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ABSTRACT

Background: The tissue-blood partition coefficient (PC) of gadolinium,
derived from T1 measurements, reflects myocardial connective tissue
fraction and tissue injury, increasing in proportion with edema or
fibrosis. We determined the myocardial PC of gadolinium in patients
with acute myocarditis, chronic myocardial infarction (Ml), and healthy
volunteers. We hypothesized that the characteristics of the injured
myocardium in patients with Ml and myocarditis may differ and that
the PC will be higher in chronically injured myocardium (Ml) compared
with acutely injured myocardium (myocarditis).

Methods: We performed late gadolinium enhancement (LGE) cardio-
vascular magnetic resonance (CMR) imaging and T1 mapping before
and after administration of gadolinium (0.1 mmol/kg Gd-BOPTA) at 3
Tesla in 10 healthy volunteers (47.1 + 12.4 years), 18 patients with
chronic MI (62.5 + 8.1 years), and 16 patients with acute myocarditis
(42.5 + 13.9 years).

Results: In patients with chronic Ml and focal scar by LGE, the whole
left ventricular myocardial PC (0.45 + 0.05) was higher compared with
patients with Ml without focal scar (0.39 + 0.03, P = 0.02) but not
significantly different from whole myocardial PC in volunteers
(0.40 £ 0.05) or patients with myocarditis (0.41 + 0.05). The PC in
myocarditis scars was lower than in chronic Ml scars (0.60 + 0.12 vs

Myocardial infarction (MI) and myocarditis are common
causes of cardiac injury, leading to substantial morbidity and
mortality.'” MI and myocarditis may share similar clinical
presentation patterns, which are difficult to differentiate using
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RESUME

Introduction : Le coefficient de partage (CP) tissu/sang du gadolinium,
dérivé des mesures T1, refléte la fraction de tissu conjonctif du
myocarde et les Iésions tissulaires, qui augmentent proportionnelle-
ment a I'edéme ou a la fibrose. Nous avons déterminé le CP du
gadolinium dans le myocarde de patients atteints de myocardite
aigué, d’infarctus du myocarde (IM) chronique, et de volontaires en
bonne santé. Nous avons posé I'hypothése que les caractéristiques du
myocarde lésé des patients souffrant d’'IM et de myocardite peuvent
étre différentes et que le CP sera plus élevé dans un myocarde Iésé de
facon chronique que dans un myocarde lésé de facon aigué.
Méthodes : Nous avons réalisé des séquences de rehaussement tardif
apreés injection de gadolinium (RTG) en imagerie cardiovasculaire par
résonance magnétique (IRM cardiovasculaire) et une cartographie T4
avant et aprés I'administration du gadolinium (Gd-BOPTA a 0,1
mmol/kg) a 3 Tesla chez 10 volontaires en bonne santé (47,1 4- 12,4
ans), 18 patients atteints d'IM chronique (62,5 + 8,1 ans) et 16
patients atteints de myocardite aigué (42,5 + 13,9 ans).

Résultats : Chez les patients souffrant d’'IM chronique et ayant une
cicatrice focale au RTG, le CP dans le myocarde entier du ventricule
gauche (0,45 & 0,05) était plus élevé que chez les patients atteints
d’IM sans cicatrice focale (0,39 + 0,03, P = 0,02), mais n’était pas

electrocardiography (ECG),” echocardiography,” and serum
markers. Cardiovascular magnetic resonance (CMR) imaging
is able to characterize myocardial tissue and is the preferred
noninvasive diagnostic tool for myocarditis.”* The combina-
tion of imaging myocardial edema, using water-sensitive
(T2-weighted) CMR’ and hyperemia (early gadolinium
enhancement),'’ with scar imaging (late gadolinium
enhancement [LGE]) has good diagnostic accuracy for
myocarditis.'' Furthermore, the identification of previously
unrecognized myocardial infarction as areas of subendocardial
scars'” on CMR, may clarify a diagnosis of ischemic cardio-
myopathy in dubious cases.
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0.77 + 0.16, P = 0.016). The relationships of PC and scar burden,
expressed as % LGE, were similar and significant for the 2 groups
(P = 0.042).

Conclusion: The tissue-blood partition coefficient of Gd-BOPTA is
elevated in areas of acute and chronic myocardial injury and may serve
as a marker for disease activity and density of scars, which was found
to be higher in chronic Ml than in acute myocarditis.

Scar volume carries a prognostic value in both myocarditis
and ML'?""> Myocardial scars, however, may not have the
same composition in myocarditis and MI, influenced by the
extent and mechanism of the initial injury, as well as by
ongoing inflammation. T2-weighted images suggest that acute
myocarditis evolves from a focal to a disseminated process
during the first 2 weeks, with normalization of the average
myocardial signal by 12 weeks.'” In acute MI, timely reper-
fusion therapy limits the extension of a focal injury, as
depicted by myocardial salvage, known as the difference
between the area of injured myocardium by T2-weighted
imaging and the final scar as defined by LGE.'®'" Yer,
associated inflammation also takes several weeks to resolve.
Furthermore, the amount of LGE undergoes dynamic changes
shrinking to its chronic size during the first 8 weeks.'® The
time course of these processes is only partially characterized,
and scar composition is not used as a diagnostic criterion. This
is partially due to limitations of current CMR techniques. The
image quality of T2-weighted spin echo and early gadolinium
enhancement images is often inconsistent, and the analysis of
LGE images depends on the threshold used for visual assess-
ment and recognizes focal—but not diffuse—homogeneous
fibrosis.

Myocardial T1 measurement has surpassed former tech-
niques to detect acute myocardial damage in MI'”*’ and
myocarditis”' and may even obviate the need for gadolinium-
based contrast agents.”' Visual identification of irreversible
injury using T1 measurements is assisted by the choice of an
adequate colour scale but still requires considerable expertise.
Pre- and post-contrast myocardial T1 measurements can be
combined to estimate the extent of myocardial extracellular
volume fraction.'” This estimation relies on calculation of the
partition coefhicient for gadolinium (PC), obtained by plotting
the myocardial R1 (1/T1) against the blood pool R1, before
and at least for 1 time point after injection of contrast
material.”” The PC has been shown to be sensitive to an
increased myocardial connective tissue fraction, inferring the
presence of interstitial fibrosis,”” with the advantage that it
relies on multiple measurements, reducing the confounders
associated with post-contrast T1.

We therefore hypothesized that the characteristics of the
injured myocardium in patients with MI and myocarditis will
differ and that this difference can be better appreciated by
calculating the PC of the scar. We hypothesize that PC will be
higher in chronically injured myocardial tissue in MI
compared with acutely injured tissue in myocarditis.
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significativement différent du CP dans le myocarde entier des volon-
taires (0,40 + 0,05) ou des patients atteints de myocardite (0,41 +
0,05). Le CP dans les cicatrices de la myocardite était plus faible que
celui dans les cicatrices d’'IM chronique (0,60 + 0,12 vs 0,77 + 0,16,
P = 0,016). Les relations entre le CP et le fardeau des cicatrices
exprimé en % de RTG étaient similaires et significatives dans les 2
groupes (P = 0,042).

Conclusion : Le CP tissu/sang du Gd-BOPTA s’éléve dans les régions
des lésions myocardiques aigués et chroniques, et peut servir de
marqueur de l'activité de la maladie et de densité des cicatrices,
lequel s’est montré plus élevé lors d’'IM chronique que lors de myo-
cardite aigué.

Materials and Methods

Study populations

Study subjects were prospectively enrolled among patients
presenting for CMR at Montréal Heart Institute and were
grouped as (1) suspected acute myocarditis and (2) subacute
or chronic MI, depending on the clinical presentation.
Patients were considered to have myocarditis (group 1) if they
fulfilled the following criteria”®: symptoms and signs sugges-
tive of cardiac disease (angina pectoris, dyspnea, palpitations,
or fatigue) beginning in the previous 3 months; evidence of
myocardial injury as defined by elevated serum markers
(creatine kinase [CK], troponin T or I) and/or ECG changes
(ST-segment changes, conduction defects); exclusion of
coronary artery disease either by a normal angiogram or the
combination of age less than 35 years and absence of car-
diovascular risk factors or a negative exercise stress test. Group
2 included outpatients, either from our institution or referred
by cardiologists at other institutions, with a clinical diagnosis
of MI”” occurring at least 3 months before CMR referral and
performing non-stress CMR as part of a long-term follow-up.
However, we excluded any patient if an alternative diagnosis
could clearly be suspected after integration of clinical evalua-
tion and CMR data, even if concomitant features of MI or
myocarditis were also present. Healthy volunteers were also
included; these were asymptomatic individuals who vol-
unteered for the study, who had no personal histories of
cardiac disease confirmed on standardized questionnaires, and
with normal left ventricular (LV) function verified after the
CMR scan. We included participants between the ages of 15
and 85 years, whereas patients with hemodynamic instability,
distinct histories of cardiac diseases, or known contraindica-
tions to CMR were excluded. The ethics committee approved
the study, and each participant signed a written consent form.

CMR examinations

CMR examinations were performed on a 3.0 Tesla scanner
(Skyra; Siemens, Erlangen, Germany), using an 18-channel
phased array surface coil placed on the subject’s chest. All
images were ECG-gated and acquired during breath-holds.
Cine images were acquired in short-axis views, covering the
whole LV from above the mitral valve plane to the apex.
Parameters for cine-SSFP (steady-state free precession) CMR
images were field of view (FOV) 343 x 340, echo time (TE)
1.43 ms, repetition time (TR) 39.1 ms, slice thickness 8 mm
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with a 2-mm gap, and 25 phases for each heart beat. The
3-3-5 Modified Look-Locker Inversion (MOLLI) recovery
sequence28 was used for T1 measurements with 11 SSFP
readouts after inversion, slice thickness 8 mm, flip angle 35°,
TE 1.07 ms, TR 371 ms, FOV 360 x 270 mm, minimum
inversion time (TI) 100 ms, TT increment 80 ms, and a
parallel-imaging (GRAPPA) acceleration factor of 2. MOLLI
sequences were acquired in basal, mid- and apical ventricular
short-axis before (native) and at 2 time points (2 to 5 and 15
minutes) after a manual intravenous injection of a single-bolus
dose (0.1 mmol/kg) of Gadobenate dimeglumine
(Gd-BOPTA, Multihance; Bracco, Milan, Italy). LGE images
were obtained 10 to 15 minutes after injection of contrast
material, in a ventricular short-axis stack, using a segmented
inversion-recovery gradient-echo pulse sequence™ (typical
voxel size 1.4 x 1.4 x 8 mm).

CMR image analysis

All images were analyzed using clinically validated software
(cvi*?; Circle CVI Inc, Calgary, AB). LV volumes, ejection
fractlon (EF) and mass were measured as per published
guidelines.”” The scar burden was measured as the percentage
of LGE mass. For each subject, LV epi- and endocardial
contours and a region of interest (ROI) in a remote
myocardial segment with nulled (black) myocardium were
manually drawn. A signal intensity (SI) higher than 5 standard
deviations (SD) for MI or 3 SD for myocarditis above the SI
of the remote area was defined as “scar,” as recommended for
semiautomatic thresholding,”” The resulting area within the
LV myocardium was outlined as a ROI (“enhanced area”).
The planimetric size of the area was transformed in volume by
addition of the areas on the contiguous slices of the short-axis
stack and expressed as a percentage of the myocardial surface
volume (% LGE volume). We acknowledge that LGE may
indicate both acute (necrosis) and chronic (fibrosis) injury; for
simplicity, we used the term “scar” for both.

We measured T1 on motion-corrected”’ SSEP MOLLI
readouts; as an alternative, we used raw SSFP MOLLI read-
outs when image distortion caused by myocardial deformation
was present on more than 3 images. To measure the T1 time
in the entire myocardial surface, we used a ROI-based
analysis.”” In each slice, LV epi- and endocardial contours
were drawn in the first MOLLI image and forwarded to the
remaining readouts to determine whole myocardium T1
measurements. Afterward, T1 was measured in the widest
possible area of (1) the correspondent enhanced area of LGE
images (“scar”), wherever its visual delimitation left no
doubts (visually confirmed on equivalent coloured T1 maps—
examples of contours shown in Figure 1), and (2) in remote
nonenhanced myocardium. This allowed us to create 2 sub-
groups, within groups 1 and 2 based on the absence (subgroup
A, example in Figure 2) or presence (subgroup B, example in
Figure 1) of such an area of “scar” delineated on T1 mapping
images. We rejected T1 measurements with nonsatisfactory
curve fitting defined as R* < 0.995.

The gadolinium contrast partition coefficient (PC) for
whole and remote myocardium, as well as for scar, was
then calculated using the native and 2 post-contrast (2 to 5
and 15 minutes) T1 measurements of the referred regions.
The relaxation rate (R1 = 1/T1) in myocardium was
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plotted against the R1 in the LV blood pool. The PC was
determined as the slope of the regression straight line
defining the relationship between myocardial R1 vs blood
pool R1.”

Statistical analysis

Continuous variables are presented as mean £ SD. The PC
of the scar and remote myocardium was compared with a
2-tailed unpaired Students’ #test. Categorical variables are
expressed as frequencies (percentages) and were compared
using the (> test. Comparisons among 3 or more groups were
tested by 1-way analysis of variance (ANOVA). Post hoc
pairwise comparisons were made applying a Bonferroni
correction to the P value to account for multiple comparisons.
The correlation between the percentage area of LGE and PC
was calculated using a robust linear regresswn “ Robust linear
regression was based on a generalization of maximum-
likelihood estlmatlon, based on the MM-estimator proposed
by Yohai’> for resistance to outliers and 1mp1emented in the
MASS package for the R statistical environment.”® The %
LGE was modelled as a function of PC and group (MI or
myocarditis) and an interaction term. A P value < 0.05 was
considered statistically significant for all analyses. Statistical
analyses were performed with SPSS version 21 (IBM,
Somers, NY).

Results

Baseline characteristics

We recruited a total of 50 subjects but excluded 2 patients
from the MI group and 4 patients from the myocarditis group
because they presented findings consistent with other diagnoses
in addition to findings suggestive of MI or myocarditis
(Supplemental Tables S1 and S2). The final sample consisted
of 10 healthy volunteers (80% men, 47.1 & 12.4 years) and 34
patients: 16 with acute myocarditis (75% men, 42.5 + 13.9
years) and 18 with subacute or chronic MI (94% men, 62.5 £+
8.1 years). Baseline characteristics and CMR data are presented
in Table 1. Among the 3 groups, MI patients were older, had
higher prevalence of hypertension and dyslipidemia, and were
more frequently taking medications known to improve LV
remodelling. Per study design, patients with myocarditis were
scanned closer to their event (0.49 =+ 0.93 months for
myocarditis vs 59.0 £ 69.5 months for MI).

Late gadolinium enhancement

LGE was absent in 22.2% (4) of MI and in 6.3% (1) of
patients with acute myocarditis. All 4 patients with clinical
MI diagnoses but no significant “scar” on LGE imaging had
non-ST segment elevation MI (1 had very focal apical LGE
beyond the location of the correspondent T1 mapping slice,
and 2 others had apical mild hypokinesis without clear
LGE). LGE distribution, by American Heart Association
(AHA) segments, was 15% subendocardial, 7% transmural,
and 2% intramural/epicardial for MI and 25% subepicardial,
11% intramural, and 2% transmural for myocarditis. The %
LGE volume was not significantly different in myocarditis
and in patients with chronic MI (9.3 + 6.7% vs 8.9 +
11.8%, P = 0.89). The relationships of PC and scar
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Figure 1. Tissue delineation using T1 mapping. Shown is an example of a myocardial infarction (MI) with a subendocardial scar (*) in the inferior
and inferolateral segments. SSFP (A) and late gadolinium enhancement (LGE) (B) images were used for guidance. T1 color map 2 to 5 minutes post-
contrast clearly identifies the scar, in purple (C). The delineation of remote myocardium and scar was possible, as illustrated in D.

burden, expressed as % LGE, were similar and significant for
the 2 groups (P = 0.042, Fig. 3).

T1 measurements

We encountered a fair number of artifacts secondary to
myocardial deformation on the motion-corrected” sequences
(overall excluded slices in myocarditis 8%, in MI 6%, in
volunteers 3%), without statically significant differences be-
tween the different acquisition time points or among groups.
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The myocardial deformation mainly presented as loss of the
rounded shape of the LV, with straightening of the septum
making it D-shaped.

Global native myocardial T1 was higher in myocarditis
patients (1257.5 £ 61.4 ms) than in patients with MI
(1211.9 + 34.5 ms, P = 0.05). T1 values for each subgroup,
before and after Gd-BOPTA injection, are shown in Figure 4.
MI patients with “scar” (subgroup B) had lower post-contrast
T1 values at 2 to 5 minutes and at 15 minutes than patients
with MI without “scar” (P < 0.01 and P < 0.05 for 2 to 5

4351

Figure 2. Example of a myocarditis patient with an apical subepicardial scar (*) on late gadolinium emhancement (LGE) images (B). However, this
scar was located beyond the slice positioning for apical T1 measurements (yellow line), and therefore scar delineation was absent from native T1
color map (A), despite presence of an elevated global T1 time.
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Table 1. Baseline characteristics and functional CMR values
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Characteristics Group 1 (MC) Group 2 (MI) P value Group 3 (controls) P value
N 16 18 10
Age, years 425 +£13.9 62.5 + 8.1* 47.1 £ 124 < 0.001
Male sex, n (%) 12 (75) 17 (94) 8 (80) 0.28
Diabetes mellitus, n (%) 3 (18.8) 6 (33.3) 0.34 -
Hypertension, n (%) 3 (18.8) 12 (66.7) <0.01 -
Dyslipidemia, n (%) 3 (18.8) 14 (77.8) < 0.001 -
Family history of CAD, n (%) 4 (25) 5 (31.3) 0.69 -
Current smoker, n (%) 2 (12.5) 5 (35.7) 0.27 -
Time from event, months 0.49 £+ 0.93 59.0 + 69.5 <0.001 -
Medications

B-Blockers, n (%) 6 (37.5) 14 (77.8) <0.05 -

RAAS blockers, n (%) 4 (25) 12 (75) <0.01 -

Statin, n (%) 5 (31.3) 13 (81.3) <0.01 -

Antiplatelet, n (%) 7 (43.8) 16 (88.9) <0.01 -
LVEDV/BSA, mL/m” 79.8 + 41.0 74.5 +19.2 89.5 + 8.3 0.41
LVESV/BSA, mL/m> 39.0 £+ 41.7 33.5 + 16.1 29.3 £ 6.3 0.67
LVEF, % 56.9 + 14.4 56.6 + 11.1 67.3 £ 6.0 0.052
LV mass/BSA, g/mz 71.4 £ 16.5 65.5+9.9 71.9 £ 13.2 0.34

BSA, body surface area; CAD, coronary artery disease; CMR, cardiovascular magnetic resonance; LVEDV, left ventricular end-diastolic volume; LVEF, left

ventricular ejection fraction; LVESV, left ventricular end-systolic volume; MC, myocarditis; MI, myocardial infarction; RAAS, renin-angiotensin-aldosterone

system.
* Significantly different from groups 1 and 3.

and 15 minutes post-contrast times, respectively). On visual
assessment, MI T1 maps post-contrast always permitted to
separate the “scar” from normal myocardium, except when it
was too small (3 patients with an average % LGE of 1.3% of
LV volume) or when it was located beyond the mapping slices
(1 patient with septal apical infarct). Patients with myocar-
ditis, with and without “scar” delineation on T1 maps, had
similar native and post-contrast T1 values for the whole
myocardial slice. Visual individualization of the “scars” on T1
maps was more difficult for myocarditis, especially because of
the preferential location of the “scars” (the subepicardial
border is the source of more chemical shift artifacts) and
slightly more diffuse myocardial involvement.
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Figure 3. Scatter plot of mean myocardial partition coefficient and
percentage of left ventricular volume with late gadolinium enhance-
ment (LGE) for patients with myocarditis (MC) and myocardial infarc-
tion (MI). The linear regression lines were estimated by robust linear
regression for a model with LGE as dependent variable and partition
coefficient, patient group, and their interaction as predictors. The
dashed lines delineate the 95th percentile bands for predictions. The
weighted R? value weighs the total and residual variance in the same
way that observations were weighted in the robust regression.

MI and myocarditis “scars” native T1 values were higher
than the native T1 of the remote myocardium. MI and
myocarditis “scars” post-contrast T1 values were lower that
the post-contrast T1 of the remote myocardium (Fig. 5). MI
“scars” had significantly lower native and post-contrast T1
values than myocarditis “scars.”

Partition coefficient

PC results are presented in Figure 6. The whole myocar-
dium PC was not significantly different between groups
(Fig. 6A). In patients with chronic MI but not patients with
myocarditis, patients with focal scar by LGE had higher whole
myocardium PC than patients without focal scar (P = 0.02).
Myocarditis scar PC was significantly lower than MI scar PC
(P = 0.016), as seen in Figure 6B. There was no difference
between remote (unscarred) myocardium PC in patients with
myocarditis, patients with chronic MI, and healthy
myocardium.

Discussion

Our results indicate that the PC for Gd-BOPTA of irre-
versibly injured myocardium was higher in MI compared with
myocarditis, whereas remote myocardium was similar to the
PC of myocardium in healthy volunteers. PC showed a
significant association with the % volume of LGE in
myocarditis and patients with chronic MI. This is consistent
with previous results from histopatholo%ic studies that corre-
late high collagen content with LGE.”*

We computed PC by performing MOLLI T1 measure-
ments, before and at multiple time points after Gd-BOPTA
bolus injection. Salerno et al.” validated this sequence to
measure T'1 and PC in volunteers, using both bolus injections
and a long equilibrium infusion, without significant differ-
ences in results between both strategies. Chin et al.*” have also
shown that PC varies little over time with a wide range of T'1
determinations, mainly because of the low variability of T1
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2-5 min post-contrast T1
p<0.001

Volunteers  MC (without scar) MC (with scar) MI (without scar) MI (with scar)

Global left ventricular T1 before and after Gd-BOPTA injection, (A) native T1 values, (B) 2 to 5 minutes, and (C) 15 minutes after Gd-BOPTA

injection. Only significant P values (P < 0.05) are shown. Values are mean + standard deviation (SD).

measured beyond 15 minutes after administration of contrast
material.

To confirm if PC can characterize myocardial injury, we
sought to compare it with the most common noninvasive
approach to detect focal irreversible myocardial injury, LGE
imaging.” LGE was validated in dogs, showing an almost
1-to-1 match between the LGE areas and the histologic
collagenous chronic scar.'® Based on this high concordance,
the pattern of LGE can be used to differentiate pathophysi-
ologic processes that distinctly affect myocardial muscle layers,
notably MI and myocarditis."' Furthermore, the extent of
LGE has prognostic value in both diseases,” even after con-
trolling for EF in patients with ML** In our study, PC
increased with larger “scars” and showed a significant associ-
ation with % volume of LGE in the LV, in both myocarditis
and patients with MI. However, computing PC may have
advantages over determination of LGE extent. LGE quanti-
fication varies, depending on the method used to define
enhancing myocardium: for example, the number of SD
above the signal intensity of the remote myocardium or the
full width-half maximum method,” without definite superi-
ority of one technique over another.”** We used the SD
method to define enhancing areas with thresholds appropriate
to MI or myocarditis, as LGE evaluation criteria vary among
diseases.”’ T1 mapping techniques are able to quantify tissue
characteristics on a continuous scale, without reference to
“normal” myocardium, and have an at least equivalent
diagnostic performance to LGE for ischemic’’ and non-
ischemic cardiomyopathies.45 Furthermore, in diseases that
diffusely affect the myocardium, such as myocarditis or

infiltrative diseases, a reference myocardial area may not be
identifiable, or at least difficult to delineate, as in our patients
with myocarditis, rendering the LGE technique unsuited to
distinguish diseased from normal myocardium®” and creating
an advantage for T1 measurements in such cases. However,
different confounders—such as the timing of acquisition after
administration of contrast material, the contrast agent dose,
and the washout rate—may all affect a single T1 measure-
ment. Therefore, PC computed from all available pre- and
post-contrast T1 measurements avoids most of these
confounders.

The ability of PC to detect irreversible myocardial injury
has been studied by Flacke et al.”® In their study, they used a
prolonged infusion of gadolinium and Look-Locker images to
measure PC in healthy volunteers and patients with chronic
and acute MI. PC was 0.56 in healthy myocardium compared
with 0.78 in infarcted segments, a 39% difference. Our results
in patients with MI also showed a difference between PC
measured in MI “scar” (0.77) compared with remote
myocardium (0.41), with a net difference of 88%. The PC
difference in remote myocardium in these 2 studies may be
related to protocol differences: namely, the sequence used or
even the method of gadolinium administration. Our value of
PC in healthy volunteers and remote myocardium (0.40) was
closer to what has been reported by Salerno et al.”’ and
Jerosch-Herold et al.,” who obtained a value of 0.45 and
0.41, respectively, using the same sequence and similar
protocol. Thornhill et al.,”” like Flacke, used a prolonged
infusion of gadolinium, but with saturation recovery images to
compute PC, both in a similar group of patients with MI
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during the acute (3 to 4 weeks after first event) and chronic
phases (6 months after first event), as well as in healthy
volunteers. However, Thornhill’s estimates of normal tissue
were closer to ours, at 0.46, with an elevation of 74% for PC
in infarcted myocardium (0.80). Interestingly, PC did not
show significant differences between the acute and chronic
phases in his series.

The determination of PC in infarcted myocardial segments
in the 2 previous studies’®"” showed no significant differences

between the acute and chronic phases of the disease. In the
series by Thornhill et al., there was a small numerical differ-
ence in the PC of “scars” of distinct age, being slightly higher
in the acute phase and diminishing with the evolution of the
“scar.” The fact that acute myocarditis “scar” already shows a
lower PC (0.60) than chronic MI (0.77) suggests that the
compositions of acute MC and acute/chronic MI “scars” are
different, probably with less dense fibrosis and relatively more
edematous tissue in myocarditis. This hypothesis is supported
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Figure 6. Partition coefficient measurements. The averages of whole myocardium PC among volunteers (0.40 + 0.05), myocarditis (MC, 0.41 +
0.05) and patients with myocardial infarction (Ml, 0.42 + 0.05) are shown in A. (B) We detailed the analysis, presenting comparisons of scar’s and
remote’s myocardium PC of Ml and MC patients. Scar’s PC is significantly higher than the remote myocardium PC, being highest in patients with MI.

Only significant P values (P < 0.05) are shown.
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by a CMR follow-up study that reported an increase in
myocardial contrast enhancement in the early course of MC,
later decreasing at 4 weeks and returning to normal after 30
months.'> Our patients with myocarditis had higher native
T1 values than patients with MI and healthy volunteers,
which is representative of diffuse myocardial edema.

The fact that PC measured in the “scar” of myocarditis
patients was significantly lower than the PC in chronic MI
(0.77 £ 0.16 vs 0.60 £ 0.12, P = 0.016), could therefore be
used to differentiate between myocarditis and chronic MI
“scars.” For clinical purposes, the usefulness of the visual
recognition of the LGE pattern is unquestionable. However,
myocarditis may present with multiple “scar” types, such as
subendocardial location (4% in our patients with myocar-
ditis), the extreme example being sarcoidosis, which may
present with various contemporary LGE patterns. These
different “scar” patterns raise the possibility of concomitant
but different disease processes or, instead, of lesions with
different ages. T2-weighted imaging may highlight recent le-
sions, but it is highly dependent on the sequence used. In our
population, if one applies the myocarditis Lake Louise
criteria,” the diagnosis would rely solely on the LGE pattern in
93.8% of cases. However, any 2 of 3 criteria were met on
81.2% of patients, as T2-weighted imaging was only altered
quantitatively in 37.5%, increasing to 75% if considering
focal qualitative assessment, whereas early gadolinium
enhancement was quantitatively altered also in 75%. When in
doubt, the measurement of “scar” PC may help discern if
different disease processes are present, based on the finding of
different “scar” PCs in the same patient. The PC of an MI
“scar” may be used as a reference, as it has been systematically
determined around 0.8 in the different studies.”>*” Studies
confirming the value of myocarditis “scar” PC in larger groups
of patients are warranted.

Likewise, PC ability to detect diffuse extracellular volume
expansion could potentially be used to monitor the progres-
sion/regression of disease, either due to fibrosis or inflamma-
tion. It has yet to be tested to monitor the response to heart
failure therapies, many of which target myocardial fibrosis.
Renin-angiotensin-aldosterone blockers directly prevent the
development of myocardial fibrosis, improvin§ prognosis in
patients with heart failure and reduced EF."** PC is a
quantitative biomarker, with high precision, and therefore
able to detect even small differences in tissue collagenous
content, making it interesting for patient follow-up, especially
in clinical trials. Correlations between “scar” PC and fluo-
rodeoxyglucose uptake on positron emission tomography
would also be highly informative and would be a natural next
step in research, especially in cardiac sarcoidosis. However,
this may prove to be a challenging experiment, as glucose
metabolism by macrophages may not always allow the
recognition of inflammation by fluorodeoxyglucose uptake.””
Further studies may also test the use of PC as a diagnostic
criterion for MI or myocarditis, likely in combination with
other clinical or imaging parameters.

Study limitations

This feasibility study intended to apply T1 and PC
determination to patients with different types of myocardial
injury using high field-strength CMR. Our sample size was
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small. Patients with MI and myocarditis could not be age-
matched because MI and myocarditis are more prevalent in
older and younger patients, respectively. Likewise, men are
over-represented in our sample, also reflecting the sex distri-
bution of patients referred for MI and myocarditis imaging.
Furthermore, results may have suffered from the exclusion of
myocardial segments because of insufficient image quality.
Improvements in T1 measurement sequences will allow for
shorter breath-holds’' and may reduce this difficulty. Our
results may have gain further strength if extracellular volume
fraction (ECV) could have been estimated or if histologic
characterization had been possible. We could not compute the
ECV because we did not possess hematocrits at the time of
CMR examination for all groups of patients—namely, MI
patients and volunteers—as they performed the CMR scan as
outpatients. Synthetic hematocrit derived from the longitu-
dinal relaxation of blood was proposed as new approach to
compute ECV from PC when measured hematocrit is not
available.”” However, improvements are needed, as a recent
study of 114 children and young adults found that synthetic
hematocrits lead to significant difference in ECV values.”

Conclusions

PC of Gd-BOPTA is significantly elevated in areas of acute
and chronic myocardial injury. Based on PC results, chronic
MI “scars” correspond to focal areas with a higher degree of
gadolinium uptake, suggesting denser focal replacement
fibrosis. The longitudinal change in PC and its relation to the
evolution of myocarditis should be studied as an index of
disease activity.
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