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Abstract
Objectives To compare the performance of magnetic resonance (MR) relaxometry parameters to discriminate myocardial and
skeletal muscle inflammation in idiopathic inflammatory myopathy (IIM) patients from healthy controls.
Materials and methods For this retrospective case-control study, 20 consecutive IIM patients (54 ± 18 years, 11 females) with
cardiac involvement (troponin level > 50 ng/l) and 20 healthy controls (47 ± 12 years, 9 females) were included. All patients
without cardiac MR imaging < 2 weeks prior to the laboratory testings were excluded. T1/T2 relaxation times, as well as T1-
derived extracellular volume (ECV), relative tissue T1 shortening ΔT1 = (native T1tissue-post contrast T1tissue)/native T1tissue),
and enhancement fraction EHF = (native T1tissue-post contrast T1tissue)/(native T1blood-post contrast T1blood), were compared
using Mann-Whitney U test and ROC analysis.
Results All measured MR relaxometry parameters significantly discriminated IIM patients and healthy controls, except T2 in
skeletal muscles and ECV in the myocardium. In skeletal muscles, post contrast T1 and T1-derived parameters showed the best
performance to discriminate IIM patients from healthy controls (AUC= 0.98 for post contrast T1 and AUC 0.94–0.97 for T1-
derived parameters). Inversely, in the myocardium, native T1 and T2 showed better diagnostic performance (AUC= 0.89) than
post contrast T1 (AUC= 0.76), ECV (AUC = 0.58), ΔT1 (AUC = 0.80) and EHF (0.82).
Conclusions MR relaxometry parameters applied to the myocardium and skeletal muscles might be useful to separate IIM
patients from healthy controls. However, different tissue composition and vascularization should be taken into account for their
interpretation. ΔT1 and EHF may be simple alternatives to ECV in highly vascularized tissues such as the myocardium.
Key Points
• MR relaxometry parameters applied to the myocardium and skeletal muscles are highly useful to separate IIM patients from
healthy controls.

•Different tissue composition and vascularization should be taken into account for T1 and T2 mapping parameter interpretation.
• ΔT1 and EHF may be simple alternatives to ECV in highly vascularized tissues such as the myocardium.
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Abbreviations
AVM Acute viral myocarditis
ECS Extracellular space
ECV Extracellular volume
EF Ejection fraction
EHF Enhancement fraction
IIM Idiopathic inflammatory myopathy
MOLLI Modified Look-Locker inversion recovery
MR Magnetic resonance
SAPPHIRE Saturation pulse prepared heart rate indepen-

dent inversion recovery
SASHA Saturation recovery single-shot acquisition
TE Echo times
TI Times of inversion

Introduction

Due to a paradigm shift from qualitative image interpretation
towards the use of quantitative magnetic resonance (MR) im-
aging, multiparametric and functional biomarkers, such as T1
and T2 parametric mapping techniques, are increasingly used
[1]. They allow absolute quantification of T2 and T1 relaxa-
tion times in every voxel (native or after contrast agent injec-
tion) and are sensitive to fat, edema, inflammation, and fibro-
sis contents [2]. The modified Look-Locker inversion recov-
ery (MOLLI) sequences have been proposed for T1 quantifi-
cation, where T1 times are calculated in every pixel using an
exponential fit from signal intensities at different times of
inversion (TI) after two or more Look-Locker 180° inversion
pulses [3]. Other methods, such as saturation recovery single-
shot acquisition (SASHA) and saturation pulse prepared heart
rate independent inversion recovery (SAPPHIRE), use differ-
ent technical approaches with shorter acquisition times and
higher accuracy than MOLLI but lower precision [4]. For T2
quantification, a T2-prepared bSSFP sequence allows a 3-
point exponential fit at different echo times (TE) to quantify
T2 relaxation times in every pixel [5].

Gadolinium-based contrast agents distribute in the extra-
cellular space (ECS) of the human body, but spare the intra-
cellular space [6]. While the relaxation rates correlate to the
amount of tissue-distributed gadolinium, different tissue types
show different relaxation rates during the equilibrium phase
[7]. This reflects different proportions of extracellular and in-
tracellular spaces, which can be used to characterize patholo-
gies with ECS expansion (such as fibrosis or inflammation)
and cellular damage [8]. Tissue and blood pool native and post
contrast T1 relaxation times can be combined to calculate non-
invasive imaging biomarkers, such as the extracellular volume
(ECV) fraction [9]. The basis for ECV calculation is the as-
sumption that gadolinium is equally distributed in the ECS
between the interstitial and vascular compartments [10].
Other parameters based on native and post contrast T1 can

be estimated: (1)ΔT1 which is calculated as the native to post
contrast difference in T1 relaxation times normalized by na-
tive T1 [11], and (2) the tissue enhancement fraction (EHF)
calculated as the tissue to blood pool ratio of native to post
contrast T1 differences. While ΔT1 is exclusively a tissue
index, ECV and EHF take into account T1 shortening of the
blood pool. Both ΔT1 and EHF do not require the patient’s
hematocrit, but are not frequently reported in the literature,
with the exception of some liver imaging studies [11, 12]. In
contrast, ECV is widely used in cardiac imaging [13] and has
been shown to correlate well with interstitial myocardial fibro-
sis histological grade in explanted hearts [14]. However, sev-
eral studies have shown better diagnostic performance of T1
and T2 relaxation times alone, as compared to ECV, for ex-
ample in myocarditis patients [15], where quantification of T1
and T2 relaxation times (but not ECV) supersedes original
Lake-Louise criteria [16, 17].

A special case of myocarditis is autoimmune cardiac in-
flammation related to idiopathic inflammatory myopathy
(IIM) [18], including dermatomyositis, polymyositis, and oth-
er subgroups of autoimmune systemic myositis [19]. IIM
leads to autoimmune systemic muscular inflammation and is
routinely diagnosed by clinical investigation, electromyogra-
phy, and biopsy of skeletal muscles. A review of scarcely
available literature by Gupta et al [18] analyzed 13 pathology
articles with 68 patients, showing myocarditis in 19/68 pa-
tients and myocardial fibrosis in 21/68 patients, while in 6
articles reporting cardiac symptoms just 15/195 patients were
reported to present clinically with angina and 11/195 patients
had congestive heart failure.

Since IIM patients show inflammation in both myocardium
and skeletal muscles, analyzable in the same cardiac MR field
of view, we aimed to use IIM as a model to assess the diag-
nostic performance of differentMR relaxometry parameters in
terms of myocardial and skeletal muscle inflammation
characterization.

Materials and methods

Population

This retrospective case-control study complied with the
Declaration of Helsinki and was approved by the local ethics
committee. All participants signed an informed consent. A
total of 40 study participants were included in a tertiary refer-
ral center between January 2014 and November 2015: 20
consecutive patients with proven IIM based on skeletal mus-
cle biopsies and immunology markers, who underwent cardi-
ac MR imaging because of suspected non-infectious cardiac
inflammation, based on elevated cardiac troponin levels
> 50 ng/ml, as well as 20 healthy controls with equivalent
age, gender, and body size distribution. Excluded were IIM
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patients without MR imaging within 2 weeks of laboratory
tests and patients with prior cardiac events. IIM subgroups
consisted of seven patients with necrotizing autoimmune my-
opathies, five patients with anti-synthetase syndrome, and
eight patients with other IIM subtypes (polymyositis, derma-
tomyositis, overlap syndrome).

Cardiac MR imaging

All subjects underwent a routine clinical cardiac MR exam on
a 1.5 T magnet (Magnetom Aera, Siemens Healthcare) using
the following sequences as published before [20]: (1) balanced
steady-state free precession (bSSFP) cine imaging in short-
and long-axis views with the following parameters: acquisi-
tion matrix = 216 × 256, repetition time = 51.12 ms, echo
time = 1.19 ms, flip angle = 53°, pixel size = 1.48 ×
1.48 mm2, slice thickness = 6 mm, and inter-slice gap =
1 mm. Temporal resolution was between 10 and 40 ms; (2)
short- and long-axis LGE images acquired with a single-shot
inversion recovery sequence 10 min after injection of
0.2 mmol/kg of gadobenate dimeglumine (Multihance,
Bracco) with the following scan parameters: acquisition ma-
trix = 240 × 240, inversion time individually chosen on TI
scout, repetition time = 347.21 ms, echo time = 1.18 ms, flip
angle = 40°, pixel size = 1.46 × 1.46 mm2, slice thickness =
8 mm, and inter-slice gap = 0.8 mm; (3) motion-corrected
Look-Locker inversion recovery (MOLLI) T1 mapping se-
quence with a 5(3)3 scheme before and 15 min after intrave-
nous contrast agent injection with the following parameters:
acquisition matrix = 218 × 256, echo time = 1.12 ms, repeti-
tion time = 344 ms, flip angle = 35°, pixel size = 1.41 ×
1.41 mm2, and slice thickness = 8 mm; (4) T2 mapping using
a 3-point T2-prepared bSSFP sequence before contrast injec-
tion with the following scan parameters: acquisition matrix =
206 × 256; echo times = 0, 24, 55 ms; repetition time =
300 ms; flip angle = 35°; pixel size = 1.41 × 1.41 mm2; and
slice thickness = 8 mm. Both T1 and T2 mapping acquisitions
were performed in basal, mid-LV, and apical short-axis slices.
Left ventricular volumes, mass, and ejection fraction (EF)
were assessed on short-axis images.

Image post processing

T1 and T2 mapping were analyzed on a custom software as
presented before [20]. In skeletal muscles, T1 was calculated
using a single exponential fit performed on the mean signal
extracted from regions of interest positioned manually on the
same muscle for all TI images (A.H., 7 years of experience in
cardiac imaging). This was done rather than a pixel-based
calculation to minimize the effect of motion and deformation
on our estimate. This process was repeated for five skeletal
muscle groups (pectoralis major, subscapularis, infraspinatus,
brachial, and erector spinae muscles), as visible in the

acquired cardiac field of view. Measured T1/T2 values of
the five different skeletal muscle groups were then averaged
to get one mean skeletal muscle value for every individual. T1
relaxation times in the myocardium were calculated by
assigning exponential fits to each pixel to calculate pixel-
wise T1 values and then averaged over the delineated myo-
cardium. To mimic the slice-based calculation performed for
the skeletal muscle, myocardial T1 was also calculated by
assigning one exponential fit to the signal averaged over all
myocardial pixels to calculate a single T1 value for the whole
slice. In both cases, whole heart mean T1 values were calcu-
lated by averaging basal and mid-LV T1 values. Similar to T1,
T2 values were calculated using the pixel-wise approach for
the myocardium and the slice-based approach for both myo-
cardium and skeletal muscle. For both myocardium and skel-
etal muscle ECV, EHF and ΔT1 were calculated as follows:

ECV ¼ 1−hematocritð Þ*λ;with λ

¼
1

post contrast T1 tissue
−

1

native T1 tissue
1

post contrast T1 blood pool
−

1

native T1 blood pool

ð1Þ

Please note that extracellular, intravascular space is
neglected in the ECV formula [14].

ΔT1 ¼ native T1 tissue − post contract T1 tissue

native T1 tissue
ð2Þ

EHF ¼ native T1 tissue−post contrast T1 tissue

native T1 blood pool−post contrast T1 blood pool

ð3Þ

Statistical analysis

The sample size was based on a power analysis using previous
[16] T1 mapping results in acute viral myocarditis compared
with healthy controls, presuming similar T1 values in acute
viral myocarditis and IIM myocarditis. A necessary sample
size of 19 patients and 19 controls was calculated with an α-
error of 0.05 and a power of 90% to differentiate cardiac
inflammation from normal myocardium with native T1.
Comparison of IIM patients and controls was done with
non-parametric Mann-Whitney test for continuous and
Fisher’s exact test for categorical variables. Quantitative mea-
sures obtained in the IIM subgroups were compared using a
Kruskal-Wallis test. ROC analysis was used to obtain the best
discriminating parameter in skeletal and myocardial muscles
to differentiate IIM patients and controls. Any p < 0.05 was
regarded as significant. Statistical software package Stata
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software (Version 11.2, Stata Corp) and GraphPad Prism
(Version 7.1, GraphPad Software Inc) were used.

Results

Patients and imaging baseline characteristics are shown in
Table 1. There was no significant difference in hematocrit
levels (p = 0.089) between the IIM and the control group.
IIM patients with cardiac involvement showed reduced creat-
inine levels, as compared to controls (p < 0.001), but elevated
troponin T (583 ± 651 ng/ml) and CPK (2438 ± 3547 U/l)
(such measures were not available in the control group). The
time between diagnosis and cardiac MR imaging was
57 months on average and all IIM patients were under immu-
nosuppressive therapy at the time of cardiac MR imaging.
Clinically, 19 patients (95%) presented withmuscle weakness,
7 patients (35%) with myalgia, 6 patients with dyspnea (30%),
and 2 patients (10%) with dysphagia. There was no significant
difference in the left ventricular volumes, mass, and LV EF
between the IIM patients and healthy controls. However,
while 4 out of 20 patients showed reduced LVEF < 50%, all
of the healthy controls by definition had normal LVEF. Thirty-
five percent of the IIM patients showed LGE in at least one
cardiac segment, but only 5% of all cardiac segments of IIM
patients were LGE-positive with an exclusively non-ischemic
pattern (18/340 segments, minimum of 1 and maximum of 5
segments per patient, median of 2 segments were LGE-posi-
tive). Zero out of 18 LGE-positive segments had a subendo-
cardial localization, while 9/18 were intramural and 9/18
subepicardial. Comparison between IIM subgroups showed
no significant differences in terms of clinical parameters, myo-
cardial volumes, and ejection fraction as well as myocardial
mapping parameters. However, there was a slightly higher
native T1 of the skeletal muscles in patients with anti-
synthetase syndrome and higher T2 of the skeletal muscles
in patients with polymyositis, dermatomyositis, or overlap
syndrome (p = 0.02 and p = 0.04, respectively).

Mean values of different mapping parameters with standard
deviations are shown in Table 2, comparing the two groups
with a per slice-based approach as well as on a per pixel-
based approach in myocardium. In skeletal muscles, post con-
trast T1 (sensitivity = 100%, specificity = 85%, accuracy =
93%, and AUC = 0.98) and T1 mapping–derived parameters,
especially ΔT1 (sensitivity = 95%, specificity = 95%, accura-
cy = 95%, and AUC = 0.97), were able to discriminate be-
tween IIM patients and controls with high performance, with
a slight inferiority for native T1 (sensitivity = 84%, specifici-
ty = 75%, accuracy = 79%, and AUC = 0.81). T2 was not help-
ful in skeletal muscles in terms of IIM and control discrimina-
tion. When measured in the myocardium, native T1 (sensitiv-
ity = 90%, specificity = 75%, accuracy = 83%, and AUC =
0.89) and T2 (sensitivity = 75%, specificity = 95%, accuracy =

85%, and AUC = 0.89) were the best discriminators in the per
slice-based approach. EHF and ΔT1 showed a slightly lower
performance, and ECV and λ were not significantly different
between IIM and controls. There was no substantial difference
between the per pixel- and the per slice-based approach for
myocardial parameters in terms of IIM and controls discrimi-
nation as well as in terms of standard deviations of the mea-
surements in both populations. For illustration, T1 and T2
values based on the per slice approach are plotted in Fig. 1
for both myocardium and skeletal muscle. While gadolinium
injection leads to more pronounced T1 shortening in the myo-
cardium compared to the skeletal muscle, differences of T1
shortening between IIM patients and controls were higher in
the skeletal muscle, as indicated byΔT1 variation between the
two groups in Table 2. Slightly larger confidence intervals
were noted in skeletal muscles compared with the myocardi-
um, especially for T2. In the control group, T1/T2 values were
quite similar between the five different skeletal muscle groups
(pectoralis major, subscapularis, infraspinatus, brachial, and
erector spinae muscles) for post contrast T1 (495–527 ms),
ECV (9–12%), EHF (23–28%), ΔT1 (37–41%), and T2 (39–

Table 1 Baseline clinical and imaging characteristics of the study
population

Controls IIM p value
(n = 20) (n = 20)

Age, years 47 ± 12 54 ± 18 0.163

Male/female 11 / 9 9 / 11

BMI (kg/m2) 25 ± 4 22 ± 3 0.095

Arterial Hypertension 0 (0%) 3 (15%) 0.231

Dyslipidemia 0 (0%) 5 (25%) 0.047

Diabetes 0 (0%) 2 (10%) 0.487

NT-proBNP (pg/ml) N/A 699 ± 1226

Troponin T, (ng/ml) N/A 583 ± 651

CPK (U/l) N/A 2438 ± 3547

Hematocrit (%) 42 ± 3 40 ± 3 0.089

Creatinine (μmol/1) 82 ± 14 50 ± 20 < 0.001

CRP (mg/1) 1 ± 1 15 ± 25 < 0.001

LV EDV index (ml/m2) 79 ± 16 78 ± 15 0.718

LV ESV index (ml/m2) 32 ± 6 35 ± 13 0.942

LV mass index (ml/m2) 54 ± 11 55 ± 14 0.919

LV EF (%) 59 ± 4 56 ± 10 0.792

LGE-positive patients 0 (0%) 7 (35%) 0.008

LGE-positive cardiac
segments, median (range)

0 (0) 2 (1–5) < 0.001

Values are mean ± SD or n. p < 0.05 Mann-Whitney U or Fisher’s exact
test, as appropriate

IIM, idiopathic inflammatory myopathy; BMI, body mass index; NT-
proBNP, N-terminal pro b-type natriuretic peptide; CPK, creatinine phos-
phokinase; CRP, C-reactive protein; LV, left ventricular; EDV, end-
diastolic volume; ESV, end-systolic volume; EF, ejection fraction; LGE,
late gadolinium enhancement
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42 ms), while differences for native T1 were slightly higher
(818–901 ms).

There was no significant difference of the myocardial T1
and T2 values between LGE-negative and LGE-positive pa-
tients (native T11014ms vs. 1019ms; p = 0.846, post contrast
T1 319 ms vs. 330 ms; p = 0.697, T2 52 ms vs. 52 ms; p =
0.927). The skeletal muscle native T1was tendentially slightly
increased (919 ms vs. 990 ms; p = 0.281) and post contrast T1
decreased (387 ms vs. 367 ms; p = 0.477) in LGE-positive
patients compared to LGE-negative patients, without reaching
statistical significance. Skeletal muscle T2 was not signifi-
cantly different between LGE-positive and LGE-negative pa-
tients (45 ms vs. 46 ms, p = 0.859).

Discussion

This study shows that MR relaxometry parameters are useful
to accurately differentiate IIM patients from healthy controls in

myocardial and skeletal muscles, albeit not interchangeable.
Since these parameters represent a summation of different tis-
sue components in one region of interest, the varying percent-
ages of such components depending on tissue type and disease
should be taken into consideration. In this study, normal myo-
cardium showed higher native T1 and lower post contrast T1
compared to normal skeletal muscles, which is consistent with
other T1 mapping studies [21]. This can be explained by dif-
ferent proportions of intracellular and extracellular space
(ECS) in myocardium and skeletal muscle. According to a
study by Cieslar et al using 14C-Inulin, in vivo ECS occupies
26.4% of total rat heart wet tissue weight (composed of 18.8%
interstitial and 7.7% intravascular ECS) and 16.3% of rat skel-
etal muscle total wet tissue weight (composed of 14.5% inter-
stitial and 1.8% intravascular ECS) [22]. Even if a direct com-
parison between human and rat hearts is not possible, these
data suggest that interstitial and predominantly intravascular
ECS are larger in the myocardium than in skeletal muscle.
This is confirmed by a 30× higher myocardial perfusion,

Table 2 CMR mapping parameters

Controls IIM p value ROC
AUC

p value Cutoff Sensitivity Specificity Accuracy
(n = 20) (n = 20)

Skeletal muscles per slice-based approach

T1 native (ms) 842 ± 39 964 ± 127 < 0.001 0.81 0.001 860 84 75 79

T1 contrast, 15 min (ms) 512 ± 47 374 ± 55 < 0.001 0.98 < 0.001 471 100 85 93

ECV (%) 10 ± 2 19 ± 7 < 0.001 0.94 < 0.001 12 95 80 80

λ (%) 18 ± 3 31 ± 10 < 0.001 0.94 < 0.001 20 95 85 90

EHF (%) 25 ± 3 44 ± 12 < 0.001 0.95 < 0.001 32 84 100 92

ΔT1 (%) 39 ± 6 60 ± 9 < 0.001 0.97 < 0.001 50 95 95 95

T2 (ms) 40 ± 3 45 ± 10 0.114 0.67 0.070 45 40 95 68

Myocardium per slice-based approach

T1 native (ms) 963 ± 27 1021 ± 44 < 0.001 0.89 < 0.001 980 90 75 83

T1 contrast 15 min (ms) 373 ± 56 318 ± 57 0.004 0.76 0.005 326 60 90 75

ECV (%) 22 ± 3 24 ± 5 0.383 0.58 0.372 21 80 45 63

λ (%) 39 ± 5 40 ± 9 0.925 0.51 0.914 41 80 35 35

EHF (%) 44 ± 4 52 ± 7 < 0.001 0.82 < 0.001 48 65 85 75

ΔT1 (%) 61 ± 6 69 ± 7 0.001 0.80 0.001 68 60 95 78

T2 (ms) 47 ± 2 52 ± 3 < 0.001 0.89 < 0.001 50 75 95 85

Myocardium per pixel-based approach

T1 native (ms) 965 ± 25 1017 ± 43 < 0.001 0.85 < 0.001 984 75 80 78

T1 contrast, 15 min (ms) 379 ± 54 326 ± 54 0.004 0.77 0.004 328 60 90 75

ECV (%) 22 ± 3 23 ± 3 0.086 0.66 0.083 22 75 65 68

λ (%) 38 ± 5 38 ± 5 0.678 0.54 0.665 38 55 60 60

EHF (%) 44 ± 3 51 ± 7 < 0.001 0.82 < 0.001 47 70 80 78

ΔT1 (%) 61 ± 6 68 ± 6 0.001 0.79 0.002 68 60 95 78

T2 (ms) 48 ± 2 52 ± 3 < 0.001 0.88 < 0.001 50 80 95 88

Values are mean ± SD. The first p values represent comparison between controls and IIM using the Mann-Whitney U test, while the second p values
represent the ROC analysis. Cutoffs were defined using Youden’s index

IIM, idiopathic inflammatory myopathy; ECV, extracellular volume fraction; λ, partition coefficient; EHF, enhancement fraction; ROC, receiver
operating characteristics; AUC, area under the curve
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estimated at 95 ± 90 ml/min/100 g in the myocardium [23],
compared with 3.1 ± 1.55 ml/min/100 g using H2

15O PET
[24]. Since ECS is larger in the myocardium compared with
skeletal muscle, it allows for higher gadolinium distribution in
equilibrium phase as schematically illustrated in Fig. 2.

The best parameters to differentiate myocardial inflamma-
tion in IIM patients from normal myocardium in healthy con-
trols were native T1 and T2, which is consistent with previous
reports in acute viral myocarditis [15]. Post contrast T1 and
T1-derived parameters (EHF, ΔT1, and especially ECV) on
the other hand were less discriminant in the myocardium. In
contrast, post contrast T1 and T1-derived parameters were the
best discriminating parameters in skeletal muscles. This may
be explained by a lower baseline ECS of skeletal muscles [22]
and thus higher sensitivity to increased gadolinium deposition
due to pathologic ECS expansion in IIM patients. Indeed, in
the myocardium, post contrast T1 shortening related to diffuse
inflammation or fibrosis might be partially masked because of
its relatively small magnitude compared with physiological
T1 shortening due to higher baseline ECS, as illustrated in
Fig. 1. Post contrast T1 and T1-derived parameters (EHF,
ΔT1, and especially ECV) were less discriminant in the

myocardium. In contrast, post contrast T1 and T-derived pa-
rameters were the best discriminating parameters in skeletal
muscles. This may be explained by a lower baseline ECS of
skeletal muscles [22] and thus higher sensitivity to increased
gadolinium deposition due to pathologic ECS expansion in
IIM patients. Indeed, in the myocardium, post contrast T1
shortening related to diffuse inflammation might be partially
masked because of its relatively small magnitude compared
with physiological T1 shortening due to higher baseline ECS,
as illustrated in Fig. 1. The lower diagnostic performance of
native T1 and T2 in skeletal muscles may be explained by
several factors including the possible presence of different
stages of fatty degeneration. This process is well known and
described in skeletal muscle MRI of the limbs in chronic
myositis patients [25]. T1 and T2 values may show important
variation depending on the degree of fatty muscle degenera-
tion, while post contrast T1 and T1-derived parameters
reflecting T1 shortening seem to be less sensitive to such
potential confounders. This might also explain the fact that
there were no significant differences between T1-derived pa-
rameters of IIM subgroups, while patients with anti-synthetase
syndrome showed slightly higher native T1, and patients with

Fig. 1 Illustration of differences between T1 and T2 values in controls
and IIM patients, as measured in the myocardium and skeletal muscle
using the slice-based approach. Error bars indicate 95% confidence
intervals. Gray areas illustrate the magnitude of the difference of native

and post contrast T1 between controls and IIM patients, with larger
differences of T1 shortening after contrast injection between controls
and IIM patients in skeletal muscles compared with the myocardium.
IIM, idiopathic inflammatory myopathy
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polymyositis, dermatomyositis, and overlap syndrome
showed slightly higher native T2. However, due to the small
numbers of patients in the IIM subgroups and p values of
0.02–0.04, results of this subgroup analysis should not be
overinterpreted.

There were no significant differences whether the myocar-
dial T1 and T2 relaxation times were calculated on a per pixel-
(motion sensitive) or a per slice-based approach (less motion
sensitive), measuring each inversion time (TI) on the whole
myocardial slice then performing the exponential fit directly
with these mean TI values. We therefore conclude that our
methods were appropriate for segmentation, motion correc-
tion, and exclusion of extracardiac fat and cavity. The same
holds true for the skeletal muscle analysis using a per slice-
based approach, where just small differences of T1/T2 values
and derived parameters in different muscles occurred, indicat-
ing a good performance of motion correction and exclusion of
intramuscular tendons and perimuscular fat.

As already discussed, all T1-derived parameters showed
excellent diagnostic performance in skeletal muscles, clearly
driven by post contrast T1. However, in the myocardium,
ECV and λ were clearly less discriminant than EHF, ΔT1,
and post contrast T1. We believe that this can be explained
by the non-linear nature of the ECV- and λ-equation.
Substantial differences in native T1 and T1 shortening after
gadolinium injection are strongly reduced by their inversion
(1/T1). In addition, uncertainty of T1 measurements will be
amplified by the complex ECV formula. EHF and ΔT1,
thanks to their simplified formula, might be less subject to
these inversion and uncertainty issues. EHF and ΔT1 may
thus represent alternative measures for clinical routine, espe-
cially in highly vascularized tissues such as the myocardium,
but also for example in the liver, spleen, or kidneys.

Nevertheless, ECV is a physiologically meaningful param-
eter to estimate ECS, while EHF and ΔT1 are simplified sur-
rogates. ECV was shown to reflect differences in tissue char-
acteristics from different organs [26] and to correlate well with
ECS volume expansion in several diseases [14, 27, 28].
However, interpretation of ECV as an absolute quantitative
value representing true ECS volume might be misleading for
several reasons. First, the intravascular pool is neglected in the
ECV formula, although it can significantly influence these
measurements in highly vascularized organs such as the myo-
cardium, thus reducing sensitivity to detect small changes of
interstitial ECS. This is even more complicated, as vascular
ECS might be altered in patients with IIM, since IIM might
include small vessels disease and vasodilatory properties may
be impaired, in addition to fibrosis and inflammation in inter-
stitial ECS [19]. Second, even if gadolinium is limited to the
ECS, there is a rapid exchange of intra and extracellular water
protons with a possible T1 shortening effect in the intracellular
space as well [29]. Third, T1 post contrast values also depend
on type, concentration, and timing of the gadolinium-based
contrast media injection. However, the same is true for EHF
and ΔT1, which should be understood as relative parameters
reflecting ECS fraction rather than representing absolute ECS.

Interestingly, only 4 out of 20 IIM patients showed definite-
ly reduced EF < 50%, while all 20 controls showed normal EF.
However, the fact that 16 out of 20 IIM patients showed nor-
mal EF highlights the importance of new non-invasive imaging
biomarkers to detect subclinical myocardial involvement in
IIM. Similar results have been published in patients with clas-
sic acute viral myocarditis (AVM), who often have normal
systolic function. Kostakou et al [30] showed significantly
lower longitudinal global strain based on echocardiographic
speckle tracking in patients with AVM and normal global

Fig. 2 Schematic illustration of different amounts of gadolinium in ECS during equilibrium phase based on the in vivo estimation of ECS composition in
rats by Cieslar et al [22] with 4× higher amounts of intravascular gadolinium in myocardium as compared to skeletal muscle. ECS, extracellular space
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systolic function compared to healthy controls, as there was no
significant difference in LVEF between the two groups. Even if
AVM and IIM with myocardial involvement are not directly
comparable due to different pathophysiology of the disease,
there might be also diastolic involvement in patients with
IIM which should be investigated in future research projects.

There are limitations of this study. Clinical implications for
T1 mapping in the myocardium as sole indicator may be lim-
ited due overlap of the measured values between healthy con-
trols and patients with IIM and cardiac involvement and site-
related variability. However, cardiac involvement in IIM is
often subclinical and combined analysis of myocardial native
T1, T1-derived parameters, and T2 might have an incremental
clinical value in IIM patients undergoing cardiacMR imaging,
especially when combined with skeletal muscle T1 and T2
mapping analysis when compared to site-specific normal
values. Comparison of different muscle types is complicated,
since there are many possible confounding factors such as
intramuscular tendons in skeletal muscles and moving arti-
facts in the myocardium. However, intramuscular tendons
and perimuscular fat in skeletal muscles and endocavitary
blood and pericardial fat in the myocardium have been care-
fully excluded from the measurements. Skeletal muscle and
myocardial segmentation were manually corrected on each TI
image. In addition, similar results in the per slice-based and
the per pixel-based approach for the myocardium and small
differences of the measured mapping parameters between dif-
ferent skeletal muscles indicate that these confounders have
been successfully minimized. Another limitation is the rela-
tively small patient population owed to the difficulty to recruit
IIM patients with cardiac inflammation, elevated troponins
and contemporary cardiac MR imaging. Nevertheless, differ-
ences were highly significant. Amore clinically oriented, larg-
er study in IIM patients should prospectively investigate the
utility of MR relaxometry to analyze longitudinal myocardial
and skeletal remodeling under treatment. Furthermore, EHF
andΔT1 should be compared to ECV in different pathologies
other than myocarditis, as well as in other organs.

MR relaxometry showed excellent performance to differ-
entiate IIM patients from healthy controls in the myocardium
as well as in skeletal muscle. However, different tissue char-
acteristics should be taken into consideration when
interpreting T1 and T2 relaxation times, as well as their de-
rived parameters. Native T1 and T2 were the best discriminat-
ing parameters in the myocardium, while they were less dis-
criminant in skeletal muscles, probably due to the different
degrees of fatty muscle degeneration in chronic myositis. In
contrast, T1 post contrast, ΔT1, EHF, and especially ECV
were less sensitive to extracellular volume expansion in the
highly vascularized myocardium compared to the less
vascularized skeletal muscles. Due to the complexity of the
ECV formula, ΔT1 and EHF might be considered as simpli-
fied alternatives in highly vascularized tissues.
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