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Abstract

Introduction: To investigate the relationship between visually assessed myocardial late gadolinium enhancement (LGE), native T1/T2
myocardial mapping abnormalities, and left ventricular ejection fraction (LVEF) in a heterogeneous adult cardiovascular magnetic
resonance (CMR) cohort.

Materials and Methods: This retrospective study included consecutive adults referred for clinical CMR with evaluable LGE. LGE
presence (yes/no) was used as the comparative reference. Myocardial mapping abnormalities wete defined as elevated native T1 and/or T2
values using protocol-specific institutional reference limits derived from healthy controls (non-parametric upper reference limit; 95th
percentile). Associations between LGE, mapping findings, and LVEF were assessed using univariable and multiple logistic regression
adjusted for age and LVEF.

Results: A total of 1,074 consecutive adult patients undergoing clinical CMR were screened. After predefined exclusions, 1,005 patients in
whom both late gadolinium enhancement and myocardial T1/T2 mapping were evaluable constituted the final analysis set. Myocardial
LGE was present in 54.5%. Myocardial mapping abnormalities were strongly associated with LGE positivity (OR 8.61; 95% CI 6.05—
12.26; p<0.001) and remained independently associated after multiple adjustment for age and LVEF (adjusted OR 7.73; 95% CI 5.38—
11.10; p<0.001). LGE-positive patients had lower LVEF than LGE-negative patients, and myocardial mapping abnormalities were also
associated with lower LVEF. The mapping—LGE association persisted in both preserved and reduced LVEF strata.

Conclusion: In a large heterogenecous adult CMR population, T1/T2 myocardial mapping abnormalities show a strong and independent
association with visually assessed LGE and ventricular function, supporting mapping as a complementary component of integrated
myocardial tissue characterization.
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Introduction disease (4-6). Late gadolinium enhancement
(LGE) is the most widely applied CMR technique
for the noninvasive detection of myocardial scar
and fibrosis and has well-established diagnostic
and prognostic value (7-9). By relying on signal
intensity  differences between normal and

Cardiovascular magnetic resonance (CMR) has
become an integral imaging modality in
contemporary clinical practice, enabling
comprehensive evaluation of cardiac morphology,

global and regional ventricular function, and
myocardial tissue characteristics within a single
examination  (1-3). Owing to its  high
reproducibility and excellent tissue contrast, CMR
plays a central role in the assessment of a broad
spectrum  of cardiac conditions, including
cardiomyopathies, myocarditis, and ischemic heart

abnormal myocardium, LGE primarily reflects
regional replacement fibrosis and focal myocardial

injury. Accordingly, in situations where the
contrast between normal myocardium and
abnormal areas is  reduced, diffuse or

homogeneous interstitial myocardial changes may
remain undetected (10,11). To address these
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limitations, native T1 and T2 mapping techniques
have been increasingly incorporated into
standardized CMR protocols and contemporary
diagnostic frameworks, including the revised Lake
Louise criteria (12-14). Native T1 mapping is
sensitive to diffuse interstitial fibrosis and chronic
myocardial remodeling, whereas T2 mapping
predominantly reflects myocardial edema and
active inflammation. Rather than replacing LGE,
these quantitative techniques are generally
regarded as complementary tools that provide
additional information on myocardial tissue
composition (12-15). In routine clinical CMR
practice, however, examinations cannot always be
performed under ideal conditions. Prolonged
acquisition times, arrhythmia, limited breath-hold
capacity, and patient-related factors may adversely
affect image quality, particularly for LGE
sequences acquired later in the examination and
often using phase-sensitive inversion recovery
(PSIR)-based  techniques  (13,16).  Mapping
sequences may likewise be limited by motion or
technical constraints. In such settings, reliance on
a single tissue characterization technique may be
insufficient, underscoring the importance of
integrated interpretation of available imaging
findings. Accordingly, the aim of the present study
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was to investigate, in a large and heterogeneous
adult clinical CMR cohort, the relationship
between visually assessed myocardial LGE, native
T1/T2 myocardial mapping abnormalities, and left
ventricular ejection fraction (LVEF), and to
evaluate the relationship between mapping
abnormalities, LGE, and global systolic function
in routine clinical practice. In addition, this study
addresses a practical clinical question by
examining how myocardial mapping and LGE
complement each other when one modality is
limited or non-diagnostic in routine clinical
practice.

Materials and Methods

Study design and population: The study was
approved by the Clinical Research Ethics
Committee (Approval No: KAEK/26.06.2024.70)
and was conducted in accordance with the
Declaration of Helsinki. Consecutive adult
patients (=18 years) who underwent clinically
indicated CMR imaging between January 2020 and
May 2024 were screened, yielding an initial cohort
of 1,074 patients. Patients without contrast
administration, those with non-evaluable LGE

Excluded

N
No contrast (n=35)
Non- evaluabel LGE status (n=15)
Primary cardiac mass (n=2)
Isolated intracardiac thrombus (n=4)
Excluded
“———

[Non—evaluable mapping(n=13) ]

Figure 1: Flowchart illustrating patient selection and derivation of the final analysis cohort

Table 1: Clinical and CMR characteristics according to myocardial LGE status

Variable LGE (+) LGE () p value
Age, years (median [IQR]) 46 (35-57) 40 (29-51) <0.001*
Male sex, n (%) 359 (65.4) 254 (55.7) 0.002*
LVEF, % (median [IQR]) 56.0 (42.0-65.0) 60.0 (52.0-66.0) <0.001*
Myocardial mapping abnormalities (T'1 and/or T2 high), n (%) 263 (47.9) 44 (9.6) <0.001*
T1-high, n (%) 243 (44.3) 36 (7.9) <0.001*
T2-high, n (%) 108 (19.7) 21 (4.6) <0.001*

*p<0.05 was considered statistically significant. Continuous variables were compared using the Mann—Whitney U test and
categorical variables using the chi-square test. Abbreviations: LGE, late gadolinium enhancement; LVEF, left ventricular
ejection fraction; IQR, interquartile range; CMR, cardiovascular magnetic resonance. Elevated native T1 and/or T2 values were
defined using protocol-specific institutional upper reference limits (non-parametric 95th percentile) derived from a healthy

control cohort scanned with the same protocol.
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status, and predefined cases with cardiac mass or
isolated intracardiac thrombus were excluded.
Following these exclusions, the primary study
cohort comprised 1,018 patients. For analyses
involving myocardial mapping parameters, cases
with non-evaluable native T1 and/or T2 mapping
data were additionally excluded, resulting in a final
analysis set of 1,005 patients. All subsequent
analyses, including regression models, were
therefore performed in patients in whom both
myocardial LGE and myocardial mapping
parameters were jointly evaluable (Figure 1).
Baseline demographic and CMR characteristics
stratified by LGE status in the primary cohort are
summarized in Table 1, whereas the distribution
of collapsed CMR diagnostic categories within the
final analysis set is presented in Table 2.

CMR  acquisition  protocol: ~All CMR
examinations were performed as part of routine
clinical practice using a 1.5-Tesla MRI system
(Philips Ingenia, Philips Healthcare, Amsterdam,
Netherlands) with a 32-channel phased-array
cardiac coil and electrocardiographic gating.
Imaging protocols followed institutional standards
consistent with contemporary clinical CMR
practice.  Cine  balanced  steady-state  free
precession (bSSFP) sequences were acquired in
standard long-axis and contiguous short-axis
planes for assessment of cardiac morphology and
ventricular function. Breath-hold techniques were
used whenever feasible. Native myocardial T1
mapping was performed using a modified Look-
Locker inversion recovery (MOLLI) sequence,
while T2 mapping was acquired using a gradient
and spin-echo (GraSE) technique, according to
the institutional protocol.

CMR Image analysis and diagnostic
classification: CMR examinations were reviewed
independentlyas part of routine clinical workflow,
and final interpretation was reached by consensus
in cases of uncertainty or equivocal findings. CMR
diagnoses were assigned based on established
imaging  patterns and  dominant  tissue
involvement, primarily reflecting myocardial
disease processes. The distribution of CMR
diagnostic categories is summarized in Table 2.
Cases without abnormal myocardial or pericardial
findings on CMR were classified as “Normal”.
Cases that did not meet predefined criteria for
ischemic heart disease, cardiomyopathy, or
myocarditis were grouped under an “Other”
category, representing heterogeneous findings
without a dominant myocardial disease pattern.
This category primarily included patients with
minor or clinically non-dominant conditions, such
as mild valvular abnormalities and incidental or

non-specific CMR findings. In most of these
cases, myocardial mapping values were within
normal limits and visually detectable LGE was
typically absent, consistent with the absence of a
dominant myocardial disease process. In patients
with combined pericardial and myocardial
involvement, classification was based on the
dominant myocardial findings, whereas cases with
isolated pericardial abnormalities were classified as
pericarditis.

Late gadolinium enhancement imaging: LGE
imaging was performed following intravenous
administration of a gadolinium-based contrast
agent, typically acquired 10-15 minutes after
contrast injection, using PSIR  sequences.
Inversion times were manually adjusted on a
patient-specific basis to achieve adequate nulling
of normal myocardium. Myocardial LGE was
visually assessed and classified using a binary
approach (present vs absent), in accordance with
routine clinical reporting practice. This binary
visual classification was intentionally used because
it reflects routine clinical interpretation in many

CMR laboratories and allows standardized
comparison across a heterogeneous clinical
population.

Myocardial mapping analysis: Native T1 and
T2 mapping sequences wete acquired according to
the institutional protocol. Myocardial mapping
measurements were performed on basal, mid-
ventricular, and apical short-axis images.
Endocardial and epicardial were
manually delineated to exclude the blood pool and
epicardial fat, with care taken to avoid imaging
artifacts and partial volume effects. Mapping
values were evaluated globally by averaging
measurements across the myocardium. In cases
with visible regional variation, multiple regions of
interest (ROIs) were placed within representative
myocardial segments showing higher values, and
mean values were calculated. Myocardial mapping
abnormalities were defined wusing a binary
approach (normal vs abnormal). Elevated native
T1 and/or T2 values were defined using protocol-
specific institutional upper reference limits derived
from a local healthy control cohort (20 subjects)
scanned with the same imaging protocol and
scanner configuration, based on a non-parametric
95th percentile threshold. This simplified binary
classification approach was deliberately chosen to
reflect routine clinical interpretation and to ensure
robustness in a large heterogeneous cohort. All
analyses were performed on a dedicated
workstation (Philips IntelliSpace Portal, version
11).

contours
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Figure 2: Univariable associations with myocardial LGE
Forest plot summarizing univariable odds ratios (ORs) for
myocardial LGE positivity. Predictors include myocardial
mapping abnormalities (elevated native T1 and/or T2),
elevated native T1, elevated native T2, and reduced left
ventricular ejection fraction (LVEF <55%). Points denote
ORs and horizontal lines represent 95% confidence intervals
on a logarithmic scale.

Figure 3: Representative examples of concordant and
discordant  myocardial =~ mapping—LGE  patterns  in
myocarditis.

Short-axis images are presented from left to right as T2
mapping, native T1 mapping, and late gadolinium
enhancement (LGE) images. Arrows indicate regions of
LGE. (A) Acute myocarditis in a 28-year-old patient. Mid-
ventricular images
abnormalities with increased T2 (61 ms), increased native T1
(1185 ms), and corresponding mid-myocardial LGE in the
lateral and inferolateral wall (arrow). (B) A 32-year-old
patient with a history of prior myocarditis. T2 mapping is
normal (50 ms), while native T1 values show mild focal
elevation (approximately 1080 ms). LGE demonstrates thin
mid-myocardial enhancement, most conspicuous in the
septum (arrow), consistent with residual non-ischemic
myocardial scar.

short-axis demonstrate concordant

Left ventricular function: LVEF was calculated
from short-axis cine images using standard
volumetric methods. Left ventricular functional
measurements were evaluated using the same
workstation. Reduced left ventricular systolic
function was defined as LVEF <55%, consistent
with widely used echocardiographic reference

intervals and commonly applied thresholds in
CMR studies (17).

Ethical approval: This retrospective study was
approved by the Clinical Research Ethics
Committee of Basaksehir Cam and Sakura City
Hospital (Approval No: KAEK/26.06.2024.70).
Due to the retrospective design, the requirement
for written informed consent was waived.
Statistical analysis: Continuous variables were
assessed for normality and are presented as
median with interquartile range (IQR), while
categorical variables are reported as counts and
percentages. Group comparisons were performed
using the Mann—Whitney U test for continuous
variables and the chi-square test for categorical
variables, as appropriate. Myocardial LGE status
(present vs absent) was defined as the primary
outcome variable. Myocardial mapping
abnormalities, defined as elevated native T1
and/otr T2 values according to protocol-specific
institutional reference limits, were analyzed as a
binary variable (normal vs abnormal). Associations
between myocardial mapping abnormalities, LGE
status, and LVEF were assessed using univariable
logistic regression analysis. Variables showing
significant associations in univariable analyses
were subsequently included in a multiple logistic
regression model adjusting for age and LVEF to
evaluate the independent association between
mapping abnormalities and myocardial LGE.
Results are reported as odds ratios (ORs) with
95% confidence intervals (CIs). To assess the
consistency of associations across functional
subgroups, additional analyses were performed
after stratifying patients according to LVEF using
a threshold of 55% (preserved vs reduced LVEF).
All statistical tests were two-sided, and a p value
<0.05 was considered statistically significant.
Statistical analyses were conducted using SPSS
software (IBM SPSS Statistics, version 26; IBM
Corp., Armonk, NY, USA).

Results

In the final analysis set (N = 1,005), myocardial
mapping abnormalities—defined as elevated
native T1 and/or T2 values—were strongly

associated with myocardial LGE (OR 8.61; 95%
CI  6.05-12.26; p<0.001). When evaluated
separately, elevated native T1 demonstrated a
stronger association with LGE positivity (OR
9.26; 95% CI 6.34-13.54; p<0.001) compared with
elevated native T2 (OR 5.07; 95% CI 3.12-8.25;
$<0.001) (Table 3). Univariable ORs are illustrated
in Figure 2.  Although myocardial mapping
abnormalities showed a strong association with
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LGE, the two techniques do not reflect identical
biological processes. Accordingly, both
concordant and discordant patterns between
mapping parameters and LGE were observed in
clinical practice. Representative examples are
provided in Figure 3. The distribution of

Table 2: Distribution of collapsed CMR diagnosis
categories in the final analysis set

Diagnosis group n (%)
Other 260 (25.9)
Normal 186 (18.5)
HCM 155 (15.4)
Myocarditis 126 (12.5)
Ischemic heart disease 99 (9.9)
Myocarditis scat/sequela 46 (4.6)
DCM 39 (3.9)
Noncompaction CM 33 (3.3)
Pericarditis 23 (2.3)
ARVC/ARVD 21 (2.1)
Amyloidosis 11 (1.1)
Perimyocarditis 6 (0.6)

Cases not fulfilling predefined criteria for ischemic heart
disease, cardiomyopathy, or myocarditis were grouped under
the “Other” category, representing heterogeneous, non-
dominant findings including minor valvular disease and
incidental or non-specific CMR findings. Abbreviations:

CMR, cardiovascular magnetic resonance; HCM,
hypertrophic cardiomyopathy; DCM, dilated
cardiomyopathy; ARVC/ARVD, arrhythmogenic right

ventricular cardiomyopathy/dysplasia; CM, cardiomyopathy.
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Figure 4: LVEF by myocardial LGE status.

Box-and-whisker plot of left ventricular ejection fraction
(LVEF) stratified by myocardial LGE status (LGE— vs.
LGE+). The box represents the interquartile range with the
median, and whiskers indicate the non-outlier range. LGE-
positive patients demonstrate lower LVEF compared with
LGE-negative patients.

underlying CMR diagnosis categories within the
final analysis set is shown in Table 2, illustrating
the heterogeneity of the «clinical spectrum

represented in the study population. Patients with
myocardial LGE exhibited significantly lower
median LVEF compared with those without LGE
(56% vs. 60%, p<0.001) (Figure 4). Similarly,
patients with abnormal myocardial mapping
findings had lower median LVEF values than
those with normal mapping (53% vs. 60%,
$<0.001). Using a clinically relevant LVEF
threshold of 55%, reduced LVEF (<55%) was
associated with myocardial LGE (OR 1.93; 95%
CI 1.49-2.51; p<0.001) (Table 3).

Table 3: Univariable associations between
myocardial tissue, functional parameters, and
myocardial LGE
Predictor OR 95% CI p value
Any myocardial 8.61 6.05-12.26  <0.001*
mapping
abnormality (T'1
and/or T2 high)
T1-high 9.26  6.34-13.54 <0.001*
T2-high 5.07 3.12-8.25 <0.001*
LVEF <55% 1.93 1.49-2.51 <0.001*
Abbreviations: OR, odds ratio; CI, confidence interval;
LVEF, left ventricular ejection fraction.
Table 4: Multiple logistic regression for
myocardial LGE positivity
Variable Adjusted 95% p
OR CI value
Myocardial 7.73 5.38-11.10  <0.001*
mapping
abnormalities
Age (per year) 1.03 1.02-1.04  <0.001*
LVEF (per 1%) 0.98 0.97-0.99 <0.001*

Abbreviations: OR, odds ratio; CI, confidence interval,
LVEF, left ventricular ejection fraction.

Importantly, the association between myocardial
mapping abnormalities and LGE persisted across
both preserved LVEF (255%) and reduced LVEF
(<55%) strata (OR 8.64 and OR 7.41, respectively;
both p<0.001). In multiple logistic regression
analysis adjusting for age and LVEF, abnormal
myocardial ~mapping remained  significantly
associated with myocardial LGE (adjusted OR
7.73; 95% CI 5.38-11.10; p<0.001) (Table 4).
Increasing age was independently associated with
the presence of myocardial LGE, whereas higher
LVEF was inversely associated with LGE.

Discussion
In this large and heterogeneous adult CMR

cohort, myocardial mapping abnormalities showed
a strong association with visually assessed
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myocardial LGE, even after adjustment for age
and left ventricular systolic function. These
findings support the concept that quantitative
myocardial mapping parameters and conventional
LGE assessment capture related, yet not identical,
aspects of myocardial tissue injury in routine
clinical practice. An important observation of the
present study is that native T1 abnormalities
demonstrated stronger  association  with
myocardial LGE than native T2 abnormalities.
This finding is biologically plausible and
consistent with prior literature. Native T1
mapping primarily reflects interstitial fibrosis and
chronic myocardial remodeling, processes that are
closely linked to the replacement fibrosis patterns
typically detected by LGE (12,15,18). In contrast,
T2 mapping predominantly reflects myocardial
edema and active inflammation, which may be
transient and not necessarily accompanied by
irreversible tissue injury or scar formation (12—
14). Accordingly, the differential strength of
association observed between native T1, native
T2, and LGE in our cohort aligns with the
established pathophysiological basis of these
techniques. Another clinically relevant finding is
the persistence of a strong mapping—LGE
relationship in patients with preserved left
ventricular ejection fraction. Although reduced
LVEF was associated with both LGE positivity

a

and mapping abnormalities, a  substantial
proportion of patients with normal systolic
function also exhibited abnormal myocardial

tissue characterization. This observation supports
the notion that myocardial tissue injury may
precede, or occur independently of, overt global
systolic dysfunction. This pattern is consistent
with  observations  previously reported in
cardiomyopathies and inflammatory myocardial
conditions (5,6,19,20) and suggests that a similar
trend may also be observed in a heterogeneous,
routine clinical CMR population. From a clinical
perspective, these findings should be interpreted
as supportive insights rather than prescriptive
conclusions. Myocardial mapping abnormalities—
particularly elevated native Tl—may help raise
suspicion of myocardial tissue injury even in
patients with preserved left ventricular systolic
function. Similarly, concordant abnormalities on
myocardial mapping and visually assessed LGE
may contribute to diagnostic confidence in routine
clinical interpretation. While LGE remains highly
valuable for depicting focal and established
myocardial injury, it primarily reflects replacement
fibrosis and may be less sensitive to diffuse
interstitial processes (12,14). In contrast, native T1
mapping—and extracellular volume assessment

when available—can better capture diffuse
interstitial expansion and more global fibrotic
remodeling, thereby providing additional tissue-
level information when LGE findings are negative
or equivocal (15,18). In this context, myocardial
mapping should be regarded not as an alternative
to LGE, but as a complementary layer that
strengthens integrated myocardial tissue
characterization, particularly in early or diffuse
disease stages. Moreover, in examinations affected
by technical constraints impacting a single tissue
characterization  technique, an  integrated
assessment of myocardial mapping, LGE, and
ventricular function may offer a more consistent
interpretative framework than reliance on a single
marker alone.

Study limitations: Several limitations of this
study should be acknowledged. Institutional
mapping thresholds were derived from a limited
healthy control sample and should therefore be
interpreted as  protocol-specific, warranting
confirmation in larger reference cohorts. The
retrospective, single-center design may limit
generalizability; however, the heterogeneous
patient population reflects routine clinical CMR
practice rather than a highly selected disease-
specific  cohort. Given the heterogeneous
composition of the study population, disease-
specific subgroup analyses were not performed, as
the primary aim of the study was to evaluate the
overall relationship between myocardial mapping
abnormalities and LGE in a large, real-world
clinical CMR cohort rather than to investigate
disease-specific mechanisms. While this approach
enhances generalizability, it may limit the ability to
detect condition-specific  differences  across
individual disease categories. Myocardial LGE was
assessed visually as present or absent without
quantitative scar burden analysis. While this
approach may not capture subtle differences in
fibrosis extent, it reflects standard clinical
reporting practice. Myocardial mapping
abnormalities were evaluated using a simplified
binary classification based on native T1 and/or T2
values without segmental or continuous modeling.
While this approach reflects routine clinical
interpretation and facilitates standardized analysis
in a large heterogeneous cohort, it may
underestimate regional heterogeneity and subtle
quantitative ~ variations ~ across  myocardial
segments. Extracellular volume measurements
were available only in a limited subset of patients
and were therefore not included in the primary
analysis. Finally, given the cross-sectional design
and lack of longitudinal follow-up, causal or
prognostic inferences cannot be drawn.
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Conclusion

Taken together, this study provides clinically
relevant evidence from a large and heterogeneous
adult CMR cohort, demonstrating that myocardial
T1/T2 mapping abnormalities—particularly native
T1—are closely linked to myocardial LGE and left
ventricular systolic function. These findings
support the use of myocardial mapping as a
complementary ~ component  of  integrated
myocardial tissue characterization in routine
clinical CMR practice, rather than as a stand-alone
diagnostic tool.
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