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Background:  Clinical guidelines recommend the use of established T2 mapping sequences to detect and quantify myocarditis and
edema, but T2 mapping is performed in two dimensions with limited coverage and repetitive breath holds.

Purpose:  To assess the reproducibility of an accelerated free-breathing three-dimensional (3D) whole-heart T2 MRI mapping se-
quence in phantoms and participants without a history of cardiac disease and to investigate its clinical performance in participants
with suspected myocarditis.

Materials and Methods: Eight participants (three women, mean age, 31 years = 4 [standard deviation]; cohort 1) without a history

of cardiac disease and 25 participants (nine women, mean age, 45 years * 17; cohort 2) with clinically suspected myocarditis
underwent accelerated free-breathing 3D whole-heart T2 mapping with 100% respiratory scanning efficiency at 1.5 T. The par-
ticipants were enrolled from November 2018 to August 2020. Three repeated scans were performed on 2 separate days in cohort

1. Segmental variations in T2 relaxation times of the left ventricular myocardium were assessed, and intrasession and intersession
reproducibility were measured. In cohort 2, segmental myocardial T2 values, detection of focal inflammation, and map quality were
compared with those obtained from clinical breath-hold two-dimensional (2D) T2 mapping. Statistical differences were assessed
using the nonparametric Mann-Whitney and Kruskal-Wallis tests, whereas the paired Wilcoxon signed-rank test was used to assess
subjective scores.

Results: Whole-heart T2 maps were acquired in a mean time of 6 minutes 53 seconds = 1 minute 5 seconds at 1.5 mm? resolution.
Breath-hold 2D and free-breathing 3D T2 mapping had similar intrasession (mean T2 change of 3.2% and 2.3% for 2D and 3D,
respectively) and intersession (4.8% and 4.9%, respectively) reproducibility. The two T2 mapping sequences showed similar map
quality (P = .23, cohort 2). Abnormal myocardial segments were identified with confidence (score 3) in 14 of 25 participants (56%)
with 3D T2 mapping and only in 10 of 25 participants (40%) with 2D T2 mapping.

Conclusion: High-spatial-resolution three-dimensional (3D) whole-heart T2 mapping shows high intrasession and intersession repro-
ducibility and helps provide T2 myocardial characterization in agreement with clinical two-dimensional reference, while enabling
3D assessment of focal disease with higher confidence.

©RSNA, 2021
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yocarditis is an acute or chronic inflammatory disease
Mof the myocardium. Patients who inidally recover
from myocarditis can later develop complications, includ-
ing dilated cardiomyopathy with significantly impaired
left ventricular function, conduction system disease, ar-
rhythmias, or sudden cardiac death (1,2). Endomyocar-
dial biopsy remains an imperfect reference standard for
assessment of myocarditis because of its low sensitivity
and limited diagnostic accuracy because of sampling error
and interobserver variability (3).

The widespread clinical acceptance of cardiovascular
MRI for assessment of myocardial tissue characterization
has rendered cardiac MRI a noninvasive diagnostic alter-
native in patients with suspected acute myocarditis (4,5).

Comprehensive multiparametric cardiac MRI has the capa-
bility to assess global and regional cardiac function and re-
gional myocardial blood flow and to detect focal and diffuse
fibrosis and edema. Consequently, the revised 2018 Lake
Louise Ciriteria includes multiparametric cardiovascular
MRI markers, including T1 and T2 mapping, for the di-
agnosis of patients with suspected myocarditis (6). In par-
ticular, T2 mapping has shown good diagnostic accuracy in
identifying acute myocardial edema (7,8) and can be espe-
cially useful in ruling out active myocardial inflammation.
Yet, as multiparametric cardiac MRI is more widely
implemented in clinical practice, most protocols are based
on established nonisotropic two-dimensional (2D) T2-
weighted imaging and 2D T2 mapping protocols that
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Abbreviations

iNAVs = image-based navigators, LGE = late gadolinium enhancement,
SSEP = steady-state free precession, STIR = short inversion time inver-
sion recovery, 3D = three-dimensional, 2D = two-dimensional

Summary

High-resolution respiratory motion compensated accelerated three-
dimensional T2 mapping enables reproducible quantification of
myocardial T2 times for whole-heart assessment of myocarditis in an
efficient and fast manner.

Key Results

= A free-breathing three-dimensional (3D) saturation-based T2
mapping sequence acquired T2 maps of the whole heart with 1.5
mm? isotropic resolution and a scanning time of less than 7 min-
utes.

= Compared with participants without a history of cardiac disease,
myocardial T2 values were prolonged on 3D whole-heart T2 map-
ping in participants with suspected myocarditis (68 msec * 7
[standard deviation] vs 51 msec * 3).

require repetitive and long breath holds to cover the left ventricle
(7,9,10). Because of the many breath holds required, often only
a fraction of the left ventricle is acquired, thus potentially miss-
ing focal areas of inflammation. Moreover, the large slice thickness
may also reduce the sensitivity of these sequences for edema detec-
tion because of partial volume effects.

Three-dimensional (3D) myocardial T2 mapping techniques
have been proposed to provide whole-heart coverage and to po-
tentially allow for better characterization of the complex diffuse
pathologic findings, albeit with longer acquisition times (11,12).
A framework for free-breathing motion-corrected 3D whole-heart
T2 mapping with high isotropic resolution (1.5 mm?) and clini-
cally feasible scanning times (approximately 8 minutes) has re-
cently been proposed (13). This approach showed low T2 bias in
phantoms and good agreement with conventional 2D mapping
in a small cohort of healthy patients, while providing 3D whole-
heart coverage under free breathing with a fast and predictable
scanning time.

The aim of this study was (@) to assess the reproducibility of this
technique both in phantoms and participants without a history
of cardiac disease and (%) to investigate its clinical performance
in comparison with clinically used 2D T2 mapping and 2D T2-
weighted imaging in participants with suspected myocarditis.

Materials and Methods

The prospective study was approved by the National Research
Ethics Service, and written informed consent was obtained from
all participants. In a previous study (13), we reported on eight
healthy participants included in the current study. The previous
study assessed the accuracy and spatial standard deviation (as a sur-
rogate of precision) of 3D whole-heart T2 mapping. The current
study expends on this by assessing intrasession and intersession re-
producibility to further investigate the suitability of the proposed

method for clinical translation.

High-Resolution 3D Whole-Heart T2 Mapping
Cardiac MRI acquisitions were performed in the supine posi-
tion with a 1.5-T scanner (Magnetom Aera; Siemens Health-

care) with a 32-channel spine coil and a dedicated 18-channel
body coil.

The investigated free-breathing motion-corrected 3D
whole-heart T2 mapping sequence (Fig 1) was previously
described in Bustin et al (13). In brief, an electrocardio-
gram-triggered free-breathing T2-prepared balanced steady-
state free precession (SSFP) sequence is modified to include
a nonselective saturation pulse after each R wave with con-
stant saturation time to the k-space data acquisition (11).
This allows for efficient imaging at every heartbeat, thus
avoiding the use of multiple R-R magnetization recovery
periods and reducing the total scanning time. An adiabatic
T2-prepared pulse (Silver-Hoult pair) is played before data
acquisition (14), and the sequence is sequentially repeated
with variable echo time of the T2 preparation (no T2 prep-
aration, 28 msec, and 55 msec). To further accelerate the
acquisition, a 5X undersampled 3D Cartesian variable-
density trajectory with spiral profile order and golden an-
gle rotation is adopted (13,15). Predictable scanning time
and 100% respiratory scanning efficiency (no data rejec-
tion) are achieved using low-resolution 2D image-based
navigators (iNAVs). iNAVs are acquired at every heart-
beat ahead of the data acquisition by encoding the linear
ramp-up pulses of the 3D balanced SSFP read-out (16)
and are used to estimate and correct for superior-inferior
and right-left translational respiratory motion. A template-
matching algorithm with a mutual information similarity
measure, robust against contrast change between images,
was used to estimate the translational motion. A multi-
contrast high-dimensionality undersampled patch-based
reconstruction (17) jointly reconstructs the three unders-
ampled T2-prepared volumes. The final 3D whole-heart T2
map is then generated by participant-specific (mean heart
rate, trigger delay, and acquisition window) dictionary
matching using the extended phase graph formalism (18).

Scan-Rescan Phantom Reproducibility Study

Scan-rescan reproducibility of the 3D T2 mapping sequence
was first assessed in a phantom containing six vials with dif-
ferent concentrations of agarose and nickel(II) chloride and
whose T1 and T2 values roughly span the relaxation times of
the human myocardium before and after contrast (19).

In addition to 3D free-breathing isotropic T2 mapping (as
previously described), standard three-slice 2D breath-hold T2
maps were acquired using a clinical single-shot T2-prepared
balanced SSFP sequence. Details of the scanning parameters
are provided in Appendix El (online). Additional scanning
parameters for the 3D T2 mapping sequence were as follows:
acquired resolution = reconstructed resolution = 1.50 X 1.50
X 1.50 mm?; field of view, 320 X 320 X 84—132 mm?; slice
oversampling, 22%; repetition time msec/echo time msec,
3.1/1.4; flip angle, 90°; receiver bandwidth, 830 Hz per pixel;
and iNAV with 14 start-up echoes.

The 2D and 3D T2 mapping sequences were repeated 10
times in a single session, with the phantom being removed and
then replaced between acquisitions. A simulated heart rate of
70 beats per minute was used for cardiac triggering. Reference

radiology.rsna.org = Radiology: Volume 00: Number O— 2021
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Figure 1: Schematic overview of invesfigated free-breathing motion-corrected three-dimensional (3D) whole-heart myocardial T2 mapping

framework. Three T2-prepared (T, prep) volumes are acquired sequentially with increasing echo time of T2 preparation (no T2 preparation, 28

msec, and 55 msec). A nonselective saturation pulse (SAT) is applied immediately after electrocardiogram (ECG) R wave to avoid magnetization
recovery heartbeats. A two-dimensional image navigator is acquired to enable translational respiratory motion correction of heart and shorter and
predictable scanning times. A golden-angle shifted variable-density Cartesian undersampling is used to achieve clinically feasible scanning fimes.

The three T2-prepared volumes are jointly reconstructed with a high-dimensionality undersampled patch-based reconstruction (HD-PROST). A dic-
tionary, based on extended phase graph algorithm, is then simulated and matched to measured signal to generate 3D whole-heart T2 map. AW =
acquisition window, bSSFP = balanced steady-state free precession, FAT = fat suppression, iINAV = image-based navigator, k = readout k = phase

encoding, k, = slice selecfion, TE = echo time, T, = saturation fime.

T2 values were established using a conventional spin-echo
sequence.

Intrasession and Intersession in Vivo Reproducibility Study

Eight adult participants (cohort 1; three women; mean age, 31
years * 4 [standard deviation]; range, 26-36 years; body mass
index, 22.6 kg/m* * 3.1) with no history of heart disease or
known cardiovascular risk factors were enrolled in the study. To
assess intrasession and intersession reproducibility, each partici-
pant underwent three cardiac MRI examinations on 2 distinct
days. The median interval between the two sessions was 347 days
(range, 343-354 days). In the first session, the breath-hold 2D
and investigated free-breathing 3D T2 mapping sequences were
petformed in random order. In the second session, the 2D and
3D sequences were randomly performed twice with the partici-
pant being removed from the bed and then repositioned. The 2D
and 3D T2 mapping sequences were performed with the same
parameters prescribed in the phantom study. Additional scanning
parameters for the 3D T2 mapping sequence are provided in Ap-
pendix E1 (online).

Radiology: Volume 00: Number O— 2021  radiology.rsna.org

Evaluation in Participants with Clinically Suspected Myocarditis
Twenty-five adult participants (cohort 2; nine women; mean age,
45 years * 17; range, 19-76 years; body mass index, 25.1 kg/
m? = 4.9) with suspected myocarditis and presenting with chest
pain, raised troponin, and unobstructed coronary arteries were
prospectively recruited for a clinical cardiac MRI at St Thomas
between November 2018 and August 2020. Characteristics of co-
horts 1 and 2 are presented in Table 1. The cardiac MRI protocol
consisted of a conventional clinical myocarditis protocol with ad-
ditional free-breathing 3D whole-heart myocardial T2 mapping
(Appendix E1 and Table E1 [online]).

Statistical Analysis

A detailed description of phantom and cardiac MRI data analysis
is provided in Appendix E1 (online). In participants, all T2 map
data sets (clinical 2D and proposed 3D whole heart) were anony-
mized and randomly stored for qualitative assessment by an expe-
rienced cardiologist (T.EL., with 10 years of experience and Soci-
ety for Cardiovascular Magnetic Resonance level I1I certification).
Map quality was assessed using a four-point scoring system with
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Table 1: Characteristics of Cohorts 1 and 2

Cohort 2 (Partici-

65 = 10 (54-82)
23*+3

Heart rate (beats/min)*
Body mass index (kg/m?)*
Impaired left ventricular function
Presence of LGE
Pattern of LGE

Midwall LGE

Subendocardial LGE
Pericarditis
Myocarditis
Elevated T2-weighted SI ratio

Characteristic Cohort 1 (Volunteers) pants)

No. of participants 8 25

Sex (F/M) 3/5 9/16

Age (y)* 31 + 4 (26-36) 45 = 17 (19-76)

61 * 10 (47-81)
25*5

T2 spatial variability (ie, mean of standard de-
viations) was found to be higher with the 3D
technique (2.5 msec * 0.9 vs 1.1 msec = 0.3,
P<.01).

Description of the Study Participants

All in vivo scans were successful and suitable
for analysis. Characteristics of the study par-
ticipants are summarized in Table 1 and study

4 (16) flow diagram outlining the selection and
11 (44) analysis of participants is shown in Figure 2.

Mpyocarditis involvement was the predomi-
8(73) nant clinical finding in 11 of 25 participants
3(27) (44%) in cohort 2. Eleven participants (44%)
5 (20) had presence of late gadolinium enhancement
1; gg (LGE) with a predominant midwall pattern in

T Numbers are means *+ standard deviations.

Note.—Except where indicated, data are numbers of participants, with percentages in
parentheses. LGE = late gadolinium enhancement, SI = signal intensity.

* Numbers are means * standard deviations, with ranges in parentheses.

eight of them (73%). Five participants (20%)
presented with pericarditis. Eight participants
(32%) also had evidence of increased T2 sig-
nal intensity at T2-weighted short inversion
time inversion recovery (STIR) imaging.

1 indicating nondiagnostic (poor image quality with complete
distortion), 2 indicating acceptable and/or fair image quality (par-
tial distortion on the T2 map but diagnosis can be made in some
segments), 3 indicating good (no distortion on the T2 map but
spatial blurring), and 4 indicating excellent (full-diagnostic, sharp
T2 map). Diagnostic confidence was rated with a three-point scale
(1 indicating low confidence, and 3 indicating high confidence).

Statistical analysis was performed with IBM SPSS Statistics
software (version 26.0). Continuous variables were presented as
mean * standard deviation. The Kolmogorov-Smirnov test was
used to test the null hypothesis that each continuous variable fol-
lows a normal distribution. The Mann-Whitney U test was used to
compare differences in continuous variables between two groups
if the distribution was not normal. The Student ¢ test was used for
normal distribution. For the comparison of three or more inde-
pendent groups, a one-way analysis of variance was used for nor-
mal distributions, whereas the Kruskal-Wallis rank test was used
for nonnormal distributions. T2 differences between slices and
segments were evaluated by repeated-measures analysis of variance
and Bonferroni correction. Subjective scores were compared with
a paired Wilcoxon signed-rank test to assess statistical differences.
Two-tailed values of P < .05 were considered statistically sig-
nificant differences. T2 bias in the phantom was quantified with
Bland-Altman analysis.

Results

Scan-Rescan Phantom Reproducibility

Phantom results are summarized in Table 2 for each of the six vials.
On average, interscan variation was lower with 3D T2 mapping
compared with conventional 2D T2-prepared balanced SSEP (0.1
msec vs 0.2 msec = 0.1, P << .01). Similarly, T2 bias (1.3 msec *
0.9 vs 4.9 msec * 3.6, P=.04) and signed bias (0.2 msec = 1.7 vs
—4.9 msec = 3.6, P=.01) with respect to reference spin-echo T2
mapping were lower with the investigated 3D technique. Overall,

Intrasession and Intersession in Vivo

Reproducibility in Healthy Participants

Eight study participants were evaluated for reproducibility. The
average acquisition time of the investigated free-breathing 3D
whole-heart T2 mapping sequence in cohort 1 participants was 6
minutes 29 seconds = 1 minute 8 seconds (scan 1, session 1), 6
minutes 8 seconds * 50 seconds (scan 2, session 2), and 6 min-
utes 11 seconds = 42 seconds (scan 3, session 2) with 100% respi-
ratory scanning efficiency and predictable scanning times. There
were no statistical differences between scanning times (P = .66).

T2 values obtained for each myocardial segment (according to
the American Heart Association 16-segment model) for the 2D
(breath-hold) and 3D (free-breathing) T2 mapping sequences are
presented in Figure E1 (online) for the first session only. There
were no statistical differences between segments on a basal (P =
.68), midcavity (P =.77), and apical (P = .53) level for the 3D T2
mapping sequence. Similar results were observed for the 2D T2
mapping sequence.

Averaged T2 values (among the eight participants) were sig-
nificantly different between 2D and 3D T2 mapping for the first
scan for the basal slices (2D, 44 msec = 1; 3D, 50 msec * 2; P
< .01) but were not found statistically different for the midcavity
(2D, 47 msec = 4; 3D, 49 msec * 2; P =.08) and apical (2D, 49
msec & 4; 3D, 49 msec & 3; P = .65) slices (Fig 3). T2 values for
scans 2 and 3 are presented in Figure E2 (online) and agreed with
those findings.

The intersession reproducibility, as represented by the septal T2
difference between scans 1 and 3, is shown in Figure 3. There was
a statistically significant difference between 2D and 3D T2 map-
ping for the midcavity slices (P = .03), whereas 2D and 3D T2
mapping had similar intersession reproducibility for the basal (2=
.96) and apical (P = .80) slices. Breath-hold 2D and free-breathing
3D T2 mapping had similar intrasession reproducibility for all
slices (basal, P = .44; midcavity, P=.51; apical, P = .96). The inter-
session mean T2 change was 4.8% and 4.9% for 2D and 3D T2

radiology.rsna.org = Radiology: Volume 00: Number O— 2021
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Table 2: Reproducibility Phantom Results for 2D and 3D T2 Mapping

T1/T2 T2 Spatial T2 Interscan T2 Accuracy T2 Signed Accuracy
References Variability (msec) Variation (msec) (msec) Bias (msec)
Spin-echo  Spin-echo 3D T2 2D T2 3D T2 2D T2 3D T2 2D T2 3D T2 2D T2
Vial No.  T1 (msec) T2 (msec) Mapping Mapping Mapping Mapping Mapping Mapping Mapping  Mapping
1 430 44 3.3 0.8 0.1 0.3 0.1 5.0 0.1 =540
2 458 45 3.9 1.2 0.1 0.1 0.4 3.4 —0.4 —34
3 1090 48 1.8 1.2 0.1 0.3 2.3 6.5 2.3 —6.5
4 803 48 2.0 0.9 0.1 0.3 2.1 2.6 2.1 -2.6
5 300 44 2.4 1.8 0.1 0.2 1.2 11.1 =12 —11.1
6 1333 50 1.4 1.0 0.1 0.2 1.8 0.8 —1.8 -0.8
Average® ... 2509 1.1x0.3 0.1 02*01 13x09 49=*36 02=*x18 —49=*36

Note.—Spatial variability was measured in each vial as the average (over 10 repetitions) of the standard deviation of T2 measurements ob-
tained with each sequence. Interscan variation was measured in each vial as the standard deviation of T2 measurements over 10 repetitions.
Bias in T2 was measured in each vial as the average (over 10 repetitions) of the absolute difference between T2 measurements obtained from
reference spin-echo and each sequence. T2 signed bias was measured in each vial as the difference between spin-echo T2 measurements

and the average (over 10 repetitions) of the T2 measurements obtained with each sequence. P values for three-dimensional (3D) versus
two-dimensional (2D) mapping were less than .01 for T2 spatial variability and T2 interscan variation, .04 for T2 accuracy, and .01 for T2

signed accuracy bias.
* Numbers are means = standard deviations.

Assessed for eligibility

corresponding 2D T2 mapping

images was inconclusive (score 1).

(N=33)

+ Did not consent to recruitment (N=0)
* Did not meet inclusion criteria (N=0)

Free-breathing 3D T2 map-
ping showed significantly higher
remote T2 values than breath-

Excluded (N=0)

hold 2D T2 mapping on basal (50

Total recruited

(N=33)

Cohort 1 — healthy
participants (N=8)

(N=25)

Cohort 2 — participants

msec * 3 vs 48 msec + 3, P <
.01), midcavity (50 msec % 3 vs

Total available for analysis
(N=33)

Figure 2:
with suspected myocarditis (cohort 2, n = 25).

mapping, respectively, whereas the intrasession mean T2 change
was 3.2% and 2.3% for 2D and 3D T2 mapping, respectively.

Evaluation in Patients with Suspected Myocarditis

The average acquisition time of the free-breathing 3D T2
mapping sequence in cohort 2 was 6 minutes 53 seconds = 1
minute 5 seconds with 100% respiratory scanning efficiency
(range, 4 minutes 41 seconds to 9 minutes 56 seconds). The mean
heart rate was 61 = 10 beats per minute, ranging from 47 to 81
beats per minute. Four of 25 participants (16%) had reduced left
ventricular ejection fraction (<<50%). Eleven of 25 participants
(44%) had positive findings on LGE images.

In 11 of 25 participants (44%), cardiac findings were absent
with confidence (score 3) in both the 2D T2 mapping and the 3D
T2 mapping images, and in 10 of 25 participants (40%), there
was agreement about the presence of myocardial inflammation
between the two techniques. In four (16%) further participants,
the presence of cardiac inflammation was found with confidence
(score 3) in 3D T2 mapping; however, interpretation of the

Radiology: Volume 00: Number O— 2021  radiology.rsna.org

Study flowchart outlines the selection and analysis of healthy parficipants (cohort 1, n = 8) and participants

47 msec = 3, P <.01), and apical
(50 msec + 3 vs 48 msec = 3, P=
.02) slices (Fig E3 [online]). There
were no statistically significant dif-
ferences in mean remote T2 values
between slices for 2D (P = .68)
and 3D (P =.90) T2 mapping.

Short-axis 2D and 3D T2
maps with corresponding T2-weighted STIR and LGE are shown
in Figure 4 for a representative participant who demonstrated nor-
mal findings at cardiac MRI. No noticeable residual undersam-
pling artifacts were observed on the 3D T2 maps.

Among the 25 participants in cohort 2, 14 (56%) had abnor-
mal myocardial segments as identified on the 3D T2 maps. Com-
pared with remote segments and cohort 1 participants, average T2
values in injured segments were elevated on both 2D (65 msec =
10) and 3D (68 msec = 7) T2 mapping, also in agreement with
an increase in signal intensity on T2-weighted STIR images (1.6
*+0.3vs2.5* 0.8, P<.05).

Image quality was considered good or excellent (graded cat-
egories 3 and 4) in 22 of 25 participants (88%) for the clinical
2D T2 mapping and in 21 of 25 participants (84%) for the 3D
whole-heart T2 mapping. A grade of 2 (satisfactory) was given to
the remaining three participants (12%) for 2D mapping and four
participants (16%) for 3D whole-heart T2 mapping. There was
no statistical difference in terms of image quality between the two
sequences (P = .69).
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Figure 3: Box-and-whisker plots show measured T2 values and intersession and infrasession reproducibility of the investigated three-dimensional (3D) whole-heart T2
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Figure 4: A Cardiac MRl scans in 29-year-old female participant (cohort 2) with history of systemic lupus erythematosus demonsrate normal findings with no late gad-

olinium enhancement. Note signal enhancement on T2-weighted short inversion time inversion recovery (STIR) images on anterior wall at apical level, most likely because of
slow blood flow. B, Two-dimensional (2D) (48 msec) and three-dimensional (3D) {49 msec) T2 maps show normal mean T2 values (msec) across left ventricle. Acquisition

time for 3D T2 mapping was 7 minutes 5 seconds with 100% respiratory scanning efficiency. SI = signal intensity.

The entire extent of inflammation can be visualized on the 3D signal enhancement observed on LGE images, T2-weighted STIR
T2 map, which also closely matches the 2D T2 map, as shown images (signal intensity, 2.1 arbitrary units), and reference 2D T2
in Figure 5, A, for a 61-year-old woman presenting with trans- map (T2, 61 msec). Three focal areas of increased T2 values can
murally increased myocardial signal intensity at 2D T2-weighted ~ also be appreciated with 3D T2 mapping on the reformatted verti-
STIR imaging in the midanterolateral wall, also detectable on the cal long-axis view, which is in good agreement with LGE findings

bull’s eye plot (Fig 5, B). (Fig 6, A).
Images in a 41-year-old man with suspected cardiac sarcoidosis Another 52-year-old man with suspected cardiac involvement
are shown in Figure 6. Regions of increased T2 values on the 3D and reduced left ventricular e¢jection fraction at cardiac cine MRI

T2 map (T2, 65 msec) were in good agreement with the areas of (left ventricular ejection fraction, 47%) is shown in Figure E4
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Figure 5: A Cardiac MRI scans in 61-year-old female participant (cohort 2) with embolic myocardial infarction admitted to hospital with chest pain and minor coronary

disease at x-ray angiography show focal fransmural increased myocardial signal infensity (S) in midanterolateral wall on T2-weighted short inversion fime inversion recov-
ery (STIR) images. Further distinct area of focal transmural enhancement is seen in apex. Subendocardial late gadolinium enhancement can be observed in midanterior
and/or anterolateral wall, which toward apex becomes near transmural. 2D = two-dimensional, 3D = three-dimensional. B, Half of tissue injury was not detected with con-

ventional three-slice 2D T2 mapping, whereas 3D T2 map reveals larger extent of myocardial injury (arrows), as shown on this bull's eye plot. Acquisifion of 3D whole-heart

T2 map took 5 minutes 29 seconds.

(online). LGE and T2-weighted STIR imaging reveal increased
signal intensity in the basal to midlateral wall of the left ventricle
(signal intensity, 4.3), which was confirmed by an increase of T2
values in the same region (2D, T2, 76 msec; 3D, T2, 76 msec).

Discussion

In this study, we have shown that in phantom and healthy par-
ticipants, free-breathing high-resolution isotropic three-dimen-
sional whole-heart myocardial T2 mapping enables reproducible
quantification of myocardial T2 times (intersession and intrases-
sion mean T2 change of less than 5%) in an efficient (no data
rejection) and fast manner. In paarticipants with myocarditis, this
framework enables whole-heart detection of cardiac involvement
in a scanning time of 6 minutes 53 seconds * 1 minute 5 sec-
onds with 100% efficiency by virtue of the use of an image-guided
navigator.

Quantitative myocardial T2 mapping is a powerful and prom-
ising tool for edema characterization and detection of subtle myo-
cardial tissues changes in a variety of heart diseases (7,20-22).
In many of these pathologic findings, the diseased area can have
complex lesion morphologic characteristics, yet clinical protocol
recommends the use of 2D multislice sequences, requiring several
breath holds to acquire three to five short-axis slices of the heart.
Such sequences are generally sufficient for patients with diffuse
inflammation. However, for some cardiac diseases such as cardiac
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sarcoidosis, where focal patchy infiltrations of the cardiac muscle
are typical pathologic manifestations, multislice sequences with
limited coverage are likely to miss focal and small areas of inflam-
mation. Two-dimensional sequences also use relatively thick slices
(typically 8-10 mm) with the result that actual T2 times may
be underestimated because of partial volume averaging effects,
thereby potentially lowering sensitivity or resulting in an underes-
timation of the extent of tissue injury.

Free-breathing diaphragmatic navigated (11) and self-navigated
(12) myocardial T2 mapping techniques have been proposed to
achieve significantly higher spatial resolution and 3D whole-heart
coverage. A saturation-based 3D myocardial T2 mapping tech-
nique (11) with diaphragmatic navigation (30%—60% scanning
efficiency) has been proposed by Ding et al (23) and employed
and validated for edema detection in a swine model of myocardial
infarction. Van Heeswijk et al (12) proposed a self-navigated T2-
prepared balanced SSFP T2 mapping sequence with 100% respi-
ratory scanning efficiency and 1.72 mm? isotropic resolution at 3
T that was successfully employed for the detection of mild acute
cellular rejection after orthotopic heart transplant (24); however,
the scanning time was approximately 18 minutes. Notwithstand-
ing these promising clinical results, quantification of myocardial
T2 values with high isotropic resolution comes with the caveat
of rather long or unpredictable scanning times. The framework
evaluated in this study achieves free-breathing motion-corrected
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Figure 6: A, Cardiac MRI scans in 41-year-old male participant (cohort 2) with suspected cardiac sarcoidosis. Free-breathing three-dimensional (3D) whole-heart T2
mapping acquisifion ime was 7 minutes 8 seconds. Cardiac cine acquisitions reveal slightly reduced left ventricular ejection fraction (46%). Dense epicardial-to-midwall en-
hancement of basal to midinferior and lateral walls can be observed, which are typical findings of acute myocarditis. Vertical long axis demonstrates patchy focal midwall
regions of enhancement (arrows). B, Three-dimensional and two-dimensional {2D) T2 maps. Three-dimensional map shows an increase in T2 values (msec) in regions of fis-
sue injury, corresponding fo elevation in signal infensity on 2D T2-weighted STIR images (signal intensity, 2.1). This T2 elevation is less pronounced and appreciable on 2D

T2 maps because of partial volume effects. STIR = short inversion fime inversion recovery.

3D whole-heart T2 mapping with high isotropic resolution (1.5
mm®) and clinically feasible scanning times (approximately 7 min-
utes) (13). This approach provides predictable and shorter scan-
ning times that depend only on the participant’s heart rate and the
number of slices needed to cover the heart.

The scan-rescan reproducibility of this 3D T2 mapping se-
quence (11) was analyzed in phantom experiments in comparison
to reference spin-echo and clinical single-shot 2D T2-prepared
balanced SSFP sequences. Small bias is obtained with the inves-
tigated sequence compared with reference spin-echo values with
low T2 interscan variation (< 0.01 msec), indicating the ability
of the framework to accurately measure T2 relaxation times. A
slightly higher spatial variability was observed in a phantom with
the proposed 3D sequence compared with the conventional 2D
T2 mapping sequence (2.5 = 0.9 vs 1.10 = 3, P < .01). This
could be explained by the increased resolution and the use of satu-
ration pulses at every heartbeat, which make the sequence more
sensitive to noise.

The measurements of myocardial T2 values with the free-
breathing 3D whole-heart T2 mapping sequence in participants
without a history of cardiac disease were in good agreement with
in vivo values published in previous studies at 1.5 T with cen-
tric ordering (12, 50 msec * 4 [25]). Intersession reproducibility
was also good in these participants with similar reproducibilicy
between breath-hold 2D T2 mapping and free-breathing 3D T2
mapping for all basal, midcavity, and apical slices (P > .05).

A slight overestimation of T2 values was observed with respect
to the conventional breath-hold 2D T2-prepared balanced SSFP
sequence, particularly at the basal level. This overestimation may
be due to the choice of linear (2D T2-prepared balanced SSFP)
versus centric (3D T2 mapping) k-space ordering as previously
reported by Giri et al (7). Other confounding factors, such as
the use of fat saturation and adiabatic T2-prepared pulses, mo-
tion correction, or the presence of heart-rate variations, could also
explain the overestimation in vivo and should be further investi-
gated. The precision and accuracy of the estimated T2 relaxation
times also depend on the selection and duration of the T2 prepara-
tions. The selection of these parameters can be optimized using the
Cramér-Rao Lower Bound formalism (26) and is currently under
investigation.

The remote septal T2 values measured in the 25 participants
with suspected myocarditis were comparable to those of the
healthy participants. Clinical evaluation of 3D whole-heart T2
mapping in participants revealed the potential of this technique
in imaging myocarditis and identifying focal areas of increased T2
values in agreement with LGE findings. Good agreement between
the conventional 2D T2 mapping sequence and the investigated
3D whole-heart T2 mapping sequence was observed in 10 partici-
pants (40%) with presence of cardiac involvement. In four addi-
tional participants (16%), 3D T2 mapping showed myocardial in-
flammation with confidence, whereas findings from conventional
2D T2 mapping were inconclusive. In those participants with
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cardiac involvement, an elevation in T2 values was found on 3D
T2 mapping (68 msec = 7) with an increase in signal intensity on
the corresponding T2-weighted STIR images. Although further
analysis in a larger cohort is needed, this visual assessment provides
an initial indication that myocardial 3D T2 mapping may be a vi-
able tool for the visualization of inflammation and may potentially
afford improved sensitivity.

Acquisition of T2 maps with high isotropic resolution facili-
tates retrospective multiplanar reformatting of standard cardiac
views without loss of resolution as shown in Figure 6 for a par-
ticipant with patchy enhancement. The presence of small areas of
inflammation can thus be assessed without acquiring additional
angulated slabs, as it is often required with conventional 2D T2-
weighted STIR and T2 mapping imaging.

'This study had several limitations. Although two-dimensional
(2D) image-based navigators (iNAVs) drastically reduce the scan-
ning time by achieving 100% scanning efficiency, this technique
only enables 2D translational respiratory motion correction of the
heart. For improved performance, 2D iNAVs can be combined
with a three-dimensional (3D) nonrigid motion-compensated
framework, similar to previous studies (27,28); this could be used
to estimate and integrate 3D nonrigid motion fields between dif-
ferent respiratory states directly in the reconstruction. Further-
more, echocardiographic triggering was performed in this study to
restrict the acquisition to middiastole, where the heart is relatively
stll. Triggering can be challenging in patients with arrhythmia,
where the diastolic onset and R-R intervals are erratic. Although
this behavior was not observed in our study, the integration of
arrythmia detection and rejection algorithms could help prevent
residual cardiac motion artifacts in such populations (at the cost
of losing data and thus scanning efficiency). Moreover, because
T2 values have been shown to correlate with age and sex (29),
the difference in age between the study participants may account
for discrepancy between the two cohorts. The small sample size
was also a limitation. Future studies including larger cohorts with
myocarditis and myocardial infarction are needed to further es-
tablish the clinical use and prognostic value of this noninvasive
mapping technique.
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