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Background: Adenosine stress T1-mapping on cardiovascular magnetic resonance (CMR) can differentiate
between normal, ischemic, infarcted, and remote myocardial tissue classes without the need for contrast agents.
Regadenoson, a selective coronary vasodilator, is often used in stress perfusion imaging when adenosine is
contra-indicated, and has advantages in ease of administration, safety profile, and clinical workflow. We aimed
to characterize the regadenoson stress T1-mapping response in healthy individuals, and to investigate its ability
to differentiate between myocardial tissue classes in patients with coronary artery disease (CAD).
Methods: Eleven healthy controls and 25 patients with CAD underwent regadenoson stress perfusion CMR, as
well as rest and stress ShMOLLI T1-mapping. Native T1 values and stress T1 reactivity were derived for normal
myocardium in healthy controls and for different myocardial tissue classes in patients with CAD.
Results: Healthy controls had normal myocardial native T1 values at rest (931 ± 22 ms) with significant global
regadenoson stress T1 reactivity (δT1 = 8.2 ± 0.8% relative to baseline; p < 0.0001). Infarcted myocardium
had significantly higher resting T1 (1215 ± 115 ms) than ischemic, remote, and normal myocardium (all
p < 0.0001) with an abolished stress T1 response (δT1=−0.8% [IQR:−1.9–0.5]). Ischemic myocardium had el-
evated resting T1 compared to normal (964 ± 57 ms; p < 0.01) with an abolished stress T1 response (δT1 =
0.5 ± 1.6%). Remote myocardium in patients had comparable resting T1 to normal (949 ms [IQR: 915–973];
p = 0.06) with blunted stress reactivity (δT1 = 4.3% [IQR: 3.1–6.3]; p < 0.0001).
Conclusions: Healthy controls demonstrate significant stress T1 reactivity during regadenoson stress.
Regadenoson stress and rest T1-mapping is a viable alternative to adenosine and exercise for the assessment
of CAD and can distinguish between normal, ischemic, infarcted, and remote myocardium.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiovascular magnetic resonance (CMR) has demonstrable utility
in the assessment of suspected coronary artery disease (CAD) and the
selection of patients for invasive coronary catheterization. First-pass
myocardial perfusion CMR using gadolinium contrast directly assesses
global and focal reductions in myocardial blood flow (MBF) at rest and
during vasodilator stress, and has high diagnostic accuracy in detecting
significant coronary disease [1–4]. However, myocardial blood volume
(MBV), which represents both coronary macro- and microcirculations,
for ClinicalMagnetic Resonance
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may constitute a more comprehensive global marker of ischemia than
MBF [5,6]. Satisfactory augmentation of MBF and MBV requires ade-
quate coronary vasodilatory reserve, which may be interrogated by
pharmacological vasodilatory stress [7,8].

Application of this principle for the assessment of CAD is based on
the fact thatmyocardial territories downstreamof a significant coronary
stenosis have increased resting coronary vasodilation and capillary re-
cruitment [9] and thus increasedMBVwith significantly impaired stress
coronary vasoreactivity. These changes in MBV may be interrogated by
stress T1-mapping, based on the principle that native T1 values are sen-
sitive to tissue free water content and may thus detect changes in MBV
during vasodilatory stress [10]. Previous studies have shown that aden-
osine stress T1-mapping on CMR can distinguish between normal, is-
chemic, infarcted, and remote myocardium, without the need for
gadolinium-based contrast agents (GBCAs) [9,11–13].
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However, although adenosine is widely used in CMR units as a
coronary vasodilator stress agent, it has a potentially increased side-
effect profile due to non-selective activation of all adenosine recep-
tors (A1, A2A, A2B, and A3) and requires an intravenous (IV) infusion
(3–4 min) before images may be acquired. Regadenoson, a selective
A2A-receptor agonist coronary vasodilator, has similar cardiac efficacy
as adenosine whilst minimizing adverse effects, is often used in stress
perfusion imaging when adenosine is contra-indicated, and has advan-
tages in ease of administration (IV bolus), safety profile, and clinical
workflow [14]. The normal stress T1-mapping response to regadenoson
vasodilatory stress has not been previously studied for its potential
clinical applicability. We aimed to characterize the normal stress T1-
mapping response to regadenoson in healthy controls, and to then in-
vestigate the ability of regadenoson stress T1-mapping to differentiate
between normal, ischemic, infarcted, and remote myocardium as an
additional method for contrast-free assessments of CAD in the future.

2. Methods

2.1. Study population

Eleven healthy controls with no history of cardiovascular disease or
cardiac symptoms, and twenty-five patients with known chronic CAD
undergoing clinically indicated regadenoson stress perfusion CMR,
were prospectively included. Participants with contraindications to
stress perfusion CMR scanning (e.g. claustrophobia, implantable cardiac
devices or other metallic implants, significant renal impairment with
Fig. 1. Example image of a patient with coronary artery disease. Late gadolinium enhancemen
stress perfusion (B) there is a fixed hypoperfusion defect in the lateral wall corresponding to th
of interest are placed in the areas of ischemia and infarction and LV blood pool on T1 maps
inferoseptum (−0.8%), and in the lateral infarction (−0.4%). For comparison, the remote
descending artery disease on invasive angiography, as well as a chronic total occlusion of the l
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eGFR < 30 ml/min/1.73m2, allergy to gadolinium contrast or
regadenoson) or other significant comorbidities (e.g. severe valvular
heart disease or cardiomyopathy, acute myocardial infarction, concur-
rentmalignancy) or pregnancywere excluded. All participantswere ad-
vised to avoid caffeine for ≥24 h before the scan. Ethics approval was
obtained from the local ethics committee for study procedures, and all
participants provided written informed consent.

2.2. Image acquisition

CMR imaging was performed using a 1.5 T MRI scanner
(MAGNETOM Avanto Fit, Siemens Healthcare, Erlangen, Germany)
using an 18-channel phased-array coil. After standard planning, cine
images were acquired in three long-axis views (HLA, VLA, LVOT) and
in short-axis slices covering thewhole left ventricle (LV) using balanced
steady-state free precession cine imaging [8,15]. T1-mapping was per-
formed using the Shortened Modified Look-Locker Inversion recovery
(ShMOLLI) prototype sequence as previously described [16]. In-line
quality assessment of ShMOLLI T1-mapswas performed using paramet-
ric goodness-of-fit (R2) maps at time of acquisition [16–19]. In healthy
controls, native T1-mapswere acquired at rest and during peak (first ac-
quisition within 30 s) vasodilator stress (regadenoson 400μg intrave-
nous (IV) bolus injection over 10 s followed by a 10 ml 0.9% sodium
chloride saline flush over 10 s) in 3 short-axis slices (basal, mid-
ventricular, and apical).

CAD patients underwent rest and regadenoson stress T1-mapping as
described above. Stress first-pass perfusion imaging was performed on
t image (A) shows evidence of a lateral myocardial infarction (white arrow). On first-pass
e area of infarction, aswell as inducible hypoperfusion in the septum (red arrows). Regions
at rest (C) and stress (D). δT1 was significantly abolished in the anteroseptum (1.3%),
myocardium in this case had a δT1 of 3.7%. This participant had severe left anterior
eft circumflex artery.



Table 1
Baseline characteristics of study participants. Values are n (%) or median [IQR].

Healthy
controls

CAD
patients

(n = 10) (n = 25)

Male 5 (50) 23 (92)
Age (years) 32

[29–37]
69
[55–74]

Body mass index (kg/m2) 25
[24–26]

27
[24–29]

Clinical risk factors
Smoker – 7 (28)
Hypertension – 11 (44)
Hypercholesterolemia – 4 (16)
Diabetes mellitus – 14 (56)

CMR clinical indices
Left ventricular ejection fraction (%) 59

[57–63]
52
[43–64]

Left ventricular end diastolic volume index (ml/m2) 79
[67–88]

86
[78–108]

Number of remote myocardial segments (no ischemia or
infarction)

– 54 (13)

Number of myocardial segments with ischemia (first-pass
perfusion)

– 58 (15)

Number of myocardial segments with infarction (LGE) – 56 (14)

Angiographic data (n = 10)
≥1 lesion (>50% visual diameter stenosis) – 10 (100)
Left anterior descending artery – 10
Left circumflex artery – 6
Right coronary artery – 8
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matching short-axis slices to the T1-maps during peak stress, with a
bolus of gadolinium (0.05mmol/kg IV, gadoteratemeglumine, Dotarem,
Guerbet SA, Paris, France) followed by a 15-20 ml saline flush, both ad-
ministered at 4-6 ml/s [9]. Regadenoson stress was reversed using am-
inophylline (100 mg IV over 10 s followed by a 10 ml saline flush also
over 10 s). Rest first-pass perfusion imaging was then performed as de-
scribed above, typically at least 5–10 min after aminophylline reversal.
Late gadolinium enhancement (LGE) imaging was performed ~8 to
10 min after an additional bolus of gadolinium (0.1 mmol/kg) in long
and short-axis slices covering the LV, as well as matched to the T1-
maps and perfusion slices.

2.3. Image analysis

Image analysis for biventricular indices was performed offline in ac-
cordance with SCMR guidelines [8], using cmr42 post-processing soft-
ware (version 5.10.1, Circle Cardiovascular Imaging Inc., Calgary,
Canada). First-pass myocardial perfusion and LGE images were ana-
lyzed as previously described [9,20]. Offline post-processing of ShMOLLI
T1-maps was performed using MC-ROI (dedicated in-house software
developed by SKP in Interactive Data Language v6.1, Exelis Visual Infor-
mation Solutions, Boulder, Colorado, USA). Endocardial and epicardial
contours were placed using dedicated automated software and manu-
ally checked for errors. Quality assessment of parametric goodness-of-
fit (R2) maps resulted in exclusion of 6.6% of myocardial segments. For
Table 2
Rest and regadenoson stress native T1-mapping myocardial tissue profiles. Values are mean ±

Regadenoson Healthy controls (n = 10) CAD patients (n =

Remote

Rest T1 (ms) 931 ± 22 949 [915–973]
Stress T1 (ms) 1008 ± 24 988 [955–1013]
δT1 (%) 8.2 ± 0.8 4.3 [3.1–6.3]
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healthy controls, mean myocardial T1 values were derived from rest
and stress T1-maps on a per-slice and per-segment basis according to
the American Heart Association (AHA) 16-segment model [21]. Stress
T1 reactivity was calculated as:

δT1 ¼ T1Stress–T1Restð Þ=T1Rest � 100%

In CAD patients, mean T1 values were derived from regions of inter-
est (ROI) carefully placed within ischemic, infarcted, and remote myo-
cardium, and LV blood pool for reference, based on first-pass perfusion
and LGE findings as previously described (Fig. 1) [9]. Briefly, ischemic
myocardium was defined as an area corresponding to a reversible per-
fusion defect on first-pass stress perfusion imaging in the absence of
LGE. Infarcted myocardium was defined as an area of infarction on
LGE images; infarct ROIs were placed in the core of the infarcts to
avoid partial volume contamination from the LV blood pool, carefully
referenced against corresponding cine images [9]. Remote myocardium
was defined as areas contralateral to ischemicmyocardium andwithout
evidence of first-pass perfusion defects, regional wall motion abnormal-
ities, or LGE. ROIs were carefully matched between rest and stress
images.

2.4. Statistical analysis

Data are presented asmean±SD for all parametric data, andmedian
with interquartile ranges (IQR) for non-parametric data, based on
Shapiro-Wilks tests for normality. For parametric data, paired t-tests
are used whenever possible to assess differences between rest and
stress in the same individuals; unpaired t-tests are used to assess differ-
ences between groups for selected myocardial tissue types. For non-
parametric data, Wilcoxon signed rank test and Mann Whitney U test
are used. Repeated measures within subjects were accounted for using
a linear mixed effects model. P < 0.05 is considered statistically signifi-
cant. Statistical analysis and data modelling were performed using R
Studio (RStudio Team (2018). RStudio: Integrated Development for R.
RStudio, Inc., Boston, MA).

3. Results

3.1. Myocardial stress T1 reactivity to regadenoson in healthy controls

All controls completed theCMRprotocolwithout complications. One
participantwas excluded after incidental detection of a largemyocardial
infarction on LGE imaging, leaving a total of ten healthy controls (50%
male; 32 [IQR: 29–37] years). All remaining healthy controls had struc-
turally normal hearts with normal resting cardiac volumes (LVEDVi 79
[IQR: 67–88] ml/m2) and systolic function (LVEF 59 [IQR: 57–63] %),
no inducible perfusion defects, and no LGE (Table 1). All participants
had a significant heart-rate response to regadenoson (healthy controls
67 ± 12 to 114 ± 12 bpm; CAD patients 65 ± 11 to 93 ± 17 bpm; all
p < 0.0001).

Healthy controls had normal global myocardial native T1 values at
rest (Table 2) in accordance with previously published normal ranges
[22]. Compared to rest, there was a significant rise in myocardial T1
values with regadenoson stress (p < 0.0001). On per slice analysis,
there was a significant rise in myocardial T1 values with regadenoson
SD or median [IQR].

25)

Ischemic Infarct LV blood pool

964 ± 57 1214 ± 115 1506 ± 78
969 ± 55 1213 ± 108 1503 ± 75
0.5 ± 1.6 −0.8 [−1.9–0.5] −0.01 ± 1.1



Fig. 2.Normal regadenoson stress T1 responses in healthy controls. Comparison of nativemyocardial T1 values at rest and during regadenoson stress in healthy controls in standard short-
axis slice positions (A) and in the AmericanHeart Association (AHA) 16-segments (B). There are significant increases in T1 values during stress for all slices andmyocardial segments. Data
presented as mean and standard deviation (error bars). **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant.
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for the basal (rest: 924 ± 18 ms; stress: 1014 ± 25 ms; δT1 = 9.7 ±
1.6%), mid-ventricular (rest: 926 ± 24 ms; stress 999 ± 24 ms;
δT1 = 7.7 ± 1.2%), and apical (rest: 943 ± 29 ms; stress: 1008 ±
33 ms; δT1 = 7.1 ± 1.4%) slices (p < 0.0001 for all comparisons;
Fig. 2A), as well as for individual myocardial segments (Fig. 2B). There
were no significant differences in stress T1 reactivity between the
basal, mid-ventricular, and apical slices (all p > 0.05).

3.2. Myocardial stress T1 reactivity to regadenoson in patients with CAD

Twenty-five patients (92%male; 69 [IQR: 55–74] years) with known
CAD underwent clinically indicated stress perfusion CMR at 1.5 T, in-
cluding LV function, regadenoson stress/rest T1-mapping, first-pass
perfusion, and LGE. Patients with CAD had normal LV volumes (LVEDVi
86 [IQR: 78–108]ml/m2)withmildly reduced systolic function (LVEF 52
[IQR: 43–64] %) (Table 1). All patients had evidence ofmyocardial ische-
mia on first-pass perfusion imaging (referenced to ≥1 angiographically
significant coronary stenosis in n = 10 patients) or infarction on LGE
with n = 13 (52%) having imaging evidence of both ischemia and in-
farction. No patients with acute myocardial infarction were included
in the study.

Rest and stress T1 values and stress reactivity (δT1) for patients with
CAD are presented in Table 2. At rest, remote myocardial T1 in CAD
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patientswas similar to healthy controls (p=0.06). Ischemicmyocardial
T1was significantly higher than normalmyocardium (p<0.01), but not
remote myocardium (p = 0.15). Infarcted myocardium had signifi-
cantly higher resting T1 than ischemic, remote, and normal myocar-
dium (all p < 0.0001) (Fig. 3A) but shorter than that of LV blood pool
(p < 0.0001). There were no significant correlations between infarcted
myocardial T1 and ischemic (r = 0.18, p = 0.19) or remote (r = 0.1,
p = 0.46) myocardium or with LV blood pool (r = 0.01, p = 0.94).

Ischemic and infarcted myocardium both had an abolished stress T1
response compared with normal controls (both p < 0.0001). Remote
myocardial stress T1 reactivity was significantly blunted compared to
normal controls (p<0.0001), although still significantly greater than is-
chemic and infarctedmyocardium (both p< 0.0001) (Fig. 3B). For com-
parison, LV blood pool had little stress T1 reactivity.
4. Discussion

To our knowledge, this is the first study to demonstrate the normal
regadenoson stress T1-mapping response, and its ability to distinguish
between normal, ischemic, infarcted and remote myocardium, further
supporting thefindings that regadenoson is a viable alternative to aden-
osine stress T1-mapping in the assessment of CAD [23].



Fig. 3. Regadenoson stress T1-mapping distinguishes between differentmyocardial tissue classes. Myocardial tissue T1 profiles in healthy controls and CAD patients are based on absolute
T1 values (A) and the percentage change in T1 between rest and stress (B). Normal and remote myocardium demonstrate significant stress T1 reactivity, whereas areas of myocardial
ischemia and infarction have a near-abolished stress T1 response. Data presented as mean and standard deviation or median and IQR (error bars). **p < 0.01; ***p < 0.001;
****p < 0.0001; ns = not significant.
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4.1. Regadenoson stress T1 reactivity in healthy controls

In healthy controls we saw an overall global regadenoson stress T1
response of 8.2 ± 0.8%, with reactivities of 9.7 ± 1.6%, 7.7 ± 1.2%, and
7.1 ± 1.4% for the basal, mid-ventricular, and apical slices respectively.
Although not statistically significant, there seemed to be a numerically
greater stress T1 response in the basal slice, which is worthy of
discussion.

Regadenoson is a more potent in vitro vasodilator than adenosine,
with greater selectivity for the coronary circulation in animals [24]. In-
terestingly, this has been seen to translate to significantly higher stress
MBF (ml/min/g) and myocardial perfusion reserve (MPR) with
regadenoson compared with adenosine and dipyridamole [25]. How-
ever, these effects on MBF and MPR seemed to be driven by the higher
heart rate responses achieved with regadenoson rather than by more
potent vasodilation [25]. It is possible that the acquisition timings for
the basal slice in our study (acquired early within 30 s of regadenoson
administration) could have coincided with peak heart rate effects of
243
the drug. This could have contributed to a numerically higher stress T1
response, especially given the known physiological myocardial changes
that occur during elevated heart rates and their additional biological ef-
fects on myocardial T1 values in vivo (6 ms increase in ShMOLLI T1 for
every 10 bpm rise in heart rate) [22]. Other possible confounds may
be due to partial-volume effects during stress, as the basal slice may
be subject to changes in the extent of longitudinal atrioventricular
plane descent with regadenoson through heart rate and ventricular fill-
ing. Further work is required to fully ascertain the true relationship of
these effects over time, particularly given the known rapid rise and
slow decay pharmacokinetic profile of regadenoson [26], as opposed
to the more steady-state adenosine infusion.

4.2. Regadenoson stress T1 reactivity for the assessment of CAD

Our findings are consistent with previous adenosine and exercise
stress T1-mapping studies in patients with CAD [9,11–13,27]. We also
saw similar results to Bohnen et al. [23], who used regadenoson stress
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T1-mapping to assess for the presence of inducible ischemia, although
notably their study did not include healthy controls for reference nor in-
vestigated the normal regadenoson stress T1 response in healthy indi-
viduals. The lack of stress reactivity seen in ischemic myocardium may
reflect depletion of coronary vasodilatory reserve and suggests that
myocardial blood volume at rest may already be maximally elevated
in areas of significant coronary artery stenosis. This is further supported
by the observed elevation in native T1 values at rest in these segments.
Areas of infarction, which have significantly elevated T1 values at rest
due to the presence of fibrosis and myocardial scar, are not expected
to display much T1 reactivity, as observed previously [9,11–13].

We also confirm significantly blunted stress T1 reactivity in remote
myocardium compared to healthy controls, in line with similar findings
fromother studies [9,12,23]. Thismay suggest a degree ofmicrovascular
dysfunction, possibly in combination with compensatory resting vaso-
dilation or other pathophysiological factors in chronic CAD not yet elu-
cidated. Blunted stress T1 reactivity has also been seen in patients with
type 2 diabetes mellitus in the absence of obstructive CAD, possibly
reflecting coronarymicrovascular dysfunction [28]. Other CMRmethods
have shown similar blunted responses in absolutemyocardial perfusion
and stress/rest blood oxygen level dependence in remote myocardium,
also postulating whether this may be due to microvascular dysfunction
[29]. Further work is required to determine the underlying mechanism
behind these blunted physiological responses in remote myocardium
and in other cardiovascular pathologies.
4.3. Limitations

This is a proof-of-principle study for regadenoson stress T1-mapping
in healthy controls and in patients with CAD referred for a clinical CMR.
Having a larger cohort of healthy controls would provide greater confi-
dence in the regadenoson stress T1 response and the SD, as smaller sam-
ple sizesmay be subject to sampling bias. Our healthy controls were not
age-matched to CAD patients, which is a possible confounder given the
known reductions in hyperemic flow and myocardial perfusion reserve
with increasing age [30]. Additionally, there may be potential sex bias
given the majority (92%) of our CAD cohort were male, compared
with the controls (50%). This is potentially relevant given higher quan-
titative perfusion and MBV in female healthy volunteers during adeno-
sine stress [31], although no significant sex differences in the diagnostic
performance of CMR have been reported [32]. Further work with larger
cohorts is required to study the effects of sex on stress T1 reactivity.

We used stress-perfusion CMR as the non-invasive reference for in-
ducible myocardial ischemia, which is known to have high sensitivity
and specificity for CAD [2]. Although not all patients underwent invasive
coronary angiography, the fact that stress T1-mapping is able to detect
CMR signal changes on perfusion and LGE imaging supports the validity
of this technique, as done in previous studies [9,11–13,27], including the
use of SPECT as a reference [27]. However, although this demonstrates
the utility of stress T1-mapping to differentiate myocardial tissue clas-
ses, areas of ischemia or infarction were identified from myocardial
first-pass perfusion and LGE images as reference. Further work is re-
quired to develop a completely gadolinium-free approach for identifica-
tion of pathology in patientswith cardiovascular disease based solely on
stress T1 mapping.
5. Conclusions

Healthy controls demonstrate significant stress T1 reactivity during
regadenoson stress. Regadenoson stress and rest T1-mapping is a via-
ble alternative to adenosine and exercise for the assessment of CAD
and can distinguish between normal, ischemic, infarcted, and remote
myocardium.
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