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Abstract

Background Alterations in native myocardial T1 under vasodilation stress (“T1 reactivity”) were recently proposed as a
non-contrast cardiovascular magnetic resonance (CMR) method to detect myocardial ischemia. This study evaluated the
performance of a segmental, truly non-contrast stress T1 mapping CMR approach to detect inducible ischemia.

Methods and results One-hundred patients with suspected/known coronary artery disease underwent CMR at 3.0 or 1.5 T.
T1 mapping was performed using the 5s(3s)3s-modified look-locker inversion-recovery (MOLLI) sequence at rest and
under regadenoson stress. We defined T1 reactivity as the change in native T1 from rest to stress (1) in the 16-segment AHA
model independent from perfusion images and (2) in focal regions of interest that were copied from perfusion images to
T1 maps. We compared T1 reactivity between segments/regions with inducible ischemia, scar, and remote myocardium for
both approaches. Segmental T1 reactivity was significantly lower in segments including inducible ischemia [—1.15 (95%
CI, —2.16 to —0.14)%] compared to remote segments [2.49 (95% CI, 1.87 to 3.11)%; p<0.001]. Focal T1 reactivity was
also significantly lower [—2.65 (95% CI, —3.84 to — 1.46)%] in regions with stress-perfusion defects compared to remote
regions [4.72 (95% CI, 3.90 to 5.54)%; p <0.001]. However, the performance of segmental T1 reactivity to depict inducible
ischemia was significantly inferior compared to the focal approach (AUCs 0.68 versus 0.85; p <0.0001).

Conclusions Myocardium with inducible ischemia is characterized by the absence of significant T1 reactivity, but a clinically
applicable approach for truly non-contrast stress T1 mapping remains to be determined.

Keywords T1 mapping - T1 reactivity - CMR - Ischemia

Introduction

Non-invasive assessment of myocardial ischemia is a crucial
diagnostic step in patients with suspected or known coronary
artery disease (CAD) [1-4]. Stress-perfusion-cardiovascular
D< Sebastian Bohnen magnetic resonance (CMR) provides important prognos-

s.bohnen@uke.de tic information [5-7] and is superior compared to single-
photon emission computed tomography (SPECT) to detect

General and Interventional Cardiology, University Heart

Center, University Medical Center Hamburg-Eppendorf, myocardial ischemia [8-10]. However, stress-perfusion

Martinistrasse 52, Hamburg 20246, Germany CMR requires the application of gadolinium-based con-
2 Department of Medical Biometry and Epidemiology, trast agents, which comes along with the theoretical risks

University Medical Center Hamburg-Eppendorf, Hamburg, of gadolinium deposition in organs such as the brain after

Germany repeated administration [11]. Therefore, non-contrast stress
3 Department of Diagnostic and Interventional Radiology CMR approaches are desirable.

and Nuclear Medicine, University Medical Center

Initial findings by Liu et al. [12] indicate that non-contrast
Hamburg-Eppendorf, Hamburg, Germany

stress T1 mapping could be used to depict myocardium with

Philips Research Hamburg, University Medical Center inducible ischemia. Stress T1-mapping targets changes in

Hamburg-Eppendorf, Hamburg, Germany

@ Springer


http://orcid.org/0000-0001-8439-9984
http://crossmark.crossref.org/dialog/?doi=10.1007/s00392-019-01421-1&domain=pdf

910

Clinical Research in Cardiology (2019) 108:909-920

native myocardial T1 during vasodilation stress (“T1 reac-
tivity””), which reflects changes in myocardial blood volume
(MBYV) related to inducible ischemia [13—-16]. T1 reactiv-
ity can be measured as focal/ regional differences in native
myocardial T1 between vasodilation stress and rest, which
was found to be significantly higher in healthy myocardium
compared to myocardium with inducible ischemia [12,
17]. However, there is currently a paucity of data on the
clinical applicability of stress T1 mapping CMR regarding
the performance at different field strengths and different
T1-mapping approaches other than the shortened modified
look-locker inversion-recovery (shMOLLI) sequence [16,
18]. Thus, we evaluated stress T1 mapping CMR using the
5s(3s)3s-modified look-locker inversion-recovery (MOLLI)
sequence to detect inducible ischemia using the standard
16-segment model independent from information of perfu-
sion images in comparison with focal regions of interest that
were copied from perfusion images to T1 maps as reference
technique.

Methods
Study population and design

This study included 100 consecutive patients with suspected
or known CAD, who underwent clinically indicated stress-
perfusion CMR for suspected myocardial ischemia. All
patients gave their written informed consent and the local
ethics committee approved the study. CMR revealed amyloi-
dosis in one patient, tako-tsubo cardiomyopathy in another
patient and myocarditis in three patients, who were all
excluded from the data analysis. Four patients did not com-
plete CMR due to claustrophobia (n =2) or discomfort after
stress-perfusion (n=2), and these patients were excluded
from this analysis due to incomplete data sets. Thus, the final
study population consisted of 91 patients who underwent
CMR at3.0T (n=42)orat1.5T (n=49).

CMR protocol

CMR was performed on a 3.0 T scanner (Ingenia, Philips
Medical Systems, Best, The Netherlands) andona 1.5 T
scanner (Achieva, Philips Medical Systems, Best, The Neth-
erlands). The CMR protocol consisted of a standard cine-
CMR short-axis stack for the assessment of LV volumes,
mass, and function using a standard steady-state free-pre-
cession (SSFP) sequence. T1 mapping CMR was performed
using a 5s(3s)3s-MOLLI sequence before (=rest) and at
400 pg regadenoson stress (before stress-perfusion CMR) on
three representative short-axis slices (basal, midventricular,
and apical). Typical imaging parameters of T1 mapping were
as follows: voxel size 2x2x 10 mm?>, echo time=0.7 ms,
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time to repetition=2.3 ms, partial echo factor=0.8, flip
angle =35°, SENSE factor =2, linear phase encoding, ten
start-up cycles to approach steady-state prior to imaging,
effective inversion times between 134 and 5627 ms. Identical
sequence parameter was employed in native T1 mapping at
both field strengths, which was chosen to offer a good com-
promise between T1 accuracy and precision for all T1 in the
expected range of 900—1400 ms. T1 mapping was immedi-
ately followed by a stress perfusion with an ultrafast gradient
echo sequence (balanced Turbo Field Echo (B-TFE) at 1.5 T
and T1-weighted TFE (T1TFE) at 3 T) during the first-pass
of 0.05 mmol/kg gadoterate meglumine (Dotarem®, Guer-
bet, Aulnay, France). Finally, phase-sensitive inversion-
recovery (PSIR) LGE images on short- and long axes were
obtained 10 min after contrast media administration. The
CMR protocol with typical imaging parameters and typical
acquisition times is presented in Table 1.

General CMR analysis

CMR data were analyzed using the commercially available
software cvi42 (Circle Cardiovascular Imaging Inc., Cal-
gary, Alberta, Canada). LV end-diastolic and end-systolic
volumes were obtained from cine-CMR short axes to calcu-
late LV stroke volumes (LVSV) as well as LV-ejection frac-
tion (LVEF). LV end-diastolic mass (LVEDM) was obtained
including papillary muscles to LVEDM [19]. A clinically
relevant definition of inducible myocardial ischemia was
used after a consensus reading of stress perfusion and LGE
images by two experienced observers in agreement with cur-
rent recommendations [20]. Inducible ischemia was assumed
in myocardium with an inducible stress-perfusion defect that
exceeded scar on corresponding LGE images. Myocardial
scar was defined as myocardium with LGE, but without an
inducible stress-perfusion defect larger than the area of LGE.
Remote myocardium was defined by the absence of induc-
ible ischemia and scar. LGE quantification was performed
using the 5-SD threshold technique as recommended for
ischemic LGE [20].

T1-mapping CMR analysis

Two different approaches for T1-quantification at rest and at
stress were used. First, a segmental, blinded approach tested
the performance of a truly non-contrast protocol: Endo-
and epicardial contours were drawn, manually corrected
for motion and carefully aligned with the contours in each
respective component image. Rest and stress T1 values were
then measured using the recommended 16-segment AHA
model [21], independent from any information of corre-
sponding stress-perfusion CMR or LGE images. Second, we
performed focal measurements as the reference “proof-of-
concept” approach for stress T1-mapping CMR by copying
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Table 1 CMR protocol and typical parameters

Modality Sequence and CMR parameters at Sequence and CMR parameters at Typical examination time
15T 30T including planning and
pauses
Localizer B-TFE TFE ~5 min
Voxel size: 2.34x4.69x 10 mm Voxel size: 2.34x4.69x 10 mm
TR: 2.1 ms TR: 3.8 ms
TE: 0.82 ms TE: 1.82 ms
FA: 50° FA: 20°
Cine SAX SSFP SSFP ~5 min
Voxel size: 1.98x 1.8 X8 mm Voxel size: 2.0x2.0Xx 8 mm
TR: 3.1 ms TR: 2.8
TE: 1.57 ms TE: 1.4
FA: 60° FA: 45°
Native T1 Mapping at rest 5s(3s)3s-MOLLI 5s(3s)3s-MOLLI ~3 min
Voxel size: 2.0x2.0x 10 mm Voxel size: 2.0x2.0x 10 mm
TR: 2.3 ms TR: 2.3 ms
TE: 0.7 ms TE: 0.7 ms
FA: 35° FA: 35°
Application of 400 pg regadenoson ~1 min
Native T1 Mapping at stress 5s(3s)3s-MOLLI 5s(3s)3s-MOLLI ~3 min
Voxel size: 2.0x2.0x 10 mm Voxel size: 2.0x2.0x 10 mm
TR: 2.3 ms TR: 2.3 ms
TE: 0.7 ms TE: 0.7 ms
FA: 35° FA: 35°
First past perfusion during B-TFE TITFE ~3 min
0.05 mmol/kg gadoterate meglu-  voxel size: 2.81x2.95x 10 mm Voxel size: 3.0x3.0x 10 mm
fmine TR: 2.6 ms TR: 2.4
TE: 1.28 ms TE: 1.1
FA: 50° FA: 20
Adding up gadoterate meglumine to 0.10 mmol/kg -
Cine LAX SSFP SSFP ~3 min
Voxel size: 1.99%1.94 X 8 mm Voxel size: 2.0x 1.6 X 8 mm
TR: 2.8 TR: 2.9 ms
TE: 1.4 TE: 1.47 ms
FA: 60° FA: 45°
Waiting time (10 min after contrast media application) ~7 min
LGE (SAX and LAX) 2D-PSIR 2D-PSIR ~8 min
Voxel size: 1.6 X 1.6 X8 mm Voxel size: 1.6 X 1.9 X8 mm
TR: 5.3 ms TR: 6.1
TE: 2.6 ms TE: 3.0
FA: 15° FA: 25°
Acquisition time of the entire protocol ~35-40 min

B-TFE balanced turbo field echo, FA flip angle, LAX long-axis view, LGE late-gadolinium enhancement, MOLLI modified look-locker inversion
recovery, PSIR phase-sensitive inversion recovery, SAX short-axis view, SSFP steady-state free precession, TE echo time, TR repetition time,

TITFE T1-weighted TFE

regions of interest from perfusion and LGE images into
corresponding T1 maps at rest and at stress in myocardium
with inducible ischemia, scar and remote myocardium as
defined above. In patients without any inducible ischemia or
LGE, standardized measurements of “remote” myocardium

were performed in the septum. T1 reactivity was then cal-
culated in % as [(nT1 e — NT1eg) /nT1eq] X 100 for
both approaches. Figure 1 demonstrates an example for
measurements of native T1 at rest and at stress in a patient
with inducible myocardial ischemia. Intra- and interobserver
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Fig.1 Example CMR measurements at 3.0 T. Late-gadolinium-
enhancement (LGE) image a demonstrates discreet subendocardial
LGE antero-septal and focally transmural LGE of the lateral wall.
Stress perfusion b shows inducible ischemia exceeding scar antero-
septal as well as lateral. ¢ Shows the corresponding native rest T1
map and d stress T1 map with endo- and epicardial contours for seg-
mental analysis as well as three focal regions of interest (ROI), and
e demonstrates the coronary angiography of the left coronary artery

variabilities were obtained by repeated, blinded readings by
the same observer and two independent readings by two dif-
ferent, blinded observers, respectively.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 6.00 (GraphPad Software, San Diego, CA, USA)
MedCalc, version 13.3.3.0 (MedCalc Software, Ostend,
Belgium) and R version 3.4.2 (R Foundation for Statisti-
cal Computing, Vienna, Austria). Descriptive statistics
were presented as median and interquartile range (Q,—Q5)
and compared by Mann—Whitney U test for continuous
data, categorical data are presented as numbers and per-
centage and compared using Fisher’s exact test. Intraclass
correlation coefficients (ICC) were calculated to assess
intra- and interobserver variation. Since segmental and
focal measurements of T1 reactivity and native T1 at
rest involve repeated measures within the same patient,
we used mixed models with a random intercept for the
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Native T1 (ms) |T1 reactivity (%)
ROI Ischemia | 1390 0.29
ROl Ischemia Il 1396 -0.14
ROI Remote 1273 4.56

with an occluded left anterior descending (LAD) and an occluded
first marginal branch (M1); furthermore, all venous bypass grafts on
two marginal branches and the LAD were occluded (not shown). In
both regions with inducible ischemia [ROI Ischemia I (pink) antero-
septal and ROI Ischemia II (blue) lateral], rest T1 was elevated and
T1 reactivity was 0.29% and —0.14%. In remote myocardium, T1
reactivity was 4.56%

analysis to account for the inherent cluster structure. For
segmental data, we used a spatial correlation structure
for the within patients error, and a compound symme-
try correlation structure was used for focal data. Scanner
type (1.5 T and 3 T) and type of myocardium (ischemic,
scar, and remote) were entered as fixed effects along with
their interaction term. This interaction was removed from
the models if it did not improve the model fit using a
likelihood ratio test for nested models. Estimated mar-
ginal means from the resulting models are reported and
compared pairwise. The diagnostic value of T1 reactiv-
ity to identify ischemic myocardium was assessed using
a Receiver-Operating Characteristics (ROC) analysis.
For segmental data, ROC curves were calculated for
each segment and were then pooled over all segments.
Confidence intervals for the area under the ROC curve
(ROC-AUC) and the p value to compare segmental and
focal ROC-AUC were calculated using a cluster bootstrap
approach with n=2000 replications, where in each repli-
cation, a sample of patients from the original population
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was drawn with replacement, oppositely to ordinary boot-
strap, which samples on observational level. Again, this
was done to reflect the hierarchical structure of the data.
Two-sided p values were calculated and statistical signifi-
cance was defined as p <0.05.

Results
General

34 (37%) patients had inducible myocardial ischemia on
stress-perfusion CMR and 13 (14%) patients had post-
ischemic myocardial scar without inducible myocardial
ischemia. Heart rate under regadenoson stress signifi-
cantly increased from 74 (Q,—0Q;, 66—89) beats/min to 86
(Q,—05, 75-100) beats/min (p =0.0001). However, heart
rate under regadenoson stress was not significant different
between patients with [82 (Q,—-Q5, 71-100) beats/min]
and without inducible ischemia [88 (Q;-Q;, 75-103)
beats/min, p=0.1671]. More clinical data are presented
in Table 2.

T1 reactivity and inducible ischemia—segmental
approach

We obtained T1 values in 1456 myocardial segments at rest
and after regadenoson stress. However, we had to exclude
255 (17.5%) segments from the data analysis due to artifacts
on stress T1 mapping. The intraobserver ICCs of the seg-
mental approach were 0.95 (95% CI, 0.92-0.97) at 3.0 T and
0.94 (95% CI, 0.89-0.97) at 1.5 T. The interobserver ICCs of
the segmental approach were 0.91 (95% CI, 0.86-0.95) at 3T
and 0.96 (95% CI, 0.92-0.98) at 1.5 T. There were 137 myo-
cardial segments with inducible ischemia (3.0 T n=64 and
on 1.5 T n="73) and 81 segments with scar (3.0 Tn=51 and
1.5 T n=30). T1 reactivity of myocardial segments includ-
ing myocardium with inducible ischemia was significantly
lower with — 1.15 (95% CI, —2.16 to — 0.14) % compared to
remote myocardial segments with 2.49 (95% CI, 1.87-3.11)
%; p<0.001). T1 reactivity of segments including myocar-
dial scar was also lower with 1.13 (95% CI, —0.07 to 2.33)
%, compared to remote myocardial segments (p =0.017)
(Table 3; Fig. 2). Segmental T1 reactivity provided an AUC
of 0.68 (95% CI, 0.61-0.74) to discriminate between seg-
ments with and without inducible ischemia (Fig. 3). The

Table 2 Clinical and CMR

parameters Parameter (unit) All patients (n=91)  Ischemia (n=34) No ischemia (n=57) p value
Age 59 (51-72) 70 (58-76) 58 (51-69) 0.0045
Male sex 69/91 (76) 30/34 (88) 41/57 (72) 0.1148
Height (m) 1.77 (1.70-1.80) 1.79 (1.70-1.83) 1.76 (1.69-1.80) 0.1546
Weight (kg) 83 (72-96) 90 (72-98) 80 (66-92) 0.2025
Cholesterol (mg/dl) 152 (133-188) 155 (129-194) 152 (136-182) 0.9919
LDL cholesterol (mg/dl) 76 (56-103) 81 (55-112) 79 (59-103) 0.8707
HDL cholesterol (mg/dl) 46 (40-60) 46 (37-57) 48 (41-65) 0.5258
Creatinine (mg/dl) 0.99 (0.81-1.10) 0.91 (0.82-1.10)  0.99 (0.80-1.10) 0.9687
Creatininkinase (U/1) 110 (65-164) 127 (87-232) 102 (58-156) 0.1618
hs Troponin T (pg/ml) 15 (543) 17 (5-49) 15 (5-31) 0.7034
NT-proBNP (pg/ml) 308 (77-919) 471 (74-786) 284 (132-624) 0.9443
Heart rate at rest (bpm) 74 (66-89) 72 (66-89) 74 (67-89) 0.8645
Heart rate at stress (bpm) 86 (74-100) 82 (71-100) 88 (75-103) 0.1671
LVEDVi (ml/m?) 72 (57-91) 72 (62-105) 71 (55-81) 0.1586
LVESVi (ml/m?) 20 (12-38) 23 (16-47) 19 (12-27) 0.0650
LVSVi (ml/m?) 48 (39-57) 46 (39-52) 50 (40-58) 0.4700
LVEDMi (g/m?) 62 (49-76) 63 (48-85) 58 (49-73) 0.4700
LVEF (%) 70 (60-78) 64 (50-69) 75 (66-80) 0.0007
LGE (g) 0 (0-10) 9 (4-17) 0 (0-0) <0.0001
LGE (%) 0 (0-6) 6 (2-11) 0 (0-0) <0.0001

Bold-statistical significance was defined as p < 0.05

Values are median (first [Q;] and third [Q5] quartiles) for continuous and n (% of total column number) for
categorical data. p values refer to a comparison between patients with and without inducible ischemia

HDL high density lipoprotein, LDL low density lipoprotein, LGE late-gadolinium-enhancement, LVEDVi
left ventricular end-diastolic volume index, LVESVi left ventricular end-systolic volume index, LVSVi left
ventricular stroke volume index, LVEDMi left ventricular end-diastolic mass index, LVEF left ventricular

ejection fraction

@ Springer
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Table 3 Segmental, blinded T1 reactivity

Segmental Inducible ischemia Scar Remote ANOVA p value
T1 reactivity (%) —1.15(=2.16 to —0.14)*° 1.13 (= 0.07 to 2.33)* 2.49 (1.87 t0 3.11) <0.0001

30T

T1 reactivity (%) —0.55 (=2.11 to 1.00)*® 1.53 (—0.13 to 3.20) 2.60 (1.61 to 3.60) <0.0001

15T

T1 reactivity (%) —2.49 (=3.95 to — 1.03)*° 0.55 (= 1.38 t0 2.48) 2.28 (1.29 t0 3.26) <0.0001

Values are estimated marginal mean (95% CI) for continuous data. Mixed model ANOVA p value refers to a comparison between the three dif-

ferent groups

“Significant difference between myocardium with inducible ischemia or scar compared to remote myocardium

bSignificant difference between myocardium with inducible ischemia compared to scar
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Fig.2 Segmental T1 reactivity. Segmental T1 reactivity in myocardium with inducible ischemia, scar, and remote myocardium in all patients

(a),at 3.0 T (b),and at 1.5 T (¢)

optimal cutoff was < 1.55%, which was associated with a
sensitivity of 71.0% and specificity of 58.0% to depict induc-
ible myocardial ischemia.

T1 reactivity and inducible ischemia—focal
approach

The intraobserver ICCs of the focal approach were 0.92
(95% CI, 0.59-0.98) at 3 T and 0.96 (95% CI, 0.87-0.99)
at 1.5 T. The interobserver ICCs of the focal approach
were 0.96 (95% CI, 0.79-0.99) at 3 T and 0.95 (95% CI,
0.85-0.98) at 1.5 T. Focal T1 reactivity was significantly
lower [—2.65 (95% CI, —3.84 to — 1.46)%] in regions
with inducible ischemia compared to regions of inter-
est in remote myocardium [4.72 (95% CI, 3.90-5.54)%;
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p <0.001]. In addition, focal T1 reactivity in regions
with scar was significantly lower with —1.72 [(95% CI,
—3.46 to 0.02)%; p<0.001] compared to remote myo-
cardium (Table 4; Fig. 4). There was no significant dif-
ference in T1 reactivity between regions with inducible
ischemia and scar. Beyond that, there was no significant
difference between findings at 3.0 T and 1.5 T (Table 4;
Fig. 4). Focal T1 reactivity provided an AUC of 0.85 (95%
CI, 0.78-0.91) to discriminate between myocardium with
and without inducible ischemia, which was significantly
superior (p <0.0001) compared to the segmental, blinded
approach (Fig. 3). The optimal T1 reactivity cutoff was
< 1.05% and was associated with a sensitivity of 100%
and a specificity of 75.3% to depict inducible myocardial
ischemia.
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Fig.3 T1 reactivity for the detection of myocardial ischemia.
Receiver operating characteristic (ROC) curves for focal and segmen-
tal T1 reactivity to detect myocardial ischemia. Focal T1 reactivity
provided a significantly superior area under the curve (AUC) to dis-
criminate between myocardium with inducible myocardial ischemia
and remote myocardium compared to the segmental, blinded
approach (p <0.0001)

T1 reactivity and inducible ischemia—ischemia only

In the subgroup analysis of patients without any scar on
LGE images (n =135 patients with inducible myocardial
ischemia, with n =22 myocardial segments with induc-
ible myocardial ischemia), focal T1 reactivity provided an
AUC of 0.83 (95% CI, 0.70-0.94) to discriminate between
myocardium with and without inducible ischemia, com-
pared to an AUC of 0.75 (95% CI, 0.54-0.89) for the
segmental, blinded approach, which was not significantly
different (p =0.340).

Table 4 Focal T1 reactivity

Native myocardial T1 at rest

Native myocardial T1 at rest was significantly higher in
myocardium with inducible ischemia compared to remote
myocardium at 3.0 T and 1.5 T (Table 5; Fig. 5). Further-
more, native T1 was significantly elevated in myocardial
scar using focal as well as segmental measurements at both
field strengths (Table 5; Fig. 5). We did not find significant
differences between myocardium with inducible ischemia
and scar (Table 5; Fig. 5).

Discussion

We evaluated stress T1-mapping CMR in 91 patients with
suspected or known CAD using a 5s(3s)3s MOLLI at 3.0 T
and 1.5 T. Our study had three major findings:

e Mpyocardium with inducible ischemia is characterized by
the absence of a significant T1 reactivity under regadeno-
son stress.

e The performance of a segmental, truly non-contrast
T1-reactivity approach to depict inducible ischemia
was significantly inferior compared to a focal approach,
which requires information from stress perfusion.

e Stress T1 mapping did not enable a reliable differentia-
tion between inducible ischemia and scar.

First, we were able to confirm the general concept of
stress T1-mapping CMR by copying regions of inter-
est from stress-perfusion images into rest and stress T1
maps. In agreement with the findings by Liu et al. [12, 18]
using shMOLLI and by Kuijpers et al. [17] using 5b(3b)3b
MOLLI, we did not find a significant T1 reactivity in myo-
cardium with inducible ischemia using 5s(3s)3s MOLLI.
This consistent finding could reflect that myocardial blood
volume at rest is already maximally elevated at rest in ter-
ritories supplied by CA with relevant stenosis and can-
not be increased by vasodilation stress [15]. In contrast,
myocardial blood volume increases under vasodilation in

Focal Inducible ischemia Scar Remote ANOVA p value
T1 reactivity (%) —2.65 (—3.84 to — 1.46)* —1.72 (-3.46 t0 0.02)* 4.72 (3.90 to 5.54) <0.0001

30T

T1 reactivity (%) —2.39 (—4.21 to —0.58)* —2.29 (-4.91t0 0.34)* 4.61 (3.43t05.78) <0.0001

15T

T1 reactivity (%) —2.58 (=4.19 to —0.97)* —1.13 (=3.55 to 1.30)* 4.83 (3.69 to 5.97) <0.0001

Values are estimated marginal mean (95% CI) for continuous data. Mixed model ANOVA p value refers to a comparison between the three dif-

ferent groups

#Significant difference between myocardium with inducible ischemia or scar compared to remote myocardium
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Fig.4 Focal T1 reactivity. Focal T1 reactivity in myocardium with inducible ischemia, scar, and remote myocardium in all patients (a), at 3.0 T

(b), and at 1.5 T (¢)

Table 5 Native T1 at rest

Segmental Inducible ischemia Scar Remote ANOVA p value
30T
Native T1 (ms) 1286 (1267-1306)* 1266 (1246-1287)* 1235 (1221-1249)  <0.0001
15T
Native T1 (ms) 1057 (1038-1075)* 1049 (1026-1072)* 1022 (1008-1035)  <0.0001
Focal
30T
Native T1 (ms) 1344 (1311-1377)* 1356 (1309-1403)* 1225 (1203-1246)  <0.0001
15T
Native T1 (ms) 1133 (1104-1161)* 1128 (1087-1169)* 1007 (987-1028) <0.0001

Values are estimated marginal mean (95% CI) for continuous data. Mixed model ANOVA p value refers to
a comparison between the three different groups

Significant difference between myocardium with inducible ischemia or scar compared to remote myocar-

dium

healthy myocardium, which is reflected by an increase in
native myocardial T1 [12, 17]. The amount of T1 reactivity
in remote myocardium [4.72 (95% CI, 3.90-5.54)%] in our
study was in line with corresponding values in the works
by Liu et al. [12, 18] and by Kuijpers et al. [17]. Thus, our
findings clearly substantiate the concept of stress T1 map-
ping under different conditions, different vendors, T1 map-
ping sequences, and stress agents. Moreover, our findings
highlight that this phenomenon can be observed at 3.0 and
1.5 T. In clinical practice, copying regions of interest from
perfusion images to rest/stress T1 maps could be integrated
as an additional, confirmative test for equivocal findings

@ Springer

in a conventional stress-perfusion protocol. However, this
approach does not offer an incremental value in terms of
avoiding contrast media and would prolong scan duration.
Thus, we evaluated the potential clinical use of the
16-segment AHA model to detect inducible ischemia by
stress T1 mapping. An approach like this would be necessary
to provide a truly non-contrast approach. We found that T1
reactivity in myocardial segments with inducible ischemia
was significantly lower compared to remote segments at
both field strengths. This observation confirms the concept
of stress T1 mapping in a blinded segmental approach. How-
ever, the performance of this segmental, truly non-contrast
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approach to depict inducible ischemia was significantly
inferior compared to the focal approach, which requires
information from stress-perfusion images. We think that
the inferior performance of this approach compared to the
focal approach was related to the coarse spatial resolution of
the 16-segment AHA model: Segments of the 16-segment
AHA model inevitably contain myocardium with inducible
ischemia, scar, and healthy myocardium at the same time
and hereby blur tissue-related differences in myocardial T1.
On the other hand, this finding could also be related to the
use of stress-perfusion CMR as reference technique in our
study: Liu et al. recently reported an excellent diagnostic
performance for a blinded non-contrast stress T1 mapping
approach using FFR as the reference technique [18]. We can-
not exclude that the use of FFR as reference technique could
have resulted in a different performance of the segmental
approach in our study population. In addition, the choice of

the T1-mapping sequence could also affect the performance
of stress T1 mapping and a head-to-head comparison of the
5s(35)3s-MOLLI compared to the sAsMOLLI in stress T1
mapping is still missing [16].

In conclusion, our findings support the general concept
of stress T1 mapping, but also clearly showed that the per-
formance of a truly non-contrast segmental approach is
currently not sufficient for clinical implementation (Fig. 3).
Another important drawback of stress T1 mapping in our
study was the high rate (17.51%) of myocardial segments
with insufficient image quality under stress.

LGE is currently a valuable part of comprehensive stress-
perfusion CMR protocols to detect myocardial scar and to
depict non-ischemic diseases. Beyond that, LGE provides
crucial prognostic information in ischemic [22, 23] and
non-ischemic myocardial disease [24, 25]. In this context,
recent studies reported that native T1 is elevated in infarcted

@ Springer
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myocardium at 3.0 T and at 1.5 T in patients with acute and
chronic myocardial infarction [26—28], but also in other dis-
eases such as myocarditis or amyloidosis [29-33]. Beyond
that, native T1 was able to discriminate between acute
and chronic myocardial infarction [28] and to differentiate
between reversible and irreversible myocardial damage [27].
However, Liu et al. reported only slightly elevated native
T1 values at rest in myocardium with inducible ischemia
compared to remote myocardium but excessively elevated
native T1 values at rest in infarcted myocardium [12, 18].
In the present study, native T1 at rest was elevated in myo-
cardium with inducible ischemia, but also in scar at 3.0 T
and at 1.5 T compared to remote myocardium (Table 5).
Interestingly, we did not find significant differences between
myocardium with inducible ischemia and scar at both field
strengths (Table 5; Fig. 5). Thus, our findings seem to con-
tradict the data by Liu et al. [12, 18], which can be explained
by a different definition of inducible ischemia: we delib-
erately included segments/regions with inducible ischemia
exceeding subendocardial scar on LGE into our definition
of “inducible ischemia”, since this definition agrees with
current recommendations [20] and seems to be more clini-
cally relevant. However, this inclusion of subendocardial
scar may result in “contamination” of native T1 values at
rest in segments/regions with inducible ischemia [12, 17].
In conclusion, native T1 at rest is elevated in chronically
diseased myocardium at both field strengths without the
need of contrast media but a clear differentiation between
myocardium with clinically relevant inducible ischemia and
pure scar is not possible.

Limitations

One limitation of the present study is the sample size. How-
ever, the present study represents a fundament for future
studies to evaluate non-contrast approaches by cut-off values
established in this cohort. Furthermore, our study does not
provide intra-individual comparisons between different field
strengths or T1 mapping sequences. Finally, we used stress-
perfusion CMR as an accepted non-invasive reference tech-
nique for myocardial ischemia, but we did not systematically
perform invasive coronary angiography and fractional flow
reserve (FFR) for ethical reasons in patients with a negative
stress test.

Conclusion

Myocardium with inducible ischemia is characterized by
the absence of significant T1 reactivity. The performance of
a non-contrast segmental approach is not matured enough
for clinical use so far and a clinically applicable approach

@ Springer

for truly non-contrast stress T1 mapping remains to be
determined.
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