance. LGE, late gadolinium enhancement; SAX, short-axis.

are consistent with the study (minimum 0.979 and maximum
0.986 for SAX measurements; minimum 0.981 and maximum
0.991 for septal measurements). As a result, the T1 map-
ping technique is considered to be a reproducible imaging
method, regardless of the measurement technique.

Limitations of the Study

This study has some notable limitations. First, it was con-
ducted with a relatively small sample size at a single cen-
ter. Second, the prolonged acquisition time, its heart-rate
dependence, and motion artifacts can all lead to errors
in the pixel-based estimation of T1 values.* By using the
MOLLI 5(3)3 sequence and also motion and heart-rate cor-
rection algorithms, it is believed that most of these effects
have been minimized.“® Third, the study was conducted over
a 7-year period, which could introduce variability resulting
from minor scanner software updates.This potential source
of variability was addressed by maintaining consistentimag-
ing parameters and employing a concurrent internal control
group that was temporally matched to the patient cohorts.
This approach ensured longitudinal stability. Fourth, clinical
practicality was prioritized by utilizing whole-myocardial
and septal ROl approaches instead of a segmental method.
Consequently, the cohort was not stratified by specific HCM
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phenotypes and did not specifically target hypertrophied
segments for ROl placement, which may limit the detection
of peak regional T1 heterogeneity in patients with highly
localized hypertrophy. However, the objective was to estab-
lish a more efficient workflow for routine clinical practice.
Finally, because native T1 values are vendor-specific, the
thresholds reported in this study may not be directly appli-
cable to other platforms or sequences.

CONCLUSION

In conclusion, consistent with the existing literature, native
T1mapping provides high diagnostic accuracy and excellent
reproducibility for assessing myocardial fibrosis in NIDCM
and HCM patients. The findings confirm that native T1values
can detect myocardial involvement at an early stage, even
before fibrosis is visible on LGE imaging, making it a valuable
contrast-free technique, particularly for patients with con-
traindications to gadolinium-based contrast agents. Beyond
these established clinical benefits, the primary contribu-
tion of the study is the demonstration that a streamlined,
single-slice acquisition, combined with the septal measure-
ment technique, offers diagnostic performance comparable
to multi-slice protocols while providing lower measurement
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heterogeneity. This optimization enables a more time-
efficient diagnostic process without compromising clinical
confidence.
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