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Abstract The recommended cardiovascular magnetic res-

onance (CMR) diagnostic criteria for active myocarditis

(‘‘Lake Louise Criteria’’) are based on edema-sensitive

(T2-weighted) imaging and two different contrast-enhanced

techniques, the early gadolinium enhancement ratio (EGEr)

and late gadolinium enhancement (LGE). Because fast spin

echo sequences used for determining the EGEr and edema-

sensitive T2-weighted sequences have inconsistent image

quality, these components are often skipped in institutional

standard protocols. We aimed to compare the diagnostic per-

formance of the Lake Louise Criteria with and without

T2-weighted or early gadolinium-enhanced CMR imaging in a

clinical setting. We investigated 35 patients with suspected

acute myocarditis (27 males; Age 39.8 ± 16.6) and 10 healthy

controls (5 males; age 33.8 ± 10.4). CMR sequences inves-

tigated included an edema-sensitive short-T1 triple inversion

recovery, T1-weighted turbo spin echo imaging before and

within 4 min after gadolinium injection (EGEr), and a phase

sensitive inversion-recovery gradient echo sequence 5–10 min

after gadolinium injection (LGE). Quantitative and qualitative

image analyses, respectively, were performed for EGEr and

areas with increased signal in LGE and edema-sensitive ima-

ges. EGEr, T2, and LGE burden were significantly higher in

patients than in controls (EGEr: 5.8 ± 3.0 vs. 2.5 ± 1.7;

p = 0.002, T2: 24 vs. 0; p \ 0.001, LGE: 27 vs. 4; p \ 0.05).

The sensitivity, specificity, positive predictive value, negative

predictive value, and diagnostic accuracy were as follows:

EGEr: 66, 90, 96, 43, and 72 %; T2: 69, 100, 100, 53, and

76 %; LGE: 77, 60, 87, 43 and 73 %; T2 and/or LGE: 91, 60,

89, 67, 84 % Lake Louise Criteria, ‘‘two out of three’’: 80, 90,

96, 53, and 82 %. The sensitivity of ‘‘T2 and/or LGE’’ was

significantly higher than the Lake Louise Criteria (p \ 0.05),

while the overall diagnostic accuracy was not statistically

different. The overall diagnostic accuracy ‘‘T2 and/or LGE’’

was significantly better than that of LGE alone. The positive

likelihood ratio was higher for the Lake Louise Criteria (7.7)

than for EGE alone (6.3), T2 and/or LGE (2.3) or LGE alone

(1.9). In patients with clinical evidence for relevant active

myocarditis, skipping T2-weighted imaging or early GD

enhancement is associated with a significantly lower positive

likelihood ratio, while the removal of Early Gd Enhancement

imaging does not change diagnostic overall accuracy, while

reducing sensitivity. Thus, in patients where a high positive

likelihood ratio is needed, the full Lake Louise Criteria

including Early Gd enhancement and edema-sensitive

T2-weighted imaging should be used until alternative

approaches are developed.
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LGE Late gadolinium enhancement

ROC Receiver operating curve

SSFP Steady-state free precession

LV Left ventricle or left ventricular

LVEF Left ventricular ejection fraction

LVEDVI Left ventricular end diastolic volume index

LVESVI Left ventricular end systolic volume index

LVESWS Left ventricular end systolic wall stress

Background

Cardiovascular magnetic resonance (CMR) has become

the most important non-invasive diagnostic tool to assess

patients for myocardial inflammation and clinically sus-

pected myocarditis is among the most frequent indications

for CMR [1].

In an expert consensus, a combined CMR protocol using

three major diagnostic CMR criteria is recommended

[2], which includes edema-sensitive T2-weighted images

and two contrast-enhanced techniques, Early gadolinium

enhancement ratio (EGEr), reflecting an increased nor-

malized uptake of gadolinium (Gd) early (i.e. \5 min)

after its intravenous administration, and late gadolinium

enhancement (LGE), a marker of incomplete washout from

myocardium late (i.e. [10 min) after the injection. While

an increased EGEr is assumed to be a marker of hyperemia

and capillary leakage as pathophysiologic changes related

to inflammation [2–4], LGE is considered indicative of

irreversible injury, with its regional distribution reflecting

an inflammatory etiology [2, 5, 6].

Fast spin echo sequences typically used for EGE imaging are

limited by inconsistent image quality [2] and EGE imaging has

generally been considered the least robust of the three com-

ponents of the Lake Louise criteria. However, LGE imaging

visualizes irreversible injury only and thus has exhibited poorer

sensitivity in several studies of patients [2, 5–7], likely due to

less severe disease without ‘‘macroscopic’’ necrosis.

We aimed to assess the diagnostic accuracy of the Lake

Louise Criteria with and without EGE in patients with

suspected active myocarditis.

Methods

Study population

Thirty-five patients with a clinical suspicion of active myocar-

ditis and 10 healthy volunteers were enrolled. Inclusion criteria

included: Age 18–65 years; recent symptoms consistent with

active myocarditis; evidence for myocardial injury as indicated

by elevation of cardiac enzymes, ECG abnormalities, or left-

ventricular dysfunction as assessed by echocardiography; lack

of coronary artery stenosis as assessed by invasive coronary

angiography or \35 years old with B1 cardiac risk factor.

Exclusion criteria included an implanted MRI-incompatible

device, pregnancy, extreme claustrophobia, and previous

myocarditis. Healthy volunteers without evidence for previous,

recent or present cardiac disease and no illness within the recent

4 weeks were recruited as controls. The local ethics committee

approved this investigation and all participants gave informed

consent prior to their inclusion in the study.

CMR image acquisition

The CMR protocol included sequences for left ventricular

(LV) volumes, function and mass, as well as for tissue criteria

of active myocarditis. CMR studies were acquired using the

body coil (edema-sensitive and EGE imaging) or a 32-channel

cardiac phased array coil in a clinical 1.5T whole-body

scanner (MAGNETOM AvantoTM, Siemens Healthcare, Er-

langen, Germany). LV function and mass were assessed using

a stack of standard ECG-gated steady-state free precession

(SSFP) short axis images covering the LV from base to apex.

For edema-sensitive imaging, we used a T2-weighted, triple

inversion-recovery sequence with inversion pulses (STIR)

Table 1 Clinical characteristics of patient and control groups

All Patients Volunteers p value

N 45 35 10

Age (yrs) 38.5 ± 15.5 39.8 ± 16.6 33.8 ± 10.4 0.287

Gender (male; %) 32; 71 27; 77 5; 50 0.124

Clinical characteristics

BMI

(kg/m2)

25.7 ± 4.8 26.3 ± 5.2 23.5 ± 2.2 0.117

Time to onset of

symptoms (days)

6.8 ± 10.2

Systolic BP

(mmHg)

116 ± 11 117 ± 12 114 ± 9 0.407

HR (bpm) 67 ± 13 68 ± 14 66 ± 9 0.688

Laboratory results

Troponin T (lg/L) 1.1 ± 2.2a

LV function and mass

LVEF (%) 53.7 ± 10.3 51.5 ± 10.3 61.3 ± 6.1 0.006

LV SV (mL) 92 ± 27 94 ± 30 86 ± 16 0.399

CO

(L/min)

6.0 ± 1.6 6.2 ± 1.7 5.4 ± 1.2 0.202

CI

(L/min/m2)

3.0 ± 0.6 3.0 ± 0.7 3.0 ± 0.7 0.929

LVEDVI (mL/m) 98 ± 19 102 ± 18 82 ± 15 0.002

LVESVI (mL/m) 46 ± 14 49 ± 13 32 ± 9 \0.001

LVESWS

(10E3 N/m2)

48 ± 13a 50 ± 14a 40 ± 5 0.033

LV MI

(g/m)

67 ± 18a 70 ± 18a 58 ± 16 0.070

a Data were not available in one patient
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including blood flow and fat suppression. For the EGEr, T1-

weighted turbo spin echo imaging images were acquired

before and during the first 3 min after intravenous adminis-

tration of 0.1 mmol/kgGd-DTPA contrast (MagnevistTM,

Bayer Schering Pharma, Berlin, Germany). Typical sequence

parameters were: TR 252 ms, TE 26 ms, FOV 292 9

360 mm, matrix size 208 9 256, slice thickness 15 mm. LGE

images were acquired 5-10 min after Gd-DTPA administra-

tion using a typical phase-sensitive inversion-recovery gra-

dient echo sequence. TI was adjusted to efficient nulling of

normal myocardium.

Image analysis

Quantitative analysis of CMR images, including LV func-

tion and mass, T2-weighted and T1-weighted, and LGE

images was conducted using certified CMR analy-

sis software (cmr42, Circle Cardiovascular Imaging Inc.,

Calgary, Alberta, Canada). CMR images were interpreted by

experienced readers blinded to the results of all other diag-

nostic tests. Epicardial and endocardial borders were traced

manually and LV function was determined using standard

methods. LV mass was determined at end-systole. LV end

systolic wall stress (LVESWS) was calculated from LV end

systolic volume (LVESV), LV mass, and systolic blood

pressure [8].

Qualitative analysis of LGE images was conducted to

identify regional increases in myocardial signal intensity.

Positive LGE was further classified as sub-epicardial, mid-

wall, sub-endocardial, or trans-mural and localized based on

the AHA 17 segment model [9]. Similarly, a regional

increase of myocardial signal intensity in edema-sensitive

images was considered to be indicative of areas of regional

edema secondary to myocardial inflammation. The possi-

bility of artifacts was carefully excluded by excluding areas

of increased signal intensity that did not respect anatomical

structures. Epicardial borders, endocardial borders, and a

region of normally appearing skeletal muscle (typically the

m. serratus anterior) were manually traced on pre-contrast

T1-weighted turbo spin echo images and automatically

copied onto post-contrast images. The EGEr was determined

by normalizing myocardial enhancement (%SI increase

from pre-contrast to post-contrast) to skeletal muscle

enhancement [2, 10, 11].

Fig. 1 Representative images

of a patient with areas of

increased signal intensity on

LGE imaging. Enhancement is

mid-wall to subepicardial in the

lateral, anterior, anteroseptal,

and inferior segments
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Intraobserver and interobserver agreements for EGEr

To test intraobserver agreement for EGEr, a single reader

analyzed EGEr twice in a subset of fifteen patients. The

second analysis was performed on a separate day from the

first analysis. Additionally, the images were analyzed

independently by another reader to test interobserver

agreement.

Statistical analysis

Statistical analysis was conducted using Prism 5 (GraphPad,

La Jolla, CA, USA) or SPSS 19 (IBM, Armonk, NY, USA).

Continuous variables are expressed as mean ± SD and were

compared using the unpaired t test. Welch’s correction was

applied to the unpaired t test for continuous variables that

demonstrated unequal variances in an F test. Correlations

were analyzed using Pearson’s correlation coefficient.

Receiver operating curve (ROC) analysis was used to assess

the diagnostic performance of EGEr. Bland–Altman analysis

and Intra Class Correlation coefficients (ICC) were used to

assess inter-observer and intra-observer agreement. The

sensitivity, specificity, and accuracy of two diagnostic

techniques were compared using McNemar’s test. A p value

of less than 0.05 was considered significant.

Results

Clinical characteristics and functional assessment

Patients underwent CMR imaging at 7 ± 10 days

(max. 56 days) after the onset of cardiac symptoms.

Table 1 shows the clinical characteristics of the study

patient and control populations and their myocardial

functional parameters as determined by CMR.

All patients exhibited cardiac symptoms consisting of

(mainly acute) chest pain (69 %), shortness of breath (23 %),

Table 2 Diagnostic performance of contrast-enhanced CMR modalities

Patient Control p value Sensitivity

(CI)

Specificity

(CI)

PPV (CI) NPV (CI) Accuracy Positive

Likelihood

Ratio

LGE (number

of positives; %)

27; 77 4; 40 0.049 77 (60–90) 60 (26–87) 87 (70–96) 43 (18–71) 73 (59–84) 1.9

T2 (number of

positives; %)

24; 69 0; 0 \0.001 69 (52–81) 100 (69–100) 100 (86–100) 48 (28–68) 76 (61–86) –

EGEr

(mean ± SD)

5.8 ± 3.0 2.5 ± 1.7 \0.001

Threshold value

[1.75 100 (90–100) 40 (17–69) 85 (72–93) 100 (51–100) 87 (74–94) 1.7

[3.45 66 (49–79) 90 (60–98) 96 (80–99) 43 (24–63) 72 (57–82) 6.6

[4.0 63 (46–77) 90 (60–98) 96 (79–99) 41 (23–61) 69 (54–80) 6.3

[6.45 34 (21–51) 100 (72–100) 100 (76–100) 30 (17–47) 49 (35–63) –

CI: 95 % confidence interval

Fig. 2 Representative

T1-weighted spin echo images

from the same patient. The

EGEr is elevated (8.2).

a pre-contrast,

and b post-contrast
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arrhythmia (15 %), and/or syncope (11 %). Twenty of the 35

patients reported a recent history of symptoms suggestive of a

systemic viral illness. There was no significant difference in

age (p = 0.287), gender (p = 0.124), BMI (p = 0.117),

systolic blood pressure (p = 0.407), heart rate (p = 0.688),

left ventricular stroke volume (p = 0.399), or cardiac output

(p = 0.202) between patients and the control group. The

patient group exhibited a lower left ventricular ejection frac-

tion (LVEF) compared to the control group (51 ± 10 vs. 61 ±

6 %; p = 0.006). Moreover, compared to controls, patients

exhibited a higher mean end-diastolic volume index (LVEDVI;

102 ± 18 vs. 81 ± 15 mL/m; p = 0.002), end-systolic volume

index (LVESVI; 49 ± 13 vs. 32 ± 9 mL/m; p \ 0.001),

and end-systolic wall stress (LVESWS; 50 ± 14 vs. 40 ± 5

103N/m2; p = 0.033).

Late gadolinium enhancement (LGE)

Areas with high signal intensity in LGE images were most

common in lateral segments (80 %), followed by septal

(36 %), anterior (23 %), and inferior (20 %) segments.

Enhancement was either subepicardial, mid wall, mid wall to

subepicardial, or transmural, and never purely subendocar-

dial. Figure 1 shows representative LGE images of a patient

with regional irreversible injury. The sensitivity, specificity,

positive predictive value (PPV), negative predictive value

(NPV), diagnostic accuracy, and positive likelihood ratio

(LR) of LGE were 77, 60, 87, 43, 73 %, and 1.9 respectively

(Table 2; p = 0.049). There was no significant difference in

age (p = 0.769), heart rate (p = 0.626), time from onset of

symptoms (p = 0.430), ejection fraction (p = 0.931), or

troponin levels (p = 0.095) between patients with and

without LGE.

Early gadolinium enhancement (EGEr)

EGEr as assessed by a T1-weighted turbo spin echo sequence

was elevated in patients compared to controls 5.8 ± 3.0 vs.

2.5 ± 1.7; p\0.001; see Table 2). Figure 2 shows represen-

tative images of a patient with an elevated EGEr. Figure 3

shows the receiver-operated curve analysis for EGEr (Area

under the curve: 0.849; p\0.001). The cutoff value corre-

sponding to the highest positive likelihood ratio of 6.6 was

[3.45, while the recommended cutoff value of[4.0 [2] yielded

a positive likelihood ratio of 6.3. The cutoff values corre-

sponding to 100 % sensitivity, and 100 % specificity were[
1.75 and [6.45, respectively. Results for diagnostic perfor-

mance using various cutoffs values are shown in Table 2.

There was no significant difference in sensitivity (p = 0.285),

specificity (0.083), or accuracy (p = 0.808) between EGEr

(cutoff[4.0) and LGE. EGEr was negatively correlated with

ejection fraction (r = -0.355; p = 0.036), but not with age

(p = 0.409), heart rate (p = 0.467), troponin levels (p =

0.633), or time from onset of cardiac symptoms (p = 0.09).

Intraobserver and interobserver agreements were good

for EGEr, with no evidence of systemic bias on Bland–

Altman plots (Fig. 4). Intraclass correlation coefficients for

intra-observer variability and inter-observer variability

were 0.917 (95 % CI 0.751–0.972) and 0.919 (95 % CI

0.758–0.973) respectively.

Regional myocardial edema (T2)

The sensitivity, specificity, positive predictive value (PPV),

negative predictive value (NPV), and diagnostic accuracy

of T2-weighted images are shown in Table 2 (p \ 0.001

compared to healthy volunteers). There was no significant

difference in age (p = 0.423), heart rate (p = 0.325), time

from onset of symptoms (p = 0.078), ejection fraction

(p = 0.326), or troponin levels (p = 0.904) between

patients with and without T2 edema.

Combinations of T2, EGEr, and LGE

The diagnostic performance of various combinations of T2

regional edema, EGEr, and LGE for the diagnosis of

myocarditis is shown in Table 3. The sensitivity of the T2

and/or LGE combination 91 % was significantly higher

than that of LGE alone (79 %; p = 0.025) or that of the

Lake Louise Criteria (77 %; p = 0.046). However, despite

a trend for better specificity of the Lake Louise Criteria, no

significant difference was observed for in specificity

(p = 0.083) or accuracy (p = 0.706). Positive likelihood

ratios of commonly used variations of the Lake Louise

Protocol are shown in Fig. 5.

Fig. 3 Receiver-operating curve for EGEr (Area = 0.849;

p \ 0.001)
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Discussion

In agreement with previous reports, our results confirm that

patients with active myocarditis exhibit increased signal

intensity in LGE images and T2-weighted images, as well

as an increased EGEr [2, 12, 13]. When comparing the

diagnostic performance of the two contrast-enhanced

methods, EGEr showed a higher positive likelihood ratio

but exhibited no significant difference in sensitivity,

specificity, or accuracy (Table 2). The full Lake Louise

Criteria and the T2 and/or LGE combination yielded sim-

ilar accuracies (Table 3). However, the T2 and/or LGE

combination yielded a higher sensitivity than the Lake

Louise Criteria, while the Lake Louise Criteria had a

higher positive likelihood ratio. Therefore, our results

indicate that the T2 and/or LGE combination may be used

in clinical situations requiring high sensitivity, while the

full Lake Louise Criteria should be used in clinical situa-

tions requiring a higher positive predictive value.

Although our data generally confirm previous data

acquired with a cutoff value for EGEr of 4.0 [2], we found

a criterion based on values of [3.45 to yield the highest

positive likelihood ratio.

Our study has limitations. Our sample size is limited,

although the relevant parameters showed clear, statistically

significant differences. While we observed a pattern of

LGE consistent with previous reports in myocarditis

[12–14], the sensitivity of LGE images for myocarditis in

our study was higher and the specificity was lower than

previously reported [2, 12, 13, 15–17]. This may be due to

differences of the investigated sample. All of our patients

were hospitalized for their cardiac symptoms and most had

pathological levels of troponin. Increased troponin levels,

decreased ejection fraction, increased end-diastolic and

end-systolic volume indices, and increased end-systolic

wall stress values may indicate that we encountered a

group of patients with more severe myocarditis. Thus, our

results may not be applicable to patients with less severe

forms of myocarditis. Furthermore, the majority of our

patients exhibited cardiac symptoms for less than 14 days

and therefore our results may be valid only in patients with

clinically acute myocarditis [18]. Our time window

Fig. 4 Bland-Altman plots for

a intra-observer variability, and

b inter-observer variability of

EGEr

Fig. 5 Positive likelihood ratios for different variations of the Lake

Louise Criteria for diagnosing acute myocarditis by CMR

Table 3 Diagnostic performance of combinations of T2, LGE, and EGEr

Combination Sensitivity (CI) Specificity

(CI)

PPV

(CI)

NPV

(CI)

Accuracy

(CI)

Positive

Likelihood Ratio

T2 and/or LGE 91 (78–97) 60 (31–83) 89 (75–96) 67 (35–88) 84 (71–92) 2.3

EGEr and LGE 49 (33–64) 90 (60–98) 94 (74–99) 33 (19–52) 58 (43–71) 4.9

EGEr and T2 49 (33–64) 100 (72–100) 100 (82–100) 36 (21–54) 60 (45–73) –

Lake Louise Criteria (any 2 of 3) 77 (61–88) 90 (60–98) 96 (82–99) 53 (31–74) 80 (66–89) 7.7

CI: 95 % confidence interval
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however respects the pathophysiological time course for

detecting active inflammation. We did not perform myo-

cardial biopsy and thus do not have immunohistology data

to validate our results against. Yet, our definition of myo-

carditis, based on combined clinical criteria has been

widely used and indicates a very high likelihood of myo-

carditis. Finally, we do not have follow-up data to assess

the prognostic value of our findings.

Conclusion

In patients with clinical evidence for relevant active

myocarditis, skipping T2-weighted imaging or early GD

enhancement is associated with a significantly lower

positive likelihood ratio, while the removal of Early Gd

Enhancement imaging does not change diagnostic overall

accuracy, while reducing sensitivity. Thus, in patients

where a high positive likelihood ratio is required, the full

Lake Louise Criteria including Early Gd enhancement and

edema-sensitive T2-weighted imaging should be used until

alternative approaches are developed.
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