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Preliminary study: myocardial T1 relaxation time
in patients with ischemic findings and normal
findings on coronary angiography
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SUMMARY

OBJECTIVE: The aim of this study is to evaluate the myocardium structure in patients with chest pain who were determined to have
moderate and/or high risk for cardiac ischemic heart disease (IHD) but who had normal findings on conventional coronary angiography
by using native cardiac magnetic resonance imaging (CMRI) T1 mapping and comparing with healthy volunteers.

METHODS: A total of 50 patients and 30 healthy volunteers who underwent CMRI were included in our prospective study. Patients
whose clinical findings were compatible with stable angina pectoris, with moderate and/or high risk for IHD, but whose conventional
coronary angiography was normal, were our patient group. Native T1 values were measured for 17 myocardial segments (segmented
based on American Heart Association recommendations) by two radiologists independently. The data obtained were statistically compared
with the sample t-test.

RESULTS: Myocardial native T1 values were found to be significantly prolonged in the patient group compared with the control group
(p<0.05). Inter-observer reliability for native T1 value measurements of groups was high for both patient and control groups (o = 0.92
for the patient group and 0.96 for the control group).

CONCLUSION: Findings suggestive of ischemia were detected by T1 mapping in the myocardium of our patients. For this reason, it is

recommended that this patient group should be included in early diagnosis and close follow-up assessments for IHD.
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INTRODUCTION

Chest pain is an important indicator of underlying ischemic
heart disease (THD). Differential diagnoses include other diseases
of the mediastinum and/or thorax, as well as the upper abdo-
men"?. After clinical risk assessment, patients presenting with
chest pain who are determined to be at moderate to high risk

for IHD are advised to undergo functional tests [e.g., exercise
electrocardiography (ECG), effort echocardiography (ECHO),
single-photon emission computed tomography (SPECT), and
scintigraphy) followed by coronary angiography'~.

The presence of either ischemia or infarction on a stress imag-
ing study is consistent with the diagnosis of IHD in a patient
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with angina symptoms. This is a clinical syndrome character-
ized by discomfort in the chest, jaw, shoulder, back, or arms,
which is typically aggravated by exertion or emotional stress
and relieved promptly with rest or by taking nitroglycerin'2.

The American College of Cardiology (ACC) and the
American Heart Association (AHA) devised a new score to
estimate the 10-year risk of developing a first atherosclerotic
cardiovascular disease (ASCVD) event, which was defined as
non-fatal myocardial infarction (MI), coronary heart disease
(CHD) death, or fatal or non-fatal stroke, in individuals who
were initially free from ASCVD?.

Angina usually occurs in patients with CHD but also it can
occur in individuals with valvular disease, hypertrophic cardiomy-
opathy, and uncontrolled hypertension**. Infrequently, patients
with normal coronary arteries may experience angina related
to coronary spasm or endothelial dysfunction®.

A subset of patients will have no findings of coronary artery
pathology on conventional coronary angiography despite hav-
ing MD°.

Coronary heart disease (CHD) also includes a microvas-
cular component. This process includes impaired endothelial
function, inflammation, neovascularization, apoptosis, and the
hypercoagulable state*°.

Cardiac microvascular dysfunction (CMD) is the impaired
ability of microcirculation of the heart to adapt blood flow to
meet oxygen demand. Microvascular disease should be sus-
pected when chest pain persists after physical effort and shows
slow or no response to short-acting nitrates*>.

The increasing number of both basic research and clinical
studies, particularly those that develop novel imaging techniques,
are promising for detection of early microvascular functional
changes and early changes in the myocardium’.

Opver the past decades, new magnetic resonance imaging
(MRI) sequences have been developed, which allow pixel-wise
longitudinal relaxation time (T'1) mapping of the myocardium.
Native T1 mapping is emerging as an important tool for char-
acterizing myocardial tissue with higher accuracy than nonspe-
cific functional parameters®”.

Cardiovascular magnetic resonance research in animals
and humans has shown that native T'1 values (i.e., pre-con-
trast T'1) are prolonged in pathologies, such as edema, infarc-
tion, amyloid infiltration, and fibrosis, and shortened in the
presence of fat and iron accumulation’?. The native T1 sig-
nal from the left ventricular myocardium has shown a partic-
ular promise for non-invasively differentiating diseased from
normal regions'"'%.

In acute MI, T1 increases are more pronounced in myocar-
dium that will become infarcted than in myocardium which
will be salvaged by reperfusion. Following reperfusion, T'1
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increases further in infarcted tissue, but remains unchanged
in salvaged myocardium'?.

In this study, we aimed to evaluate the myocardium structure
by applying the Saturation Method Using Adaptive Recovery
Times for Cardiac T1 Mapping (SMART Map) technique
(1.5 T, Optima MR450w, GE Healthcare, Waukesha, W1,
USA) in patients who underwent cardiac assessment and car-
diac function tests (i.e., effort test and cardiac scintigraphy)
and were determined to have moderate to high risk for IHD
who had normal findings on conventional coronary angiog-
raphy. We compared our findings on these patients with that
of healthy controls.

METHODS

This prospective study was approved by the ethical committee
at our hospital. The verbal and written informed consent was

obtained from all participants.

Patient population
Between December 2016 and March 2019, we included a total
of 50 patients (27 female and 23 male patients) with chest pain
who had moderate and/or high risk for IHD but who had nor-

mal conventional coronary angiography findings.

Patient evaluation before
magnetic resonance scan
Risk assessment of ASCVD was made according to the guidelines’.

Trained staff measured height, weight, and supine blood
pressure using a standard mercury sphygmomanometer and
serum total cholesterol ratio (TCR). The serum TCR was calcu-
lated by dividing the total cholesterol number by high-density
lipoprotein (HDL) number from a non-fasting blood sample.
This ratio was between 4 and 1. Higher ratios mean a higher
risk for heart disease.

Participants completed a questionnaire about their demo-
graphic characteristics, smoking history (i.e., never, former, or
current smoking), medical diagnoses, and treatments (includ-
ing hypertension and diabetes).

Typical angina pectoris criteria were as follows: substernal
chest pain or a feeling of discomfort, increased pain with activity
or emotional stress, and reduced pain with rest or nitroglycerin.

Those patients with typical angina complaints were included
in this study.

Patients with evidence of acute coronary artery disease
(CAD) detected in the laboratory analysis (e.g., troponin ele-
vation) and with pathology and/or disease (e.g., diabetes mel-
litus, valve diseases, hypertension, cardiomyopathies, amyloi-
dosis, systemic diseases, acute-chronic MI, myocarditis, etc.)
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that could cause changes in the myocardial native T1 time were
excluded. In addition, patients with a contraindication to MRI
(e.g., pacemaker, stent in coronary arteries, pregnancy, and
claustrophobia) or who had intravenous (IV) stents and sim-

ilar equipment that could affect image quality were excluded.

Evaluation of patients’ resting
electrocardiograms
Resting ECGs were classified as showing major, minor, or
no abnormalities.

Minor ECG abnormalities for our patient group are as fol-
lows: first- and second-degree atrioventricular block, borderline
prolonged ventricular excitation, frequent atrial or ventricular
premature beats, and fascicular blocks.

Major ECG abnormalities for our patient group are as fol-
lows: atrial fibrillation or atrial flutter, high-degree atrioventric-
ular dissociation, left bundle-branch block, right bundle-branch
block, indeterminate conduction delay, Q-wave MI, and iso-
lated ischemic abnormalities.

The 12-lead ECG recordings were obtained in all cases. Stress
ECGs were evaluated as non-ischemic, ischemic, and non-di-
agnostic. Horizontal or down sloping depression of 21 mm in
patients without ST depression at rest and 1-mm additional
collapse in patients with ST depression at rest were considered
ischemia. If additional collapse was <1 mm in patients with ST

depression at rest, it was considered non-diagnostic.

Evaluation of patients’ echocardiography
After clinical and laboratory evaluation, echocardiography was
performed on patients for ventricular functions. Patients with
impaired cardiac wall movements and with left ventricular ejec-

tion fraction (EF) below 50% were excluded from this study.

Coronary angiography

Coronary angiography was planned for artery evaluation in
patients with ischemia findings after stress tests. Normal cor-
onary angiography was considered as smooth vessel lumen wall
and absence of obstructive lesions.

Patients with normal coronary angiography findings and
abnormal stress test findings were included in this study.

The mean time between coronary angiography and cardiac

magnetic resonance imaging (CMRI) was 1 week.

Control group
In our control group, there were 30 healthy volunteers (18 female
and 12 male patients) without any cardiac or systemic disease.
Echocardiography and ECGs were normal in our con-

trol group.
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No conventional coronary angiography was performed in

the patients in our control group.

Cardiac magnetic resonance imaging
All patients and control volunteers underwent MRI in the
supine position on a 1.5-T MR scanner (Optima MR450w,
GE Healthcare) with a 32-channel cardiac coil.

Image protocol of cardiac magnetic

resonance examination
The routine CMRI sequences of our institution were as fol-
lows: trans-axial (8—10 mm) set of T2-weighted fast spin echo
images through the chest. Steady-state free precession (SSEP)
cine imaging with short-axis plane from the mitral valve plane
through the apex of the heart (with slice thickness of 6-8 mm,
2—4 mm inter-slice gaps to equal 10 mm, and temporal resolu-
tion of <45 ms between phases) and SSFP cine imaging with
long-axis plane in vertical and horizontal long-axis planes were
obtained through the apex and center of the mitral and tricus-
pid valves (i.e., a set of four more rotational long-axis views
were obtained).

After routine CMRI, all patients and control volunteers
underwent pre-contrast short-axis SMART Map imaging of
the left ventricle for this study.

The SMART  Map imaging involved the acquisition of three
slices (i.e., basal, mid-ventricular, and apical of heart) at five
saturation delay times over a scan time of nine heartbeats (i.e.,
requiring 1, 1, 1, 2, and 4 heartbeats, respectively). Short satu-
ration recovery times (TSs<RR interval) were acquired within a
single heartbeat and were automatically distributed between TS
min and trigger delay. Longer TSs (free relaxation up to 4xRR)
were performed across multiple heartbeats. An additional image
corresponding to an infinite delay time (TS=eo) was acquired
without saturation. SMART Map imaging (repetition time/
echo time, TR/TE=2.8/1.2 ms; TS=100-4000 ms; flip angle,
FA=45; field-of-view, FOV=38x30 cm; slice thickness/spac-
ing=8/5 mm; bandwidth, BW=125 kHz; matrix=160x128)
was performed under breath hold.

Cardiac magnetic resonance (CMR) scan of patient group
was performed by the IV contrast agent administration in
0.2 mL/kg dose (gadoteric acid, 0.5 mmol/mL, Guerbet®) for
myocardial delayed enhancement (MDE) imaging.

Cardiomyopathies, amyloidosis, systemic diseases, acute-
chronic M1, myocarditis, etc. could cause abnormal myocardial
contrast enhancement in late phase in CMR. Therefore, patients
with pathological myocardial contrast enhancement typical
for these disorders in late phase MDE images were excluded

from the study.
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There was no IV contrast agent administration in our con-

trol group.

Image analysis and post processing

The cardiac magnetic resonance (CMR) analysis was performed
independently by two radiologists (with experience in CMR
for 10 and 8 years, respectively) in two sessions.

Morphological and functional evaluation of the heart was
performed in the first session. Cardiac function analysis was
done automatically in workstation (CardiacVX, GE Healthcare).

All short-axis SMART  Map images and 2D color maps were
evaluated with computer-aided analysis packages for planime-
try of endocardial and epicardial borders at end-diastole in the
second session. Myocardial native T1 values were measured.

Short-axis SMART Map images of the left ventricle were
obtained at apical, mid-ventricular, and basal levels. Segmentation
of the left ventricle was done as recommended by the AHA.
Region of interest (ROI) placement was performed on native
SMART Map, which was automatically reconstructed and
superimposed on the 17-Segment Model of the AHA’s stan-
dard left ventricular anatomy and was performed by drawing
the endocardial and epicardial contours of the left ventricular
myocardium. Myocardial native T1 values for a total of 16 seg-
ments (excluding the apex) were measured after ensuring that
the ROI was within the limits of myocardium (Figure 1a—c).

According to the measurement results, if prominent prolon-
gation in native T'1 value was detected (considered statistically
outlier), they were excluded (Figures 1a and 1c¢).

In addition, both radiologists also evaluated T1 mapping
image quality. Scoring of this category is as follows:

1=unable to see;

2=blurry but visualized;

3=acceptable;

4=good; and

5=excellent.

Statistical analysis

The distribution of outcome categories was assessed using the
Shapiro-Wilk test. The data were presented as averagetstandard
deviation, based on the normality of the data. In the statistical
analysis, outlier values were excluded so that they do not affect
the average value of native T'1. The categorical variables were
reported as counts and percentages. The paired sample #test
was performed to compare the differences between groups.
The Cronbach’s alpha value was used to assess inter-observer
reliability for myocardial native T1 measurements. The sta-
tistically significant p-value was accepted as <0.05. All assess-
ments were performed using the Statistical Package for the
Social Sciences (SPSS) software (version 22.0; SPSS Inc.,
Chicago, IL, USA).

Figure 1. Images obtained from the study of a 46-year old male patient with chest pain and active smoker (i.e., average 1.5
packs/day) with a total cholesterol ratio value of 3. The native T1 value measurements were made from short-axis sections
obtained from (A) the basal, (B) midventricular, and (C) apical levels of the heart. Myocardium is shown in blue color after
the endocontour (i.e., blue-colored thin arrow on the apical segment) and epicontour are drawn. The native T1 values
corresponding to each segment according to the American Heart Association classification of automatic segmentation are
measured for circular region of interest in the myocardium. The obtained values can be seen in the left lower corner of the
pictures (i.e., average 1094.8 ms). Prominent prolongations in native T1 values (2914 and 2500 ms) were detected that were
considered statistically outlier, and so they were excluded (blue-colored thick arrows).
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RESULTS

A total of 50 patients (27 female and 23 male patients) with
ischemic findings but normal conventional coronary angiogra-
phy and 30 healthy volunteers (18 female and 12 male patients)
were included in this study.

The age range of the patient group was between 35 and
62 years (mean age=45). The heart rate measured during the
CMR examination was between 60 and 84 heartbeats/minute
(HB/min). The mean BMI was 27 kg/m?

The age range of the control group was between 30 and
55 years (mean age=48) without any cardiac or systemic dis-
ease. The heart rate measured during this study was between
75 and 82 HB/min. The mean BMI was 24 kg/m?.

Total cholesterol ratio assessment of our patient group was
as follows: ratio 1=16 patients, ratio 2=14 patients, ratio 3=17
patients, and ratio 4=3 patients. Twenty-one patients in our
group were active smokers (i.e., average 2 packs/day). After
familial history evaluation, 15 patients revealed to have dia-
betes mellitus and 19 patients have hypertension in their rela-
tives. No abnormality was present in 16 patients during ECG
examination but 4 patients had minor changes. Those changes
were frequent atrial or ventricular premature beats.

The mean EF values for both patient (left ventricle average
EF 62% and right ventricle average EF 52%) and control vol-
unteer (left ventricle average EF 65% and right ventricle aver-
age EF 54%) groups were within normal limits.

Digital subtraction angiography (DSA) coronary angiography
was normal in the patient group. There was no evidence of stenosis
in the coronary arteries. There were smooth vessel lumen walls.

Heart muscle contractions were natural on functional evalua-
tion, in both patients and volunteers. Cusp functions were normal
and no evidence of insufficiency and/or stenosis was detected.

Figures 2 and 3 show the native T1 values in the patient
group and control group as performed by the first and second
radiologists, respectively.

Average native T1 values were significantly longer in the
patient group than in the control group (p<0.05). This differ-
ence was less pronounced in segments 3, 9, 13, and 14 (AHA)
(p=0.04, p=0.045, p=0.042, and p=0.038, respectively) while
other segments were more prominent (p<0.001).

When T1 mapping was evaluated in terms of image quality,
both observers evaluated the image quality as good (score=4)
with high compliance (alpha=0.87).

DISCUSSION

In this study, we aimed to evaluate the myocardial structure
using the SMART Map technique in patients who underwent
cardiologic assessment due to chest pain and who were found
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to have moderate to high risk for IHD in stress tests, but who
had normal conventional coronary angiography. We compared
our findings with that of healthy participants.

Coronary artery disease (CAD) also includes a microvascu-
lar component. CMD is the impaired ability of microcircula-
tion of the heart to adapt blood flow to meet oxygen demand®.

Microvascular disease should be suspected when chest pain
persists after physical effort and shows slow or no response to
short-acting nitrates'. This was the case in our patient group.

Transthoracic Doppler echocardiography (TTDE) is an
initial screening method to detect significant microcirculation
impairment. It allows the measurement of coronary blood flow

Figure 2. The graph shows the native T1 values as measured
by the first observer for the patient group (blue curve) and
the control group (red curve). The native T1 values of the
patient group were significantly longer (p<0.001). The values
along the x-axis show the native T1 signal values and the
measured cardiac segments along the y-axis.

Figure 3. The graph shows the native T1 values as measured
by the second observer for the patient group (blue-colored
curve) and the control group (red-colored curve). The native T1
values in the patient group were significantly longer (p<0.001).
The values along the x-axis show the native T1 signal values
and the measured cardiac segments along the y-axis.
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(CBF) velocity in the left anterior descending artery. With this
method, coronary microvascular dilatator function is calculated
as the ratio of diastolic CBF velocity at peak vasodilatation to
CBF velocity at rest'>!4,

Mild coronary microvascular dysfunction may not be iden-
tified earlier by TTDE, and microvascular dysfunction can be
assessed only in the left anterior descending artery perfusion
area, because other coronary arteries are not well visualized'“.

In addition, diastolic left ventricular dysfunction is a first
sign of myocardial changes even in younger patients with nor-
mal systolic function detected by transthoracic echocardiogra-
phy (TTE)™. In our patients, we found that TTE showed early
signs of diastolic dysfunction.

The endothelium is a central regulator of vascular homeo-
stasis. This includes hormone transport and distribution, met-
abolic waste product disposal and regulation of regional blood
flow by synthesis, and release of different mediators with oppos-
ing vascular properties''“.

Metabolic abnormalities (i.e., hyperglycemia, hyperlip-
idemia, insulin resistance, and insulin deficiency) are lead to
myocardial fibrosis and/or myocardial hypertrophy directly or
indirectly. Several processes are responsible for these adverse
changes including impaired calcium cycling, myocardial insu-
lin resistance, increased lipid uptake, glucotoxicity, and activa-
tion of the renin-angiotensin-aldosterone system observed in
mouse models of dilated cardiomyopathy'>'4.

Increased activation of the renin-angiotensin-aldosterone
pathway leads to the fibrosis formation. These processes lead
to altered myocardial relaxation and manifest as diastolic dys-
function. Systolic dysfunction is a later manifestation, usually
occurring after diastolic dysfunction develops'".

Neurogenic, hormonal, metabolic, myogenic, and flow
(shear stress-induced) endothelial mechanisms control coronary
vascular resistance at specific microvascular sites. Integration
of multiple mechanisms could hypothetically form a system
matching CBF to myocardial metabolic demands'*".

A unique feature of CMR is its ability to characterize
myocardium. Proton relaxation times, T1, T2, and T2*, are a
reflection of the composition of individual tissues and change
in the presence of disease'®". Research into T1 mapping has
largely been focused on the study of cardiomyopathies, but
T1 mapping also shows huge potential in the study of IHD'.

Systemic disorders that affect the heart, such as sarcoidosis,
systemic lupus erythematosus, and systemic sclerosis, are known
to induce tissue edema at the acute stage and exhibit elevated
T2 (and T1) values. Thus, T1 mapping may be a useful clini-
cal tool for identifying cardiac involvement with implications

for therapy and for assisting in determination of prognosis'>"’.
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Beyond focal lesions that are well depicted by late gadolin-
ium enhancement sequences, T'1 mapping has made it possi-
ble to discriminate diffuse myocardial alterations, previously
not accessible by other non-invasive means. The strengths of
T1 mapping are high reproducibility and immediate clinical
applicability, even without the use of contrast media injection
(i.e., native T1)'>'6,

T1 mapping is allowed for the non-invasive quantitative
assessment of cardiac remodeling. Native T1 mapping has shown
pathology with high accuracy in cases of IHD, acute MI, and
myocardial edema, even demonstrating a higher sensitivity than
T2-weighted short-tau inversion recovery (IR) imaging'®’s.

Cardiac T1 mapping methods are performed either by IR
or saturation recovery (SR) technique, followed by pre-pulse
sequences applied on this basis, resulting in raw images generated
by different degrees of recovery along the z-axis. Then, two-di-
mensional color T'1 maps are created automatically™.

The most common T'1 mapping strategy involves an IR pulse
sequence, in which the application of a non-section selective
180° pulse inverts the magnetization. As longitudinal magne-
tization recovers, at a time defined as the inversion time (TT),
a section-selective 90° excitation pulse is applied and rotates
the magnetization into the transverse plane. This is repeated
again and again, each time with the TT changed. This method,
which is very sensitive to many patient-related factors (i.e.,
heart rate, obesity, and blood hematocrit value), especially the
changes that may occur in R-R intervals, has been modified

in various ways'®°.

The Modified Look-Locker Inversion Recovery (MOLLI)
method, which was first developed as a Look-Locker technique,
was developed with a single-shot balanced SSFP to reduce scan
time and artifact sensitivity.

There are IR pulse sequences, such as shortened MOLLI
(shMOLLI), which are developed for signal collection, dif-
ferences in breathing techniques, and breathless patients.
With these methods, the apparent T1 value of the myocar-
dium can be calculated'*'2.

However, in this study, we used the SMART Map technique,
which uses the SR preparation instead of the IR technique, and
is similar to the saturation recovery single shot acquisition tech-
nique. Dephasing the whole imaging volume leads to depletion
of the entire magnetization, alleviating the need for any rest
periods"?. In this way, we could measure the true T1 value of
the myocardium by the SMART Map technique, regardless of
the patient-related or device-related effects®. When we eval-
uated the studies performed in the literature, we found that
there were not enough in vive studies with the SMART Map

technique for myocardium!"%.
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The normal natural myocardial T1 values measured at 1.5 T
with MOLLI in the literature are between 900 and 1100 ms,
but as we have already mentioned, it depends on several tech-
nical and physiological parameters®. In this study, the mean
native T1 value of myocardium was 1101289 according to the
measurements in the control group and was in concordance
with the literature.

We believed that the prolongation we have detected
in the myocardial native T1 value with the SMART Map
method in our group is caused by ischemic damage.
This finding can be deemed reversible since no heart con-
traction dysfunction accompanies this segmental or diffuse
myocardial native T1 prolongation in our patient group'®
2. We believed that the native T1 prolongation we have
detected in our study is caused by transient myocardial

edema and inflammation!®'8.

Limitations

There are some limitations of this study. First, the fact that
native T'1 value difference between patient and control groups
in segment 3, 9, 13, and 14 in accordance with AHA classifi-
cation (i.e., basal inferoseptal, mid-inferoseptal, apical ante-
rior, and apical septal, respectively) is thought to be related
to secondary to the artifact caused by the actuality that these
segments are much more mobile compared to the other parts
of the heart (e.g., closer proximity to diaphragm). Perhaps
to prevent this, operators must aim to minimize partial vol-
ume effects by optimal slice orientation relative to the tissue,
which is preferably orthogonal to the imaging plane to min-
imize obliquity'®'"'8,

Second, we did not make extracellular volume fraction mea-
surements. The normal myocardium consists of two parts: the
intracellular compartment (including myocytes, fibroblasts,
and other blood cells such as red cells) and the extracellular
compartment (dominant water associated with the extracel-
lular matrix, but also including the intracapillary plasma vol-
ume). The native T1 value notifies us about both compart-

ments. Extracellular volume fraction measurements may show

changes in the extracellular compartment by allowing hema-
tocrit correction, which may allow the origin of the pathology
to be elucidated®'.

In addition, as a preliminary study, the number of patients
and healthy people in the control group was small, and more
extensive work will be needed to verify our findings.

CONCLUSIONS

This study shows that in the patients with clinical findings as
stable angina with abnormal stress test results, the prolonged
myocardial native T1 value was observed even if conventional
coronary angiography was normal. When evaluated together
with clinical findings, this should be considered significant in
terms of microvascular dysfunction and should be included in

early diagnosis and follow-up assessments for IHD.
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