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ABSTRACT
Cardiovascular diseases are the leading cause of death worldwide due to population growth and aging. Myocardial infarct is 
one of the most crucial cardiovascular diseases. Acute myocardial infarct is conventionally imaged with magnetic resonance 
imaging (MRI) with T2 mapping due to its sensitivity related to the correlation times of edema and free water molecules. Chronic 
myocardial infarction, which contains fibrosis and scar tissue, is conventionally imaged with MRI by using contrast agents since 
contrast agent washout from fibrosis and scar tissue is delayed compared to myocardium. Rotating frame relaxation times T1ρ 
and T2ρ mappings were developed to provide robust measurements with relatively wide B1 and B0 ranges for these quantities. 
Since rotating frame methods are sensitive to slow molecular motions, these methods owe potential to characterize both acute 
and chronic myocardial infarctions. In this study, rotating frame relaxation time mappings were applied to image acute (2 h) and 
subchronic (7 days after occlusion) myocardial infarcts in in vivo and ex vivo mouse models without using contrast agents. The 
in vivo imaging protocol contained adiabatic T1ρ and adiabatic T2ρ, both with hyperbolic secant (HS) 1 and 4 pulses, continuous 
wave T1ρ and conventional T2, together with cine imaging. Mice were imaged 2 h and 7 days after myocardial infarction. Mice 
were sacrificed at the 2-h or 7-day time point. Ex vivo measurements contained adiabatic T1ρ and adiabatic T2ρ with HS1 and HS4 
pulses, continuous wave T1ρ, T1, and T2. After MRI studies, mouse hearts were fixed, and myocardial infarcts were verified using 
dystrophin and hematoxylin and eosin histology stainings. A clear difference between infarcted and normal myocardium was 
visible at the 2-h time point in rotating frame relaxation time mapping. Relative relaxation time difference in adiabatic T2ρ with 
HS4 pulse showed the significant differences between MI and control hearts in vivo. In addition, the results of adiabatic T1ρ with 
both HS1 and HS4 pulses and continuous wave T1ρ measurements showed significant differences between MI and control hearts 

Hanne Laakso and Muhammad Arsalan Khan share equal contribution. 

Abbreviations: Beff, effective radio frequency field; CW, continuous wave; HS, hyperbolic secant; LAD, left anterior descending (artery); LGE, late gadolinium 
enhancement; M, magnetization; MI, myocardial infarction; PBS, phosphate buffered saline; PFA, paraformaldehyde; ROI, region of interest; RRTD, relative 
relaxation time difference; T1ρ, longitudinal rotating frame relaxation time; T2ρ, transversal rotating frame relaxation time.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). NMR in Biomedicine published by John Wiley & Sons Ltd.

https://doi.org/10.1002/nbm.70061
https://doi.org/10.1002/nbm.70061
mailto:elias.yla-herttuala@uef.fi
https://orcid.org/0000-0003-3268-7305
https://orcid.org/0000-0003-0221-8751
https://orcid.org/0000-0001-7472-9900
mailto:elias.yla-herttuala@uef.fi
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 of 11 NMR in Biomedicine, 2025

at both time points in both in vivo and ex vivo measurements. This study shows that rotating frame relaxation time mappings 
have the potential to be noninvasive MR diagnostic markers for acute and subchronic myocardial infarcts.

1   |   Introduction

Cardiovascular diseases (CVDs) are the leading cause of death 
worldwide due to population growth and an aging population [1], 
myocardial infarction (MI) being one of the most crucial CVDs. 
MI occurs when the coronary artery is either fully or partly oc-
cluded, causing a disturbance to the perfusion [2]. Occlusion can 
lead to a hibernating infarct or complete infarct when the myo-
cardium lacks oxygen, leading to necrotic cell loss and finally to 
scar formation or, in the worst case, heart failure [3].

Cardiac magnetic resonance imaging (MRI) provides an accurate 
assessment of the anatomy and the function of the myocardium 
[4]. Functional cardiac MRI is usually done by gradient echo-based 
cine MRI, where volumetric parameters of the short-axis view of 
the left ventricle can be calculated [4]. Late gadolinium enhance-
ment (LGE) is the gold standard to assess MI [4]. LGE images are 
acquired so that the area of MI has a hyperintense signal as com-
pared to remote myocardium in the gray-scale image of myocar-
dium [4, 5]. This is due to the delayed clearance of gadolinium (Gd) 
from the MI tissue [4, 5]. Increased late Gd accumulation in the 
MI area has been associated with increased extracellular space [6]. 
LGE is a qualitative method to determine the MI area; however, 
LGE has a few drawbacks, including that it shows only expanded 
extracellular matrix; thus, it is not specific, has challenges in dif-
fuse fibrosis detection, and has limitations in its use for patients 
with renal injury and for pregnant women [6].

The heart and the MI area can also be imaged with conventional 
endogenous MRI contrasts, such as T1- and T2-weighted MRI 
techniques. The T1 relaxation time constant has been shown to in-
crease in the MI compared to a remote area [4]. The T2 relaxation 

time constant has been used to quantify myocardial edema caused 
by either inflammation or ischemic insult, and therefore, the T2 
relaxation time constant has been used to determine the edema in 
acute MI. While conventional T1 and T2 relaxations occur during 
free precession after the radio frequency (RF) excitation pulse, 
rotating frame relaxations occur during RF excitation [7, 8]. The 
spin-lock field is a vector sum of the RF pulse magnetic field com-
ponent (B1) perpendicular to the main magnetic field (B0) and the 
off-resonance component along B0 [6, 9]. Relaxation in the rotating 
frame occurs either along (T1ρ) or transversal (T2ρ) to the effective 
magnetic field (Beff) that acts as a spin-lock field. The amplitudes 
of Beff and RF pulses are typically between 0.1 and 10 kHz, making 
rotating frame relaxations sensitive to slow molecular fluctuations 
close to the corresponding frequency ranges [6, 9]. Proton chem-
ical exchange between free water 1H and 1H of the exchanging 
groups of other molecules, usually macromolecules, is typically in 
the same frequency range [6, 9].

T1ρ rotating frame relaxation time constants can be performed 
with a continuous wave (CW) RF pulse or adiabatic RF pulses. 
In the CW T1ρ, a composite RF pulse consisting of a 90° hard 
pulse [10, 11] or an adiabatic half passage (AHP) [12] pulse is 
followed by a CW pulse to lock the spins and finally a 90° hard 
pulse or reverse AHP to return the magnetization (M) back to 
the B0 direction (Figure 1). After the composite weighting pulse, 
the signal can be acquired with a readout sequence. MI area has 
been determined with CW T1ρ at multiple time points in mice 
[9, 13, 14], in swine [10], and in humans [15]. A common factor in 
these studies has been that a significant increase in the T1ρ relax-
ation time constant in the MI area compared to remote myocar-
dium has been found with a clear contrast between the MI and 
remote areas in the CW T1ρ relaxation time maps [9, 10, 13, 14]. 

FIGURE 1    |    A schematic view of rotating frame magnetization preparations applied between the ECG trigger and readout sequence. (A) 
Continuous wave (CW) T1ρ, (B) adiabatic T1ρ, and (C) adiabatic T2ρ. In adiabatic T1ρ and T2ρ pulse sequences, a train of adiabatic full-passage RF 
pulses is used. The amplitude and frequency modulations of HS1 and HS4 RF pulses are shown in an insert. AHP, adiabatic half passage; AFP, adi-
abatic full passage; TSL, spin lock time; Tp, pulse duration.
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Additionally, a good agreement between the MI area defined 
from CW T1ρ relaxation time maps and LGE was found in mice 
[9], in swine [10], and in humans [15].

Another way to perform the T1ρ rotating frame relaxation time 
experiments is to use a train of adiabatic RF pulses. The pulses 
in the train are typically adiabatic full passage (AFP) pulses 
from the hyperbolic secant (HS) pulse family (Figure 1) [16, 17]. 
Weighting can be tuned by altering the stretching factor n in 
adiabatic HSn pulses [16, 17]. Typically, n is 1 or 4, leading to 
HS1 and HS4 pulses, respectively (Figure  1) [16–19]. The dif-
ference between the HS1 and HS4 pulses is in the amplitude 
and frequency modulation functions [16, 17]. HS4 delivers more 
RF power into tissue than HS1, causing a difference in M decay 
during the pulse train [16, 17]. When the adiabatic condition [18] 
is fulfilled, depending on the initial orientation of M according 
to time-dependent Beff and with respect to the B0, M decays with 
T1ρ, T2ρ, or a combination of them [16, 19, 20]. However, the 
choice of parameters of the RF pulses, or choices of the ampli-
tude- and frequency-modulation functions, affects the M decay 
during the pulse train, followed by differences in T1ρ and T2ρ 
relaxations [17].

T1ρ adiabatic pulses before and after CW pulses were used to 
measure T1ρ relaxation time constants in ex vivo and in vivo 
in different ischemic, including MI, and nonischemic CVD 
patients at 1.5 T [21]. It was found that T1ρ relaxation time 
constants were increased in the MI area compared to the rest 
of the myocardium [21]. Adiabatic T1ρ with HS1 pulse trains 
without CW pulses has been used to characterize 7-day-old 
mouse MI ex vivo heart [22] and to image healthy volunteers 
at 3 T to gain information about the behavior of T1ρ adiabatic 
pulses and to get to know the range of T1ρ relaxation time con-
stants with adiabatic pulses in the normal myocardium [23]. 
To the best of our knowledge, neither adiabatic T2ρ methods 
with different lengths of adiabatic HS1 and HS4 pulse trains 
have been used in the imaging of mouse MI. Additionally, 
acute MI (2-h time point after MI) is, to our knowledge, rarely 
used in mouse studies.

In this study, we characterized MI, remote, and intact myo-
cardium in a mouse model by using adiabatic pulse trains for 
acquiring T1ρ or T2ρ relaxation time methods and for acquiring 
T1ρ relaxation time method with CW pulses at acute (2 h) and 
chronic (7 days) time points. The measurements were performed 
in vivo and ex vivo, and the rotating frame relaxation time maps 
were visually compared to conventional relaxation time meth-
ods, cine images, dystrophin immunostaining, and hematoxylin 
and eosin (HE)–stained histology sections.

2   |   Methods

Fourteen male mice (C57BL/6J, obtained from the Animal 
Center of the University of Eastern Finland) weighing 20–30 g 
were divided into two groups: the first group with 10 left an-
terior descending (LAD) artery-occluded mice and the sec-
ond group with four control mice with intact hearts. In vivo 
measurements were successfully performed in 11 mice (seven 
mice for the 2-h time point, five mice with also the 7-day time 
point, and four controls). Three mice could not tolerate the 

imaging anesthesia at 2 h after the LAD operation. Two out 
of these three mice had MI at a 2-h time point and were in-
cluded in the ex vivo measurements. Additionally, two mice 
were sacrificed at the 2-h time point after in  vivo MRI for 
ex vivo measurements. Therefore, the ex vivo measurements 
were performed in all 14 hearts. All animal experiments were 
performed according to the national and international guide-
lines for laboratory animal use and under license ESAVI-270-
04.10.07-2017 approved by the National Animal Experiment 
Board of Finland. All procedures performed in this study 
were in accordance with the ethical standards of the National 
Animal Experiment Board in Finland. All the experiments 
conformed to the Animal Research Reporting In  Vivo 
Experiments (ARRIVE) guidelines.

2.1   |   LAD Occlusion

A novel surgical procedure was performed to occlude the LAD 
artery [9]. Briefly, inhalation anesthesia was induced with 4% 
isoflurane and maintained with 1.5%–2% isoflurane in a mix-
ture of oxygen and nitrogen, 30%/70%, respectively. The chest 
was opened at the fourth intercostal space of the sternum in the 
surgical procedure. The heart was partly pulled out, and the 
pericardial sac was removed to perform the LAD occlusion. The 
ligation was performed, the heart was returned to its original 
position, and the chest was closed between the third and fourth 
ribs. Analgesia was given on the operation day and the follow-
ing 2 days: buprenorphine (0.3 mg/mL) (Temgesic 0.05–0.1 mg/
kg) and carprofen (5 mg/mL) (Rimadyl 5 mg/kg) for analgesia 
subcutaneously.

2.2   |   Animal Handling in MRI

Mice were anesthetized and kept under inhalation anesthesia 
during the MRI similarly as described for maintenance during 
the LAD occlusion operation. A pad circulating warm water 
maintained the body temperature of the animal close to 37°C. 
Mice were placed in a prone position with the heart positioned 
at the magnet's isocenter. Electrocardiography (ECG) was mon-
itored using needle electrodes from forepaws and respiration 
with a pneumatic pillow using a small animal gating device 
(Small Animal Instruments Inc., NY, United States). Cardiac 
and respiratory motion artifacts were minimized by double trig-
gering with ECG and respiration.

2.3   |   MRI

MRI data were acquired with a horizontal 9.4 T Varian/Agilent 
DirectDrive (Agilent Inc., Palo Alto, CA, United States) sys-
tem with a 31 cm bore size, equipped with a Varian/Agilent 
DirectDrive console (Agilent Inc., Palo Alto, CA, United States), 
and with a gradient set bore diameter of 12 cm with a maxi-
mum gradient amplitude of 600 m/Tm. A volume quadrature 
RF transceiver coil of 35 mm diameter (Rapid Biomed GmbH, 
Rimpar, Germany) was used for the measurements. MR cine 
images were acquired by ECG-triggered gradient echo sequence 
(repetition time [TR] = 10 ms and echo time [TE] = 1.3 ms, 
10–15 frames per heart cycle, flip angle = 15°, averages = 2, 
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field-of-view = 30 × 30 mm2, matrix size = 256 × 256). Cine im-
ages were used to select the short-axis slice close to the apex for 
in vivo relaxation time measurements.

CW T1ρ [24], adiabatic T1ρ [16, 25], T2, and adiabatic T2ρ [19] 
were used in this study to image the heart in the diastolic phase 
of the heart cycle. For in  vivo relaxation time measurements, 
a TurboFLASH gradient echo sequence (TR between the ex-
citations = 3.1 ms, TE = 1.6 ms, flip angle = 25°, data matrix 
of 128 × 128 with 1 mm slice thickness and averages = 1) was 
used as a readout sequence. A delay of at least 2 s was applied 
after each acquisition, followed by respiration triggering. The 
scanning times for T1ρ, T2, and T2ρ measurements were 4 min 
each. B1 field homogeneity was measured to check the data 
quality. B1 measurements were also performed using the ma-
trix size = 128 × 64, using a hard pulse with a nominal power of 
625 Hz with durations of 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 
0.875, and 1.0 ms. The scan time for B1 measurements was 1 min.

An illustrative figure of the differences between CW T1ρ, adia-
batic T1ρ, and adiabatic T2ρ is shown in Figure 1. For CW T1ρ mea-
surements, an AHP (duration = 4000 μs and RF power = 1250 Hz) 
was used to flip M to the xy-plane, followed by a CW spin-
lock pulse with durations of 0, 18, 36, and 54 ms and RF pulse 
power = 625 Hz to create a spin-lock field, and an AHP to return 
the M to the z-axis before signal readout. The phases of the AHPs 
and CW pulse formed a continuous function in the pulse train 
(Figure 1). In the adiabatic T1ρ and adiabatic T2ρ measurements, 
the number of HS pulses (durations of 4525 μs, RF power 625 Hz) 
was 0, 8, 16, 24, and 32 in the pulse train (Figure 1). In T2ρ, an 
AHP pulse (duration = 4000 μs, RF power = 2500 Hz) to tip the M 
to the xy-plane was placed before, and a similar but time-reversed 
AHP pulse after the AFP pulse train (Figure 1). In both the HS1 
and HS4 methods, the spin-lock field was 625 Hz.

All the ex vivo measurements were done at a vertical 9.4 T Varian/
Agilent DirectDrive (Agilent Inc., Palo Alto, CA, United States) 
using a volume RF transceiver coil of diameter 10 mm (Rapid 
Biomedical GmbH, Rimpar, Germany) and a VnmrJ3.1 Varian/
Agilent DirectDrive console. The hearts were placed in an 8-mm 
NMR glass tube and filled with perfluoropolyether (Galden HS 
240, Solvay Solexis, Italy), which is a fluorinated heat transfer 
fluid that gives no 1H signal in MRI. Ex  vivo imaging proto-
cols included T1, adiabatic T1ρ (with both HS1 and HS4 pulses), 
adiabatic T2ρ (with both HS1 and HS4 pulses), CW T1ρ, and T2 
methods. Adiabatic T1ρ, adiabatic T2ρ, CW T1ρ, and T2 ex  vivo 
measurements were done using the same parameters as in vivo 
measurements. T1 measurements were conducted using inver-
sion recovery with inversion times of 0.01, 0.25, 0.5, 1, and 2 s.

For all the ex vivo measurements, a fast spin echo readout se-
quence (TR = 2000 ms, effective TE = 9.42 ms, averages = 4 
with data matrix = 192 × 128, FOV = 10 mm × 10 mm, reso-
lution 52 μm × 78 μm, echo train length = 4, and slice thick-
ness = 0.70 mm) was used.

2.4   |   Histology

After the last imaging time point, the mice were sacrificed with 
CO2, and the hearts were collected for histopathology. Eleven 

animals (10 occluded and one control) were sacrificed after MR 
measurements for histology. The excised hearts were rinsed 
with phosphate buffered saline (PBS) and fixed with 4% para-
formaldehyde (PFA) in 7.5% sucrose for 4 h. PFA was replaced 
with 15% sucrose (overnight–2 weeks). Hearts were dehydrated 
with increasing concentrations of ethanol (50%–100%) and xy-
lene, then embedded in paraffin. Sections of 4 μm were prepared 
from the paraffin blocks.

The tissue sections were deparaffinized with xylene and rehy-
drated with alcohol (100%–50%), followed by standard HE stain-
ing. In addition, for dystrophin immunostaining, sections were 
rinsed in Triton X-100 for 10 min after rehydration. The sections 
were then placed in a 0.01 M citrate buffer solution, and pretreat-
ment was performed in a microwave oven for 10 min. The sections 
were treated with a peroxidase block for 10 min, followed by a pro-
tein block for 60 min. The sections were incubated for 1 h with dys-
trophin antibody (Rabbit Polyclonal Antibody, Thermo Scientific, 
United States) at room temperature and washed with PBS for 
5 min. Incubation of sections occurred with a biotin-labeled 
secondary antibody (Anti-Rabbit IgG Biotinylated Antibody, 
Vectastain Vector Laboratories) for 30 min, followed by washing in 
PBS for 5 min. Then, the sections were incubated with streptavidin 
peroxidase complex (ABC Kit, Vectastain, Vector Laboratories) for 
30 min, followed by washing in PBS for 5 min. DAB chromogen 
(Liquid DAB Substrate Kit, Invitrogen) was added to all the sec-
tions for 2–3 min, followed by washing in water. Counterstaining 
was performed with Harris hematoxylin for 14 s. The sections 
were dehydrated in alcohol (50%–100%) and in xylene. The mount-
ing was performed with a permount mounting medium. Images 
were taken using a light microscope (Olympus AX70).

2.5   |   Data Analysis

Pixel-by-pixel analysis was performed to reconstruct the maps 
from the signal intensities using Aedes (http://​aedes.​uef.​
fi/​) in MATLAB (Mathworks Inc., Natick, CA, United States). 
Regions of interest (ROIs) were manually drawn on the relax-
ation time maps in infarcted and remote myocardium to cal-
culate the relative relaxation time difference (RRTD). RRTD 
was calculated to compare the relaxation times in two differ-
ent ROIs in that relaxation time map. The infarct area was se-
lected visually based on histology sections. The area opposite 
the infarct site, that is, the ventricular septum, was selected 
as a remote myocardium. RRTDs in LAD occluded mice were 
calculated as (T (infarct) − T (remote))/T (remote), where T 
is adiabatic T1ρ, adiabatic T2ρ, CW T1ρ, T2, or T1 relaxation 
time averaged over infarct or remote area for both in vivo and 
ex  vivo measurements. RRTDs in control mice in  vivo were 
calculated as (T (whole myocardium) − T (chest muscles))/T 
(chest muscles). Results are given as the mean ± standard 
deviation. For the calculation of ejection fraction (EF), we 
defined end-systolic and end-diastolic volumes in the left ven-
tricle. These volumes were drawn based on the endocardial 
border of the left ventricle in cine images. The statistical anal-
ysis was performed by one-way ANOVA, Student's t-test, and 
Bonferroni's multiple comparison. The data were assumed to 
follow a normal gaussian distribution, and the variances were 
homogenous. A corrected significance level of p < 0.05 was 
considered significant.

http://aedes.uef.fi/
http://aedes.uef.fi/
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3   |   Results

The MI was observed on the immobile area in cine images 
in vivo. The slice for relaxation time measurements was selected 
based on the largest cross section of the infarct in the cine im-
ages. The area of elevated relaxation time constants in both 
time points after the MI as compared to control mice in both 
adiabatic and CW T1ρ relaxation time maps and in T2ρ relaxation 
time maps was in the same area where the thinning of the myo-
cardial wall in cine images in vivo was (Figure 2 and Figure S1). 
The adiabatic T1ρ relaxation times measured with both HS1 and 
HS4 pulses (p < 0.05) and CW (p < 0.05) were significantly ele-
vated at the MI area already at the 2-h time point compared to 
controls (Table 1 and Figure 2). At Day 7 after MI, adiabatic T1ρ 
relaxation times with both HS1 and HS4 pulses (p < 0.05) and 
CW (p < 0.05) were clearly elevated at the MI area compared to 
controls (Table 1 and Figure 2). The RRTD values of T1ρ relax-
ation time constants with HS1, HS4, and CW pulses were ele-
vated after the MI compared to controls (p < 0.05) (Figure  3). 
The RRTD values of the adiabatic T2ρ relaxation times with the 
HS4 pulse were significantly elevated after the MI compared to 
controls (p < 0.05) (Figure 3). In addition, there was a significant 

difference between RRTD values of T2ρ relaxation times with the 
HS1 and HS4 pulses in the 2-h time point (p < 0.01) (Figure 3). 
A significant increase in T2 relaxation time was found between 
controls and the 7-day time point MI area (p < 0.05) (Table 1).

A clear difference in relaxation times between MI and remote 
myocardium was found visually with most of the relaxation 
times ex  vivo. The relaxation time difference between MI 
and the remote area after 2 h of MI is visible with adiabatic 
T1ρ with both HS1 and HS4 pulses, and CW T1ρ and CW T1ρ 
showed the MI area the clearest (Figure  4). In addition, T1 
was increased in the same areas in the T1 map as compared 
to all T1ρ maps (Figure  4). Additionally, the contrast is en-
hanced with adiabatic T1ρ with both HS1 and HS4 pulses and 
CW T1ρ from the 2-h to 7-day time point after MI (Figure 5). 
The visual interpretation is supported by the RRTD values, 
which were increased from the 2-h time point to the 7-day 
time point with adiabatic T1ρ, with HS1 (p < 0.05) and HS4 
(p < 0.05) pulses and CW T1ρ (p < 0.05) (Figure  6). Adiabatic 
T1ρ with HS1 (p < 0.05) and HS4 (p < 0.05), CW T1ρ (p < 0.05), 
and T1 (p < 0.05) relaxation time constants were significantly 
increased when comparing the intact hearts to the MI area 

FIGURE 2    |    In vivo relaxation time (T2, CW T1ρ, adiabatic T1ρ with HS4 pulse, and adiabatic T2ρ with HS4 pulse) maps and diastolic cine image 
(A–E) at the 2-h time point, respectively, and (F–J) at the 7-day time point after the MI. White arrows indicate the site of myocardial infarction.

TABLE 1    |    Relaxation times from infarcted and remote areas of the MI group (n = 7 in the 2-h time point and n = 5 in the 7-day time point) and 
the control group (n = 4) in vivo. The statistical analysis was performed by t-test and Bonferroni's multiple comparison correction between control 
and other areas (*p < 0.05).

MRI sequence Control (ms)
Infarct (ms) 

(MI after 2 h)
Remote (ms) 
(MI after 2 h)

Infarct (ms) (MI 
after 7 days)

Remote (ms) (MI 
after 7 days)

Adiab T1ρ HS4 62.5 ± 8.2 67.8 ± 12.5* 61.1 ± 10.9 81.7 ± 19.9* 67.0 ± 14.8

Adiab T2ρ HS4 36.7 ± 6.4 34.2 ± 3.9 29.3 ± 2.1 36.0 ± 1.0 30.0 ± 4.4

CW T1ρ 26.9 ± 3.4 28.9 ± 3.0* 25.6 ± 1.7 34.0 ± 9.9* 27.5 ± 4.9

T2 22.0 ± 2.0 21.8 ± 2.2 20.2 ± 3.0 23.7 ± 1.2* 21.7 ± 2.9
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of the 7-day time point (Table 2). In addition, CW T1ρ relax-
ation time constant was significantly increased already at the 
2-h time point in the MI area as compared to intact hearts 
(Table 2). A significant RRTD increase was observed in adi-
abatic T1ρ with the HS1 pulse 7 days after MI compared to 
the acute time point (p < 0.05) (Figure 6). The decrease of EF 
(controls: 58.3 ± 11.8%, MI after 2 h: 50.5 ± 13.3% and MI after 
7 days: 47.9 ± 7.1%) was found after the MI as a function of 
time, which indicates that the function of the myocardium has 
decreased due to MI. The variation from the nominal value 
was found to be ± 11% for B1 field homogeneity.

3.1   |   Histological Verification

At the 2-h time point, HE staining was not able to visualize the 
MI area. Unlike HE staining, dystrophin immunohistostaining 
sensitively evaluates the immunohistochemical expression of 
dystrophin and shows the early stage of MI by the loss of sar-
colemmal dystrophin staining and the focal loss of the fishnet 
pattern in the MI area [25]. In contrast to HE staining, the dys-
trophin immunohistostaining showed a clear MI area at both 
time points (Figure 7). Additionally, the damage caused by hy-
poxia in the myocardium was indicated by the partial loss of 
sarcolemmal dystrophin staining and focal loss of the fishnet 
patterns in the left ventricle at both time points (Figure 7). At the 
7-day time point, the HE staining was able to reveal interstitial 
edema with increased eosinophilia of cardiac myocytes in the 
MI area (Figure 7). Differing from this, the dystrophin immuno-
histostaining showed a complete loss of sarcolemmal dystrophin 
staining, which indicates the fibrosis in the MI area (Figure 7). 

FIGURE 3    |    In vivo RRTD values between MI and remote area at 
2-h and 7-day time points and between similar areas in controls based 
on rotating frame relaxation times and T2 in vivo (controls, n = 4; the 
2-h time point, n = 7; and for the 7-day time point, n = 5). The data is 
shown as mean ± standard deviation. (*p < 0.05 and **p < 0.01, one-way 
ANOVA, Bonferroni's multiple comparison correction for different time 
points, and “p < 0.01, Students t-test for comparison with Bonferroni's 
correction to different methods).

FIGURE 4    |    Ex vivo relaxation time maps after 2 h of LAD occlusion with different rotating frames and conventional MRI methods. The outline 
of the selected ROI of infarct is presented with a black line in CW T1ρ, and it was used in all relaxation time maps.
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By a visual comparison between the different relaxation time 
maps and both histological stainings, our findings indicated 
that the increased relaxation time constants in the relaxation 
time maps were seen in the same areas as the damaged tissue in 
histologically stained sections.

4   |   Discussion

Rotating frame relaxation time constants were characterized 
in the mouse heart in and ex  vivo after 2 h and 7 days of MI. 
Adiabatic T1ρ with both HS1 and HS4 pulses and adiabatic T2ρ 
with HS4 showed high contrast differences between the MI and 
remote areas after 2 h and 7 days of MI in vivo. Ex vivo measure-
ments of adiabatic T1ρ with both HS1 and HS4 pulses, CW T1ρ 
and T1 showed higher RRTDs compared to T2 and adiabatic T2ρ 
measurements.

The contrast difference between MI and remote areas was al-
ready increased 2 h after the MI with adiabatic T1ρ with both 
HS1 and HS4 pulses and CW T1ρ and continued to increase 
7 days after MI in vivo. The increase was expected since T1ρ re-
laxation time is known to be sensitive to the formation of gran-
ulation tissue, which has been previously found in mouse MI 
studies [9, 13, 14, 26]; however, the increase of T1ρ relaxation 
time constant in the 2-h time point might be caused by other 
biological phenomena such as inflammation. Seven days after 
MI was considered a subchronic phase of MI, the time point is 

FIGURE 5    |    Representative ex vivo relaxation maps after 7 days of LAD occlusion with different rotating frames and conventional MRI methods. 
The outline of the selected ROI of infarct is presented with a black line in CW T1ρ, and it was used in all relaxation time maps.

FIGURE 6    |    Ex vivo RRTD values (mean ± SD). The values are calcu-
lated from T1, T2, T1ρ, T1ρ HS1, T1ρ HS4, T2ρ HS1, and T2ρ HS4 relaxation time 
maps ex vivo (n = 10). The data is shown as mean ± standard deviation. 
(*p < 0.05, Student's t-test with Bonferroni's correction).
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still fairly early for scar tissue formation, and it is highly war-
ranted to determine the biomarkers in the subchronic phase of 
MI. It has been shown that MI consists of 90% necrotic tissue 
after 2 days of MI, transforming into granulation tissue and fi-
nally into scar tissue after 14 days of permanent occlusion in a 
mouse model [27]. At this point, when the presence of scar tis-
sue is more sufficient, the T1ρ relaxation time constant has been 
found to be elevated [9, 13, 14, 26]. Additionally, T1ρ relaxation 
is selectively sensitive to low-frequency macromolecular interac-
tions and slow molecular motions (long correlation times), while 
conventional T1 relaxation is selectively sensitive to Larmor fre-
quency and T2 is nonselective for low-frequency motions [28]. 
These differences may explain the higher RRTD values in both 
adiabatic and CW T1ρ relaxation time maps compared to T1 and 
T2. The significant increase in T1ρ after 7 days compared to the 
nonsignificant increase after 3 days of LAD occlusion [13] indi-
cated that the increased T1ρ relaxation time constant might first 
react to the edema and inflammation, but it reacts more at later 
MI development phases after the acute phase of MI since T1ρ is 
speculated to be affected by collagen, the interstitial water con-
tent, and the exchange of protons between hydroxyl and amide 
groups [9, 13, 14, 27, 28]. One major limitation of both T1ρ and T2ρ 
relaxation time measurements is the high specific absorption rate 
(SAR). The CW T1ρ technique is the classical way to acquire the 
rotating frame method; however, adiabatic techniques have been 
developed to be more tolerant to frequency artifacts, making it a 
more robust technique compared to CW [29]. This is important to 
know when these techniques are translated into a clinical setting.

Interestingly, the RRTD of adiabatic T2ρ with HS4 pulse is in-
creasing as a function of time after MI and has the highest RRTD 
value 7 days after the MI. This might be explained by the sen-
sitivity to the increased amount of free water caused by edema 
and the formation of granulation tissue. The differences in relax-
ation mechanisms behind the T1ρ and T2ρ relaxation times may 
explain slight differences between hyperintensity areas of T1ρ 
and T2ρ relaxation time maps. Additionally, T2 increased in the 
same areas as in T2ρ, supporting our results. In addition, there 
is a significant difference in T2ρ RRTD values between HS1 and 
HS4 pulses at the 2-h time point indicating T2ρ with HS4 pulse 
is able to create more contrast between MI and remote areas in 
both time points compared to T2ρ with HS1 pulse. Furthermore, 
MI was barely visible in T2ρ relaxation time mapping with either 

pulse ex  vivo. This might be explained by the differences in 
blood contribution and the increased amount of free water in the 
living myocardium, with other physiological differences in the 
myocardium after the MI. Additionally, tissue fixation decreases 
the relaxation times ex vivo compared to in vivo. The difference 
between HS1 and HS4 can be explained by the difference in 
stretching factors affecting amplitude and frequency modulation 
functions, M trajectories, and the signal decay during the pulse 
train. T1ρ measured with both HS1 and HS4 increases simultane-
ously but less intensively than adiabatic T2ρ with HS4.

Ex vivo measurements of CW T1ρ and adiabatic T1ρ with both 
HS1 and HS4 pulse wave forms showed the highest RRTDs, with 
a significant RRTD increase from the 2-h time point to 7 days 
after the MI. Significant increases in relaxation time constants 
support the findings of the in vivo measurements. The findings 
of in  vivo and ex  vivo adiabatic T1ρ relaxation time constants 
are like previous CW T1ρ findings [9, 13, 14, 21], indicating that 
T1ρ is more sensitive to scar formation than to the acute edema 
reaction, whereas our finding of elevated adiabatic T2ρ with HS4 
pulse in the acute phase indicates T2ρ sensitivity to acute biolog-
ical tissue changes after MI.

Previous studies showed a shorter T1 relaxation time ex  vivo 
than in vivo at 9.4 T [30, 31]. T1 relaxation is related to protein–
water interactions, and tissue fixation leads to protein crosslink-
ing that reduces tissue T1 relaxation time [32]. The T1 relaxation 
time is increasing in the area of MI, suggesting that the area of 
MI consists of protein–water interactions. However, several fac-
tors can affect the T1 relaxation time, including the fridge and 
room temperature, the concentration of fixative PFA, the stor-
age solution of 15% sucrose, and magnetic field strength [33–35]. 
Additionally, ex vivo measurements are affected by the lack of 
free water in the myocardium after fixation of the hearts using 
PFA; there are different spin dynamics and relaxation mecha-
nisms as compared to in vivo measurements. These factors may 
also affect the rotating frame relaxation times ex vivo. However, 
these variables were kept as constant as possible for all the 
ex vivo measurements of this study.

MI areas were verified with two histological stainings: HE and 
dystrophin immunostaining. The HE staining was initially per-
formed to verify MI at both time points (2 h and 7 days after MI); 

TABLE 2    |    MR relaxation times from infarcted areas, remote areas (n = 5 in the 2-h time point and n = 5 in the 7-day time point), and control 
hearts (n = 4) ex vivo. The statistical analysis was performed by t-test and Bonferroni's multiple comparison correction between control and other 
areas (*p < 0.05).

MRI sequence Controls (ms)
Infarct (ms) 

(MI after 2 h)
Remote (ms) 
(MI after 2 h)

Infarct (ms) (MI 
after 7 days)

Remote (ms) (MI 
after 7 days)

Adiab T1ρ HS1 74.5 ± 0.3 93.8 ± 21.8 85.5 ± 20.0 127.7 ± 37.1* 92.3 ± 16.0*

Adiab T1ρ HS4 47.8 ± 1.3 58.3 ± 12.3 53.5 ± 10.3 78.3 ± 20.4* 56.7 ± 9.0

Adiab T2ρ HS1 40.0 ± 3.6 39.8 ± 2.0 38.7 ± 1.5 38.0 ± 1.4 37.0 ± 0.0

Adiab T2ρ HS4 40.5 ± 1.2 40.5 ± 10.5 39.8 ± 11.7 39.7 ± 1.2 39.3 ± 0.6

CW T1ρ 21.8 ± 1.3 27.5 ± 6.8* 25.0 ± 5.3 37.7 ± 10.2* 27.3 ± 4.5*

T2 22.7 ± 0.5 22.0 ± 0.6 21.7 ± 1.0 21.3 ± 1.5 21.3 ± 1.2

T1 463.3 ± 26.1 562.7 ± 107.3 517.0 ± 118.5 691.5 ± 165.9* 587.0 ± 125.5
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however, it showed differences between MI and remote tissues 
only after 7 days of MI. HE staining was found to be inefficient 
for differentiating MI and remote myocardium 2 h after LAD oc-
clusion. In acute myocardial ischemia, where acute edema reac-
tion is dominant, the reaction is characterized by the swelling of 
cells and damage to the sarcolemma and membrane-associated 
proteins; however, to our knowledge, HE is not a specific histo-
logical method to determine acute edema reaction. Dystrophin 
immunohistochemical staining showed clear differences be-
tween the remote and MI tissue after 2 h and after 7 days of in-
farction. This finding is relevant since dystrophin is an efficient 
staining method for differentiating the MI area from remote tis-
sue at the early stages of infarction due to the loss of sarcolemmal 
dystrophin staining in infarcted areas [36–39]. Cardiomyocytes 
contain a group of proteins called dystrophin-associated proteins, 

which, with dystrophin, form a complex that is involved in sta-
bilizing the plasma membrane [38]. Additionally, dystrophins 
link the laminin receptor and dystrophin complex to the in-
tracellular cytoskeletal talin and actin, and in the case of MI, 
subsarcolemma bleb formation is followed by the loss of dystro-
phin from the membrane [37]. Importantly, visually dystrophin 
staining highlighted the same areas in the myocardium as the 
increased relaxation time constants in the maps. However, the 
exact matching and comparison of a 4 μm histological section to 
a 1 mm thick MRI slice is difficult, and to our knowledge, there 
is no perfect method to do the comparison between the diastolic 
phase of cardiac MRI and histological sections from unknown 
cardiac cycles. Thus, this limitation needs to be considered when 
comparing the cardiac MRI and histological sections and mak-
ing the conclusion based on the results.

FIGURE 7    |    Histology images of myocardium at both time points taken by light microscope (A) hematoxylin–eosin stain after 2 h (4× magnifi-
cation), (B) dystrophin immunostaining after 2 h (4× magnification), (C) dystrophin immunostaining after 2 h (10× magnification), (D) hematoxy-
lin–eosin stain after 7 days (4× magnification), (E) dystrophin immunostaining after 7 days (4× magnification), and (F) dystrophin immunostaining 
after 7 days (10× magnification), where the black arrow is pointing to the infarction area. Histology images (G–I) are from an intact heart with dys-
trophin immunostaining, so that G is 1.25× magnification, H is 4× magnification, and I is 10× magnification. The heart in A–C is the same heart as 
in Figure 4, and the heart in D–F is the same heart as in Figure 5.
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This preclinical mouse study had some limitations. First, the 
number of mice could be larger to gain more statistical power 
for both in  vivo and ex  vivo measurements. Additionally, a 
possible partial volume effect artifact in the heart–lung in-
terface might have affected the results. Also, motion artifacts 
due to failure or partial failure of the ECG and respiratory 
triggering might have caused some deviation from the results 
by affecting the quality of the weighted images. Secondly, due 
to timing difficulties and the tail vein injections, it was not 
possible to include a comparative LGE imaging in the imaging 
protocol, and thus, we cannot compare our results to the LGE 
method. Additionally, our in vivo T1 and HS1 pulse measure-
ments were not measured due to technical difficulties and too 
long anesthesia time for mice. Thirdly, the exact matching be-
tween the histological sections and relaxation time constant 
maps is challenging; however, the visual correlation by lo-
calizing the right ventricular and papillary muscles between 
MRI and histology was done to give qualitative verification. 
To point out, in  vivo images were acquired during the dias-
tole phase of the heart cycle and ex vivo images were acquired 
from the same phase as the histology sections. Fourthly, the 7-
day time point after MI has been used as a subchronic phase of 
mouse MI; however, that time period might not be enough for 
the formation of scar tissue, and therefore, a later time point 
after the MI is needed for detecting the actual scar formation. 
In addition, there has been biological variability in mice and 
the success of the MI operation, which might have affected 
the results of this manuscript. Thus, the study would benefit 
from sham-operated mice to find the effect of surgical opera-
tion on the relaxation times. Despite these limitations of the 
study, all the results are promising. Rotating frame relaxation 
time methods can determine MI area in the acute and chronic 
phases of MI with T1ρ and T2ρ relaxation time methods in and 
ex vivo mouse models, which indicates the potential of these 
endogenous contrasts for infarct visualization without con-
trast agents.

As a conclusion, this MI study of mouse hearts shows that both 
adiabatic and CW T1ρ relaxation methods provide possibilities 
for follow-up studies of MI and might provide potential noninva-
sive diagnostic markers for tissue damage after MI. Additionally, 
adiabatic T2ρ with HS4 pulse relaxation time mapping deter-
mines both acute and subchronic MI after 7 days of LAD oc-
clusion. In addition, dystrophin-based immunohistochemical 
staining showed clear differences between acute infarct and 
normal tissue, supporting the results of relaxation time maps.
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