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Abstract: Aims: T1-mapping is considered a surrogate marker of acute myocardial inflammation.
However, in diffuse cutaneous systemic sclerosis (dcSSc) this might be confounded by coexisting
myocardial fibrosis. We hypothesized that T1-based indices should not by themselves be considered
as indicators of myocardial inflammation in dcSSc patients. Methods/Results: A cohort of 59 dcSSc
and 34 infectious myocarditis patients was prospectively evaluated using a 1.5-Tesla system for
an indication of suspected myocardial inflammation and was compared with 31 healthy controls.
Collectively, 33 (97%) and 57 (98%) of myocarditis and dcSSc patients respectively had ≥1 pathologic
T2-based index. However, 33 (97%) and 45 (76%) of myocarditis and dcSSc patients respectively
had ≥1 pathologic T2-based index. T2-signal ratio was significantly higher in myocarditis patients
compared with dcSSc patients (2.5 (0.6) vs. 2.1 (0.4), p < 0.001). Early gadolinium enhancement, late
gadolinium enhancement and T2-mapping did not differ significantly between groups. However,
both native T1-mapping and extracellular volume fraction were significantly lower in myocarditis
compared with dcSSc patients (1051.0 (1027.0, 1099.0) vs. 1120.0 (1065.0, 1170.0), p < 0.001 and 28.0
(26.0, 30.0) vs. 31.5 (30.0, 33.0), p < 0.001, respectively). The original Lake Louise criteria (LLc) were
positive in 34 (100%) myocarditis and 40 (69%) dcSSc patients, while the updated LLc were positive
in 32 (94%) and 44 (76%) patients, respectively. Both criteria had good agreement with greater but
nonsignificant discordance in dcSSc patients. Conclusions: ~25% of dcSSc patients with suspected
myocardial inflammation had no CMR evidence of acute inflammatory processes. T1-based indices
should not be used by themselves as surrogates of acute myocardial inflammation in dcSSc patients.
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1. Introduction

Systemic sclerosis (SSc) is an autoimmune disease characterized by microvascular abnormalities,
inflammation and fibrosis of all organs including the heart [1]. Despite therapeutic advances,
SSc patients are still 2.7–3.5 times more likely to die compared with the general population [2],
with cardiac involvement being an important contributor [3]. Primary cardiac disease in SSc patients is
either caused by coronary microvasculopathy or by primary myocardial inflammation, with the end
effect being myocardial fibrosis [4]. The early detection of myocardial inflammation in particular is of
great clinical significance in SSc, because, in contrast to microvasculopathy, it is an acute process and
should be managed with short-term immunosuppressive treatment [4]. Furthermore, the prognosis of
SSc patients is poor with an event rate of 28% within 22.5 months of follow up and is associated with
the degree of cardiac inflammation and fibrosis [5].

Cardiovascular magnetic resonance (CMR) has already been successfully used for evaluating
cardiac involvement in SSc [6–8]. CMR can detect myocardial oedema and replacement fibrosis
using T2-weighted short tau imaging (STIR-T2) and late gadolinium enhancement (LGE) imaging
respectively [9,10]. Native T1- and T2-mapping are highly sensitive to myocardial water content
and more accurate than STIR-T2 in the detection of myocardial oedema [11,12]. T2-mapping can
also make up for the propensity of STIR-T2 for identifying artefacts as nonexistent oedema [13].
Native T1-mapping and extracellular volume fraction (ECV) measurements can also act as a surrogate
of diffuse fibrosis [14]. These indices are highly relevant for SSc, as cardiac fibrosis in these patients
might assume both replacement and diffuse types [15].

However, despite the ability of CMR to adequately assess these patients, the differentiation of
treatable myocardial inflammation from the end-effect of myocardial fibrosis using CMR remains
elusive. We hypothesized that T1-based indices should not by themselves be considered as indicators of
myocardial oedema in SSc, because they might represent expansion of the extracellular space associated
with the deposition of fibrous tissue as a result of the progression of coronary microvasculopathy and
not necessarily due to acute inflammation. To test this hypothesis, we aimed to evaluate a cohort of SSc
patients with suspicion of myocardial inflammation using CMR in order to examine the relationship
between T1- and T2-based indices and to characterize the constellation of CMR findings in this group.
We also aimed to evaluate patients referred for CMR due to suspected infectious myocarditis and
healthy controls for comparison.

2. Materials and Methods

2.1. Patients

We prospectively recruited 59 patients diagnosed with diffuse-cutaneous SSc (dcSSc) according
to the 1980 American College of Rheumatology criteria [9]: 34 patients with a clinical suspicion of
infectious myocarditis and 31 healthy controls. All patients were referred for CMR due to atypical
chest pain, palpitations and/or shortness of breath. All controls participated voluntarily and had no
objectifiable cardiovascular symptoms. The study was approved by the Onassis cardiac surgery center
medical ethics committee (project identification code: 434, date: 13 August 2010). All participants
provided written informed consent before their inclusion to the study.

2.2. Methods

CMR was performed with a 1.5-T scanner (Ingenia, Philips Medical Systems, Best, The Netherlands).
The CMR protocol included standard steady-state free-precession cine CMR, black-blood STIR-T2
images, T1-weighted spin-echo EGE CMR, and phase-sensitive inversion recovery LGE CMR as
described previously [16]. A dose of 0.1 mmol/kg gadobenate dimeglumine contrast medium was
injected for EGE and another 0.1 mmol/kg for LGE, according to the protocol recommended by the
original journal of the American college of cardiology white paper authors [17].
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T1-mapping was performed using a modified Look-Locker inversion recovery (MOLLI) sequence
with a 3(3)5 scheme on three representative short-axis positions before and 15 min after contrast-media
administration. T2-mapping was performed on three corresponding left ventricular (LV) short axes
using a black-blood-prepared, navigator-gated, free-breathing hybrid gradient (echo planar imaging)
and spin-echo multiecho sequence [16].

2.3. CMR Data Analysis

Global myocardial inflammation was assessed in STIR-T2 images by calculating the T2 signal
intensity ratio as signal intensity of myocardium divided by signal intensity skeletal muscle [17].
Global relative enhancement was calculated by measuring myocardial signal intensity on pre- and
post-contrast T1-weighted spin-echo images relative to skeletal muscle [17]. The presence and pattern
of nonischemic LGE lesions were qualitatively assessed by consensus agreement of two experienced
observers (SM and DM). Intra- and interobserver agreement was 0.88 and 0.85, respectively.

Color-coded T1 and T2 maps were generated based on inline-generated, motion-corrected raw
images using Philips software in three matching short axis slices. Motion-corrected T1 maps were
examined for quality in raw T1 images, T1 maps and T2 maps. Endocardial and epicardial contours
were manually drawn by two experienced observers (SM and DM). Global T1, ECV, and T2 values
were calculated. Before the CMR examination, the hematocrit was determined in all subjects, allowing
the calculation of ECV in conjunction with native and postcontrast T1-mapping measurements,
using a previously described equation [18]. T2 results were obtained by fitting a two-parameter,
intensity-weighted exponential model [18].

2.4. Statistical Analysis

Statistical analyses were performed with the software Stata SE v.15SE and R v.3.6.1. Normality
testing was performed for all continuous study parameters by means of Q-Q plots and, alternatively,
a histogram. Normally distributed continuous variables are presented as mean (standard deviation),
not-normally distributed variables are presented as median (interquartile range) and binary/categorical
variables are presented as N (%). Comparisons between three groups were carried out using
one-way analyses of variance, Kruskal–Wallis tests and chi-square tests where appropriate. Post hoc
testing between myocarditis and SSc patients was similarly carried out using independent sample
t-tests, Mann–Whitney tests and chi-square tests where appropriate. Statistical significance was
considered for p ≤ 0.05. The significance threshold for p-values of post hoc tests was adjusted using
Benjamini–Hochberg (false discovery rate) corrections.

2.5. Myocardial Inflammation According to the Original and Updated Lake Louise Criteria

Traditionally, myocarditis/myocardial inflammation is diagnosed using CMR based on the Lake
Louise (JACC white paper) criteria, including STIRT2 for myocardial oedema, early gadolinium
enhancement (EGE) for hyperemia/capillary leak and late gadolinium enhancement (LGE) for
replacement fibrosis [17]. These criteria were recently updated to include the novel mapping-based
indices, including T2-mapping for diffuse myocardial oedema, as well as native T1 mapping and
extracellular volume fraction (ECV) for extracellular space expansion (due either to oedema or to
fibrosis) [19]. Accordingly, binary variables where generated based on the pathologic values for the
original Lake Louise criteria (oLLc) defined in the original JACC white paper (T2 ratio > 1.9, EGE > 4
and LGE > 0%), as well as the updated Lake Louise criteria (uLLc) (T1 indices: a. elevated native
T1-mapping/ECV b. nonischemic LGE pattern; T2 indices: a. elevated T2-mapping b. elevated
STIR-T2 myocardium to skeletal muscle ratio; diagnosis is positive if at least one index is pathologic
in each of the T1 and T2 categories) [19]. We used cut-off points for normal values previously
determined at our imaging center for the definition of pathologic values of novel parametric indices
(native T1-mapping > 1050 ms, T2-mapping > 55 ms and ECV > 29). The calculation method for both
criteria is presented in Table 1.
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Table 1. Definition of myocarditis/myocardial inflammation based on the original and updated Lake Louise criteria. The original criteria evaluate a single variable for
each of the domains of myocardial oedema, fibrosis and hyperemia. The updated criteria do not take myocardial hyperemia into account and instead only make use of
one pathological T1-based index and one pathological T2-based index for the domains of myocardial fibrosis and oedema respectively.

Criterion Myocardial Oedema Myocardial Fibrosis Myocardial
Hyperemia Diagnosis of Myocarditis

Original Lake
Louise Criteria

STIR-T2 myocardium to
skeletal muscle ratio > 1.9

1 point
+

Presence of nonischemic LGE
1 point +

EGE > 4%
1 point

=

Myocarditis if the sum of all
points from each category is ≥ 2

Updated Lake
Louise Criteria

At least one abnormal T2-based
index (T2-mapping > 55 ms,

STIR-T2 myocardium to
skeletal muscle ratio > 1.9)

+

At least one abnormal T1-based
index (native T1-mapping >
1050 ms, elevated ECV>29%,

presence of nonischemic LGE)

N/A Myocarditis if at least one index
in each category is pathologic

STIR: short-tau inversion recovery; EGE: early gadolinium enhancement; LGE: late gadolinium enhancement; ECV: extracellular volume fraction.
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2.6. Investigation of Between-Method Agreement

Between-method agreement for the oLLc and uLLc was assessed with Cohen’s kappa test and
marginal homogeneity was assessed with McNemar’s test separately for each of the three patient
groups. Raw, positive and negative agreement was calculated for each comparison and 95% confidence
intervals (95% CI) for proportions and for kappa values were calculated using the bootstrap method.

2.7. Feature Selection

The ncvreg package for R [20] was used to carry out minmax concave penalty (MCP)
logistic regression analyses with k-fold cross-validation for discriminating between controls and
myocarditis/SSc patients, in order to inform variable selection for multivariable models. All CMR
indices including the oLLc/uLLc were investigated as potential features. The optimal value for
the penalization term λ was determined as the value that minimizes the cross-validation error rate
derived from k-fold cross-validation. The reliability of selected features was evaluated using the
built-in marginal false discovery rate (mFDR), which performs better than other inference methods
for penalized regression analyses [21,22]. Model predictive capacities are reported as cross-validated
R2 values. Penalized regression analysis can overcome the disadvantages of stepwise or best subset
approaches for feature selection [23] and allows for the selection of important predictors by optimizing
the variance-bias tradeoff [24]. This ensures optimal external validity for the identified predictors at
the cost of more biased estimates. The employed type of penalization (MCP) has been shown to be less
biased towards features with larger coefficients than other penalization methods like least absolute
shrinkage and selection operator (LASSO) [20,23] and was thus preferred.

3. Results

3.1. Baseline Characteristics

The study population consisted of 59 dcSSc patients aged 53 (13) years, 55 (93%) of which were
female, with a 4 (2–10) year median duration since SSc diagnosis at the time of inclusion. The group of
34 patents with suspected infectious myocarditis had a mean age of 38 (17) years with 15 (44.1%) being
female. The group of 31 healthy controls had a mean age of 39 (9) years with 12 (38.7%) being female.
Regarding comorbidities, three (8%) patients with myocarditis and five (8%) patients with SSc had
hypertension, while one (3%) and two (3%) had dyslipidemia respectively. No controls had known
hypertension or dyslipidemia and none of the participants were smokers. Baseline characteristics with
descriptive statistics and univariable statistical testing between groups are presented in Table 2.

3.2. Comparison of CMR Indices between Groups

SSc patients had a median period of 4.0 (2.0–10.0) years since diagnosis. All variables differed
significantly between the three groups. In post hoc analyses comparing myocarditis and SSc patients,
no functional indices differed between the two groups, with the exception of LV mass, which was
significantly higher in the myocarditis group compared with SSc (82.2 (64.6−108.6) vs. 67.3 (58.0−80.0),
p < 0.001). Regarding tissue characterization indices, T2-signal ratio was on average significantly
higher in myocarditis patients compared with SSc (2.5 (0.6) vs. 2.1 (0.4), p < 0.001). EGE, LGE and
T2-mapping did not differ significantly between the two groups. However, both native T1-mapping
and ECV were on average significantly lower in the myocarditis group compared with the SSc group
(1051.0 (1027.0, 1099.0) vs. 1120.0 (1065.0, 1170.0), p < 0.001 and 28.0 (26.0, 30.0) vs. 31.5 (30.0, 33.0),
p < 0.001, respectively).
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Table 2. Characteristics and descriptive statistics for the whole cohort in subgroups (infectious
myocarditis, SSc, controls). Statistical significance for univariate statistical testing is presented.

Variable Infectious Myocarditis Scleroderma Healthy Controls p-Value

Number of participants 34 59 31 N/A

Demographics
Female Sex ** 15 (44%) 55 (93%) 12 (39%) <0.001 *

Age ** 38.0 (17.0) 53.6 (12.9) 39.4 (8.5) <0.001 *
Years since SSc diagnosis N/A 4.0 (2.0, 10.0) N/A N/A

Functional Indices
LVEDV (mL) 131.4 (111.0, 165.4) 126.0 (107.0, 147.0) 119.0 (105.0, 123.0) 0.019 *
LVESV (mL) 49.7 (39.0, 67.0) 45.0 (34.0, 68.0) 36.0 (33.0, 44.0) 0.003 *

LVEF (%) 61.7 (59.7, 66.4) 63.0 (58.0, 69.0) 68.0 (65.0, 69.0) <0.001 *
LVM ** (g) 82.2 (64.6, 108.6) 67.3 (58.0, 80.0) 81.0 (78.0, 89.0) <0.001 *

RVEDV (mL) 131.5 (109.7, 174.0) 124.0 (99.0, 154.0) 91.0 (88.0, 98.0) <0.001 *
RVESV (mL) 47.5 (38.0, 69.8) 45.0 (33.0, 68.0) 34.0 (32.0, 37.0) <0.001 *

RVEF (%) 61.8 (60.0, 65.0) 61.0 (53.0, 66.0) 67.0 (66.0, 69.0) <0.001 *
D-shaped interventricular septum N/A 9 (15%) N/A N/A

Tissue Characterization Indices
T2 ratio ** 2.5 (0.6) 2.1 (0.4) 1.5 (0.2) <0.001 *
EGE (%) 2.2 (1.8, 4.6) 3.4 (2.0, 5.1) 2.7 (1.9, 3.0) 0.050 *
LGE (%) 5.0 (5.0, 7.0) 5.0 (3.0, 6.0) 0.0 (0.0, 0.0) <0.001 *

T2-mapping (ms) 58.0 (53.0, 67.0) 58.0 (52.0, 63.0) 47.0 (43.0, 50.0) <0.001 *

Native T1-mapping (ms) ** 1051.0 (1027.0, 1099.0)
1120.0 (1065.0,

1170.0) 992.0 (975.0, 1015.0) <0.001 *
Post-contrast T1-mapping (ms) ** 407.0 (358.0, 450.0) 348.5 (320.0, 417.0) 457.0 (434.0, 470.0) <0.001 *

ECV (%) ** 28.0 (26.0, 30.0) 31.5 (30.0, 33.0) 26.0 (26.0, 27.0) <0.001 *

Local Cut-offs for Tissue
Characterization Indices

LGE > 0% 33 (97%) 50 (86%) 0 (0%) <0.001 *
EGE > 4% 13 (38%) 26 (45%) 0 (0%) <0.001 *

T2 Ratio >1.9 ** 33 (97%) 38 (64%) 0 (0%) <0.001 *
T2 Mapping > 55 24 (71%) 35 (59%) 0 (0%) <0.001 *

Nat. T1 Mapping > 1050 ms ** 17 (50%) 47 (80%) 0 (0%) <0.001 *
Post-contrast. T1 Mapping < 350 ms ** 8 (24%) 29 (50%) 0 (0%) <0.001 *

ECV > 29% ** 15 (44%) 52 (90%) 0 (0%) <0.001 *

Original Lake Louise Criteria [17]
Number of pathologic indices **:

0 0 (0%) 2 (3%) 31 (100%)
1 0 (0%) 16 (28%) 0 (0%) <0.001 *
2 23 (68%) 22 (38%) 0 (0%)
3 11 (32%) 18 (31%) 0 (0%)

Diagnosis of Myocarditis/Myocardial
Inflammation ** 34 (100%) 40 (69%) 0 (0%) <0.001 *

Updated Lake Louise Criteria
At least 1 abnormal T1-based index 33 (97%) 57 (98%) 0 (0%) <0.001 *

At least 1 abnormal T2-based index ** 33 (97%) 45 (76%) 0 (0%) <0.001 *
Diagnosis of Myocarditis/Myocardial

Inflammation ** 32 (94%) 44 (76%) 0 (0%) <0.001 *

CMR: cardiovascular magnetic resonance; SSc: systemic sclerosis; LVEDV: left ventricular end diastolic volume;
LVESV: left ventricular end systolic volume; LVEF: left ventricular ejection fraction; LVM: left ventricular mass;
RVEDV: right ventricular end diastolic volume; RVESV: right ventricular end systolic volume; RVEF: right ventricular
ejection fraction; EGE: early gadolinium enhancement; LGE: late gadolinium enhancement; ECV: extracellular
volume fraction; *: p ≤ 0.05; **: differs significantly between infectious myocarditis and SSc in post hoc analysis.

3.3. Comparison of Cut-off Values and Lake Louise Criteria Between Groups

Based on locally used cut-off values, the proportion of myocarditis and SSc patients with pathologic
EGE, LGE and T2-mapping did not differ significantly (Table 2). The proportion of myocarditis patients
with pathologic T2-ratio was significantly higher than that of SSc patients (33 (97%) vs. 38 (64%),
p < 0.001). Similar to when examining their average values across groups, a significantly smaller
proportion of myocarditis patients had pathologic native T1-mapping and ECV values compared
with SSc (17 (50%) vs. 47 (80%), p < 0.001 and 15 (44%) vs. 52 (90%), p < 0.001, respectively). Native
T1-mapping, T2-mapping and ECV are plotted in two-dimensional and three-dimensional scatter
plots (Figures 1 and 2 respectively). At least one T1-based index was pathologic in 33 (97%) and
57 (98%) of myocarditis and SSc patients respectively (p = 0.699). In contrast, the proportion of
myocarditis patients with at least one pathologic T2-based index was significantly higher than that
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of SSc patients (33 (97%) vs. 45 (76%), p = 0.009]. The oLLc diagnosed myocarditis in 34 (100%)
myocarditis patients and 40 (69%) SSc patients, while the uLLc diagnosed 32 (94%) and 44 (76%)
patients, respectively (p < 0.001 for both). The agreement between the oLLc and uLLc for each of the
three groups is presented in Table 3. Collectively both criteria had good agreement with the most
difference seen in SSc patients. Nevertheless, this did not reach statistical significance.   
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Figure 1. (A) A three-dimensional scatterplot of native T1-mapping (ms), T2-mapping (ms) and 
extracellular volume fraction (ECV) (%) values, colored by patient group. For each pairwise combination 
the corresponding point is projected on a side of the graph. (B) The same three-dimensional scatterplot 
with the addition of a horizontal plane at the pathologic cut-off value for ECV measurements used in this 
study (>29%). An interactive version of this plot is included as supplementary material. ms milliseconds 
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Figure 1. (A) A three-dimensional scatterplot of native T1-mapping (ms), T2-mapping (ms) and
extracellular volume fraction (ECV) (%) values, colored by patient group. For each pairwise combination
the corresponding point is projected on a side of the graph. (B) The same three-dimensional scatterplot
with the addition of a horizontal plane at the pathologic cut-off value for ECV measurements used
in this study (>29%). An interactive version of this plot is included as Supplementary Materials.
ms milliseconds
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Figure 2. Two-dimensional scatterplots and boxplots for native T1-mapping, T2-mapping and ECV with individuals color coded according to the study group they 
belonged to. Spearman’s correlation coefficients are presented for each combination of the three indices collectively and for each group separately. The distribution of each 
variable per group is also presented as a density plot. ECV: extracellular volume fraction. 

Figure 2. Two-dimensional scatterplots and boxplots for native T1-mapping, T2-mapping and ECV with individuals color coded according to the study group they
belonged to. Spearman’s correlation coefficients are presented for each combination of the three indices collectively and for each group separately. The distribution of
each variable per group is also presented as a density plot. ECV: extracellular volume fraction.
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Table 3. Cross-tabulations and inter-method agreement and marginal homogeneity testing between the
original and updated Lake Louise criteria, denoting the presence/absence of myocarditis or myocardial
inflammation (no/yes). The criteria are presented in detail in Table 1. Positive and negative agreement
refer to the respective category of the oLLc. In cases where there was perfect agreement, confidence
intervals for percentage agreement and some agreement statistics cannot be calculated.

Patient
Group

uLLc Raw
Agreement

Positive
Agreement

Negative
Agreement

McNemar’s
Test

Cohen’s
Kappa

Cohen’s Kappa
p-ValueNo Yes

oLLc

Infectious
Myocarditis

No 0 0 94.1%
(80.3–99.3%)

94.1%
(80.3–99.3%) 100% 0.157 N/A N/A

Yes 2 32

SSc
No 11 7 82.8%

(70.6–91.4%)
92.5%

(79.6–98.4%)
61.1%

(35.7–82.7%) 0.164
0.57

(0.35-0.77) <0.0001 *Yes 3 37

HC
No 31 0

100% 100% 100% N/A N/A N/A
Yes 0 0

oLLc: original Lake Louise Criteria; uLLc: updated Lake Louise Criteria; SSc: systemic sclerosis; HC: healthy controls.

3.4. Penalized Regression Analysis

Results of MCP penalized regression analyses for discriminating between controls and
SSc/infectious myocarditis patients are presented in Table 4. The oLLc were the most important index
for differentiating between controls and each group in both cases. Additionally, native T1-mapping
and LV mass were also selected as features unique to the differentiation of controls form SSc patients.
However, only native T1-mapping seems to have real significance seeing as LV mass had a very high
mFDR with comparatively small effect size.

Table 4. Results of MCP logistic regression analysis for discriminating between controls and
SSc/infectious myocarditis patients.

Comparison Variable Estimate Odds
Ratio mFDR R2 Signal-to-

Noise Ratio
Prediction

Error

Controls vs.
SSc

oLLc 10.23 27,700 <0.0001 *

0.63 1.69 0.056
Native

T1-Mapping 0.53 200 <0.0001 *

LV Mass −0.0087 0.991 0.999

Controls vs.
Myocarditis oLLc 4.64 103.5 <0.0001 * 0.70 2.31 <0.001

MCP minmax concave penalty; SSc systemic sclerosis; oLLc original Lake Louise criteria; mFDR marginal false
discovery rate. *: mFDR ≤ 0.05.

3.5. Sensitivity Analysis

Because healthy controls more closely resembled the age and sex distribution of myocarditis
patients rather than SSc patients, a cohort of 29 additional sex- and age-matched healthy controls
for the SSc group (mean age, 48 ± 15 years; 24 (82.8%) females), without known cardiovascular
comorbidities/risk factors, was separately used for sensitivity analyses. However, this did not lead to
changes in the aforementioned findings, neither in conventional analyses nor in penalized regression
analysis. Additionally, no controls were diagnosed with myocarditis according to both the oLLc
and uLLc.

4. Discussion

In this study we present for the first time a head-to-head comparison of healthy controls,
symptomatic patients with suspected infectious myocarditis and symptomatic SSc patients with
suspected cardiac inflammation using a comprehensive CMR analysis. We demonstrate that infectious
myocarditis patients more often had evidence of an acute inflammatory process on CMR examination
(at least one pathologic T2-based index) than symptomatic SSc patients, even though almost all patients
from either group had at least one pathologic T1-based index. Additionally, we demonstrate that the
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oLLC and uLLC had high agreement in all groups, with only minor variations in SSc patients, which
nevertheless were not statistically significant. Penalized regression analyses selected the oLLc both for
differentiating between controls and SSc patients as well as controls and myocarditis.

An important finding of our study is that T2-based indices were in general significantly higher
in myocarditis patients compared with SSc patients. Additionally, we demonstrate that an acute
inflammatory process could not be identified in ~25% of symptomatic SSc patients, while almost all
myocarditis patients had at least one pathologic T2-based index. This is in line with the respective
pathophysiology of each disease. Infectious myocarditis starts by definition as an acute inflammatory
process characterized by direct cardiomyocyte injury, with concomitant interstitial myocardial oedema
and/or necrosis [25]. In contrast, as described previously, the cardiac effects of SSc may either result
from acute myocardial inflammation similar to infectious myocarditis, or from chronic low-grade
inflammation superimposed on a vasculopathy background [4]. This divergence in the chronicity of
the two types of SSc-related cardiac manifestations may explain the discrepancy in T2-based indices
between the two groups. These findings imply that the treatment approach to a subset of symptomatic
SSc patients with suspected cardiac involvement might require reevaluation. Although not much
literature is available with regard to the treatment of symptomatic patients with nonacute cardiac
involvement, the vasculopathy component in these patients might best be tackled with calcium channel
blockers which have been shown to improve myocardial perfusion [26].

Next to the clinical implications of this investigation, the relative importance of T1- and T2-based
indices in symptomatic patients with infectious myocarditis and SSc merits additional discussion.
Native T1 values may be affected by numerous factors including expansion of the extracellular space
due to interstitial oedema or fibrosis [27]. Specifically for myocarditis, during the acute phase in which
edema is most prevalent, native T1-mapping offers both excellent diagnostic sensitivity and specificity
when the optimal cutoff is used [28–30]. However, as the early inflammation attenuates and subsequent
fibrosis begins to set in, native T1-mapping prolongation gradually loses its specificity for myocardial
inflammation [31,32]. In fact, in patients with symptoms lasting longer than two weeks, T2-mapping
was shown to be the only CMR index that had acceptable agreement with endomyocardial biopsy for
the diagnosis of myocarditis [31]. This is particularly important in SSc patients who experience more
longstanding disease progression by comparison. Additionally, T2-mapping was shown to be the
optimal CMR index for assessing disease activity in myocarditis [33]. In both studies, T2-mapping was
compared with and was thus reportedly superior to native T1-mapping, ECV, EGE/LGE, and T2 ratio
for predicting their respective endpoints. In our study population, the vast majority of both myocarditis
and SSc patients had increases in at least one T1-based index. We observe that myocarditis patients had
a greater prevalence of pathologic LGE values than SSc patients, with the reverse being true for native
T1-mapping and ECV. Interestingly, infectious myocarditis patients did not a have a significantly higher
prevalence of abnormal T2-mapping values, but had significantly higher and more often pathologic T2
ratios compared with SSc patients. This finding is in disagreement with the aforementioned studies,
which suggest that T2 ratio is inferior to T2-mapping. We attribute this difference in findings to the
higher slice thickness and the type of coil used for STIR-T2 image acquisition, which allow for more
accurate results [34]. The fact that no controls were found to have pathologic T2 ratios lends credence
to the validity of this method.

Similar considerations as for native T1-mapping apply to ECV, which is commonly used as a
surrogate marker for diffuse fibrosis [35]. Namely, myocardial inflammation has also in this case been
shown to confound the correlation between ECV and fibrosis [36]. As such, the same limitations apply
to ECV. Collectively, our findings are in agreement with our initial hypothesis that T1-based indices
should not by themselves be considered as indicators of myocardial inflammation in SSc. Since values
of T1-based indices may be confounded by expansion of the extracellular space associated with the
deposition of fibrous tissue, it is not certain whether oedema or fibrosis is causing these pathologic
values to appear. As such, they are not sensitive enough to distinguish between the distinct processes
of acute myocardial inflammation and microvasculopathy in SSc patients, when used by themselves.
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In addition, various factors including differences in sequences, lack of standardization/normal values,
and partial dependence on heart rate can influence the values of native T1 [37]; ECV, however, is less
bound by these limitations.

Lastly, in our population the oLLc and uLLc appeared to have very good agreement, both in
healthy controls and in myocarditis/SSc patients. Both criteria were highly specific and correctly
classified all healthy controls as not having myocarditis. The greatest discordance was observed
in SSc patients, but did not ultimately reach statistical significance. Individual constituents of the
uLLc were not demonstrated to have highly divergent diagnostic value from the oLLc in a recent
meta-analysis [38]. To our knowledge, since the publication of the uLLc, only a single study has
reported comparisons between them and the oLLc, mainly citing higher sensitivity and specificity for
the uLLc [39]. However, since the criteria were not compared with a diagnostic gold standard, the use
of the terms sensitivity and specificity are not appropriate [40]. Instead, (positive/negative) percent
agreement and indices of between-method agreement as presented in our investigation constitute the
appropriate inferential statistical methods in this case [40,41]. This difference in findings could again
be attributed to the manner in which T2 ratios are calculated at our center. Interestingly, penalized
regression analyses selected the oLLc and not the uLLc as features for differentiating between controls
and SSc/myocarditis patients. Collectively, these findings suggest that not much additive value is
provided by uLLc in their current form. However, these findings should be independently validated in
future studies.

Limitations

This study did not incorporate evaluation with endomyocardial biopsy. However, this is an
invasive procedure prone to sampling error and our SSc patients did not meet the currently existing
indications for this investigation. In addition, each center is advised to generate its own normal cut-off

values for parametric CMR indices [37]. As a result, the findings presented in this manuscript cannot
necessarily be generalized to other centers. This of course does not negate the implications of the
findings; however, further research is needed to elucidate these issues.

5. Conclusion

In symptomatic SSc patients with suspected myocardial inflammation, ~25% of participants
had no appreciable acute inflammatory processes as substantiated by T2-based indices. In contrast,
almost all SSc patients and infectious myocarditis patients had at least one pathologic T1-based index.
This investigation supports the notion that T1-based indices should not be used by themselves as
surrogates of acute myocardial inflammation in SSc patients and that T2-based indices should play a
more important role in determining the diagnosis and management of such patients.
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