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Abstract

Cardiovascular magnetic resonance (CMR) has become a widely adapted imaging modality in the diagnosis and management 
of patients with cardiovascular diseases. It provides unparalleled data of cardiac function and myocardial morphology. Majority of 
CMR imaging is currently being performed on 1.5 Tesla (T) MR systems. Over the last many years, the cardiac imaging protocols 
have been standardized and optimized in the 1.5T systems. 3T MR systems are now being used more and more in small and large 
institutions in our country due to their proven advantages in the field of neuro, body, and musculoskeletal imaging. Cardiac imaging 
on 3T system can be a double‑edged sword. On one hand, it may provide nondiagnostic images due to significant artifacts, and 
on the other hand, it may complete the examination in quick time and provide excellent quality images. It is therefore important 
for the user to be aware of the potential pitfalls of CMR in 3T systems and also the necessary steps to avoid them. In this study, 
we discuss various challenges and advantages of performing CMR in a 3T system. We also present potential technical solutions 
to improve the image quality.
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Introduction

Cardiovascular magnetic resonance  (CMR) has become 
a widely adapted imaging modality for the diagnosis of 
cardiovascular diseases.[1] CMR provides unparalleled 
data of cardiac function and myocardial morphology. 
Adaptation of CMR in day‑to‑day clinical practice has been 
relatively slow in India, primarily due to lack of appropriate 
expertise and wide availability of technology. A 1.5 Tesla (T) 
strength MR system has now become the workhorse of MR 
imaging worldwide. This is true for CMR also, and over 
the last couple of decades, CMR protocols on 1.5 T systems 

have been standardized and optimized to provide excellent 
images in the shortest possible time.

With advancements in technology, higher field strength 
magnets are now available for imaging. Of these higher 
field strengths, 3T systems are now widely available and are 
being increasingly used in clinical practice. The 3T systems 
have demonstrated advantages over the 1.5T system in a 
broad range of clinical applications like neuro, body and 
musculoskeletal imaging.[2‑5] In CMR, 3T systems can be 
more of a bane rather than boon due to inherent technical 
issues which can lead to extensive image artifacts.[6]
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Over the last couple of years, there has been significant 
increase in the number of 3T installations in the country. 
With its proven benefits in other parts of body, there are 
no clinical concerns with this change in practice. There, 
however, remains some hesitancy to perform CMR imaging 
on 3T systems in India. In this study we describe possible 
challenges encountered in performing CMR on 3T system 
and also suggest appropriate technical solutions based on 
our clinical experience.

Clinical setting
We are one of the tertiary care hospitals that provide 
multispecialty care to the patients. In our imaging 
department we have a 3T MR system (Siemens Magnetom 
Verio, 70 cm bore) which was acquired a few years ago. Over 
the last couple of years, we have performed 450 CMR cases, 
out of which 255 cases were performed to assess for either 
cardiomyopathy or to assess myocardial viability. Rest of 
the cases (195) were performed to quantify myocardial and 
hepatic iron overload in patients with Thalassemia. Majority 
of these were adult patients with only a few pediatric cases. 
In our experience the wider bore of 70 cm was beneficial in 
only a small number of cases with regards to claustrophobia. 
There were a handful of cases that underwent a MR 
examination in our system but could not fit into the 60 cm 
system, due to broad shoulder span and increased upper 
body circumference.

Electrocardiographs (ECG) gating
A good ECG gating is essential to get good quality CMR 
images. Due to the higher field strength, ECG signals are 
often suboptimal leading to improper gating. It is essential 
to use MR compatible nonferromagnetic stickers. These are 
available in market and are made of graphite. The position 
of the ECG stickers on the patient body is also very crucial. 
In a 3T system multiple leads are positioned around the 
heart similar to the standard 12‑lead ECG pattern. We 
have achieved better signal detection by using “L” pattern, 
whereby four leads are placed in the left parasternal aspect 
as shown in Figure 1. Patient’s chest needs to be shaved for 
better lead contact with the chest wall.

Usually retrospective ECG gating is used for CMR 
examination. However, in case of arrhythmias, this may 
not be possible. In such cases, prospective ECG gating or 
arrhythmia rejection protocol can be utilized. Currently, 
most of the scanners are using vectocardiographic (VCG) 
approach instead of standard ECG triggering to avoid 
artifacts due to magneto-hydrodynamic effects of moving 
blood with the magnetic field.[7] In some cases instead of 
VCG, peripheral pulse gating may also be useful if the ECG 
signal is suboptimal.

Standard CMR protocol
The CMR examination protocols may consist of the 
following sequences:

•	 Localizer/Scanograms used to plan the study further 
and to ensure that the heart is in the iso center of the 
magnet

•	 Anatomical imaging: Free breathing or breath‑hold 
examinations to review the broad anatomy of the heart, 
lungs, mediastinum, and the thoracic cavity

•	 Functional imaging: To review the dynamic function 
of the cardia and calculate multiple parameters such as 
ventricular volumes, stroke volumes, ejection fraction, 
etc

•	 Myocardial morphology imaging: This includes 
myocardial edema assessment along with T1 and T2 
mapping

•	 Myocardial perfusion imaging (MPI)
•	 Late gadolinium enhancement (LGE) imaging
•	 Phase contrast (PC) imaging
•	 Myocardial and liver iron overload assessment
•	 Coronary artery imaging.

Localizers
These are standard sequences for all MR examinations and 
are acquired in all three planes. It is essential to get the heart 
in the iso center of the magnet to reduce artifacts and get 
best resolution. This step is very important in a 3T system 
and the technologists should ensure that this is achieved 
in every patient.

Figure 1: “L” pattern of ECG lead placement on patient’s chest wall
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Anatomical imaging
These images are usually acquired in axial plane with 
addition of sagittal or coronal plane as per the preference 
of the local team. The images can be either acquired in a 
“black blood” (spin echo) or “white blood” (gradient echo) 
sequence. Either free breathing or breath‑hold examination 
can be performed. On 3T system, these sequences are 
relatively faster and provide better resolution. Some 
pulsation artifacts may be apparent but often do not limit 
clinical interpretation. No specific changes need to be made 
on the 3T system for these images.

Functional/CINE imaging
ECG‑gated steady‑state free precession  (SSFP) sequence 
is used to achieve functional/CINE imaging. This helps in 
analyzing myocardial contractility, ventricular volumes, 
and ejection fractions. These sequences are fast and have 
high signal‑to‑noise ratio  (SNR) and blood‑myocardium 
contrast.[8,9] Theoretically speaking, shift from 1.5 to 3T will 
increase the SNR by factor of 2. In many neuroimaging 
applications, this increase has been realized.[10] In cardiac 
and body applications, increase in SNR varies according 
to different applications and sequences. Often, changes in 
sequence parameters are required to adapt 1.5T sequences 
for 3T and these changes will decrease the expected 
theoretical increase in SNR.[11]

Increase in field strength from 1.5 to 3T, specific absorption 
rate (SAR) increases by four times. If the same parameters 
of 1.5T are used in 3T systems, the SAR limit is often 
exceeded as these sequences require multiple rapid 
sequential radiofrequency (RF) pulses. So, to meet the SAR 
requirements, modifications of the sequence are necessary, 
which include decrease in flip angle or an increase in 
repetition time (TR). Decrease in flip angle reduces SNR, 
while increase in TR increases susceptibility artifacts.[11]

Parallel imaging can also be used in 3T to reduce scan 
time as 3T has inherent more SNR than 1.5T. However, 

this reduction in scan time will cause SNR to reduce by 
the square root of the acquisition time.[12] Increase in SNR 
gained at 3T can be used to offset this reduction in SNR 
seen with parallel imaging techniques. The pairing of 3T 
and parallel imaging could reduce scan time by a factor of 
two with preservation of SNR at 1.5T values.[13]

SSFP images are more prone to susceptibility or dark‑band 
artifacts related to the local‑field inhomogeneities and 
the TR used. These artifacts are too minimal in 1.5T CMR 
to affect the actual imaging information. However, with 
increasing field strength, there will be increase in local‑field 
inhomogeneities. As a result, these artifacts degrade the 
imaging quality on 3T CMR.[14] One way to reduce these 
artifacts would be to use shorter TR, so this will push the 
artifacts away from the determined imaging frequency.[15] 
However, decrease in TR will increase the SAR making its 
universal application difficult.

Another way to alleviate dark‑band artifacts would be to 
use “frequency scout” imaging. It is a fast, frequency scout 
acquisition that can be utilized to determine the optimal 
resonance frequency offset to incorporate with gradient 
echo imaging.[16,17] The frequency scout offers a visual 
indication of the resonance offset to be employed to keep 
away dark bands from the imaging region of interest. In our 
practice, we use a frequency offset ranging from − 300 Hz 
to + 300 Hz with the interval of 50 Hz. We visually choose 
the optimal frequency in which dark bands are minimal 
and away from region of interest [Figure 2].

Incorporating frequency scout in routine protocol minimally 
increases the total examination time, but provides good 
quality diagnostic images [Figure 3].

Myocardial tagging is another technique used to assess 
wall motion. In this technique, black lines or grids are 
superimposed on and embedded in the myocardium at 
the beginning of a cine sequence, and the subsequent 

Figure 2 (A-M): Sequential frequency scout images (A‑M) acquired in mid‑cavity short‑axis ranging from −300 Hz to +300 Hz with interval of 
50 Hz. Images A, B, I, and J are devoid of artifacts, however, maximal blood myocardial contrast is seen in image J which would be preferred 
frequency to scan

D

H L M

B CA E

I

F

JG K



Auti, et al.: Cardiac magnetic resonance techniques on 3T system

407Indian Journal of Radiology and Imaging / Volume 27 / Issue 4 / October - December 2017

deformation of these lines throughout the cardiac cycle is 
observed. Special RF prepulses known as spatial modulation 
of magnetization  (SPAMM) or delays alternating with 
nutation for transient excitation (DANTE) are applied just 
before the start of contraction.[18] This sequence provides the 
objective assessment to left ventricular (LV) wall motion.

Myocardial morphology imaging
CMR has the unique ability of assessing myocardial 
morphology in a noninvasive manner. Short Tau Inversion 
Recovery  (STIR) sequences are traditionally utilized to 
assess for myocardial edema. There is a difference between 
the null point of blood and inversion time of fat on 3T 
compared to 1.5T [Figure 4]. This needs to be taken into 
consideration while planning for the images. The increase 
in SNR compared to the 1.5T systems is very apparent in 
these sets of images.

New generation of myocardial mapping techniques are 
emerging, enabling direct quantitative assessment of 
myocardial tissue properties in absolute terms. These 
techniques involve T1‑mapping and T2‑mapping. The 
native T1‑mapping relies on a normal range with small 
variability and has a high sensitivity to disease.[19,20] 
Elevated T1 times in the myocardium have been reported 
in myocardial infarction, infiltration and inflammation.[21‑23] 
Its utility in diagnosis of amyloid cardiomyopathy is well 
established and being used widely.[23] T2‑mapping can 
detect myocardial edema in various cardiac pathologies, 
including acute myocardial infarction, myocarditis, 
Tako‑tsubo cardiomyopathy and heart transplant 
rejection.[24‑27] However, baseline/native T1 and T2 values 
needs to be standardized for particular scanner and normal 
healthy population. We do not have any personal experience 
with these sequences as they were not part of the MR system 
at the time of procurement.

Myocardial perfusion imaging
MPI is used to determine global and regional myocardial 
perfusion to assess ischemia. This is a dynamic sequence 
where first pass of contrast through the myocardium is 
captured. These are images with high temporal resolution 

and provide valuable diagnostic information in evaluation 
of intermediate risk patients with chest pain.[1,28]

At 1.5T strength there is compromise in the SNR and 
contrast to noise ratio  (CNR) in MPI imaging to achieve 
rapid acquisition. Spatial resolution is often compromised 
to maintain good temporal resolution. This can lead to 
dark rim artifacts in the image that can be misinterpreted 
as perfusion defects.[29]

Perfusion imaging at 3T has great advantages over  1.5T 
systems, as the SNR doubles. This higher SNR can be used 
to increase either spatial or temporal resolution or can be 
applied to parallel imaging techniques that decrease image 
acquisition time.[29,30]

There is also an increase in the CNR between the 1.5 and 
the 3T system.[31] The T1 (longitudinal relaxation) time of 
myocardial tissue increases with higher field strength, while 
the dynamics of the gadolinium‑based contrast agents does 
not change greatly. This phenomenon potentially increases 
contrast between perfused and nonperfused myocardial 
tissue and thus the higher CNR for perfusion images 
acquired at 3T.[31]

First‑pass perfusion requires acquisition of three to four 
images for every heart beat. Pharmacological agents induce 
tachycardia during stress examination and reduce the R‑R 
interval. At a 1.5T system spatial resolution is compromised 
to acquire rapid images during tachycardia. The same is 
not true in a 3T system and in our experience this was one 
set of images where 3T system is far superior to a 1.5T 
system [Figure 5].

Late gadolinium enhancement imaging
LGE of the myocardium allows virtual histological 
assessment and is a very important sequence to evaluate 
myocardial scar.[32] LGE imaging is used to assess 
myocardial infarction, infiltration and/or inflammation. 
It has become an integral part in preoperative assessment 
of patients with coronary artery disease to assess for 
the presence of viable and/or hibernating myocardium. 

Figure 3 (A and B): (A) 4 ch view in end systole without frequency 
modulation. There are significant flow‑related artifacts in LV and RV 
cavities.  (B) 4 ch view in end systole in same patient. Flow‑related 
artifacts in LV and RV cavities are eliminated after application of 
optimal frequency

BA

Figure 4 (A and B): (A) Short‑axis mid‑cavity STIR image showing 
normal appearance of myocardium.  (B) Short‑axis mid‑cavity STIR 
image showing mid myocardial septal wall edema

BA
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Amount of nonviable myocardium is inversely related to 
the likelihood of functional recovery after revascularization 
procedures.[33]

LGE imaging is done using an inversion recovery  (IR) 
prepared gradient echo sequence. It depends on T1 recovery 
of myocardium after the inversion pulse to produce contrast 
between the abnormal myocardium containing gadolinium 
and normal myocardium with washed out gadolinium. The 
inversion time (TI) is optimized for individual patient using 
a TI scout sequence.[34] TI scout consists of multiple images 
according to particular TI for myocardium. Appropriate 
nulling time for myocardium is determined as the 
maximally dark myocardium. As shown in Figure 6, image 
“f” shows maximally dark myocardium and corresponding 
TI should be selected as nulling time for myocardium to 
acquire LGE images.

As mentioned previously, T1 of myocardial tissue increases 
with field strength and T1 of gadolinium chelates does not 
change greatly. Soon after contrast administration, there 
is no significant difference in relaxation times in the blood 
pool or myocardium at 1.5 and 3T. However, as the contrast 
agent starts to clear from the normal myocardium, the 

field‑dependent T1 difference in the myocardium is again 
seen. This increases the null time (TI) of normal myocardium 
in 3T MR system. The prolonged T1 of normal myocardium 
at 3T theoretically increases the available contrast between 
infarcted and normal myocardium, thus increasing the 
CNR.[34,35]

There appears to be a significant increase in SNR of 
infarcted myocardium and CNR between normal and 
infarcted myocardium using phase‑sensitive inversion 
recovery (PSIR) or inversion recovery fast‑spoiled gradient 
echo (IR‑FGE) sequences. This increase in SNR is mainly 
due to the increase in field strength and bulk magnetization 
from 1.5 to 3T.[35‑37]

IR‑FGE sequence is very sensitive to TI of the myocardium 
and small variation in TI can cause significant distribution 
in signal intensities. PSIR images reflect the sign of 
z–magnetization at the time of data acquisition. Once the 
polarity of signals are restored, normal myocardium remains 
dark compared to scar tissue over a larger range of TI. 
This, therefore, offers a wider nulling window for delayed 
enhancement images. On the contrary, IR‑FGE provides 
greater spatial resolution compared to PSIR images.[38,39]

Figure 5: First pass perfusion images showing passage of contrast from heart chambers and myocardial enhancement

Figure 6 (A-J): TI scout demonstrating short‑axis images of LV according to different inversion times
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We used PSIR imaging at 3T and we found it effective. In our 
experience, infarct‑to‑myocardium contrast was superior at 
3T [Figures 7 and 8]. However, the operator must be aware 
that timing parameters to null the myocardium will change 
at 3T (long TI).

For viability assessment we administer gadolinium contrast 
by hand injection. The usual dose of contrast is 0.1 mmol/kg 
and we start acquiring delayed enhancement images after 
5 min of initial contrast administration. Some centers do 
not start until 10 min after contrast administration. In our 
experience, starting early allows us to repeat some images 
if the contrast in the blood pool is brighter than the desired 
levels.

Phase contrast imaging
PC imaging is an important part of CMR examination and 
allows quantification of flow and determining the direction. 
They could be performed either on breath‑hold or on free 
breathing. It is important to acquire the images perpendicular 
to the direction of flow and planning may be required in two 
planes. It is also essential to adjust the maximum velocity 
on a per‑case basis to avoid aliasing artifact. We did not find 
any significant artifacts or other difficulties in executing PC 
sequences on a 3T system [Figure 9]. In fact, there is increase 
in SNR due to noise reduction at 3T without significant 
impact upon velocity and flow.[40,41]

Iron overload quantification
T2 star (T2*) imaging is used in quantification of liver and 
myocardial iron overload in patients who undergo frequent 
blood transfusions, like thalassemia. Accurate quantification 
of iron overload is crucial in guiding the chelation therapy in 
these patients. MRI is the only robust noninvasive method 
to quantify myocardial iron load and has been shown to 
be very useful.[42]

T2* relaxation refers to decay in transverse magnetization (TM) 
seen with gradient recalled echo sequence. Iron increases 
TM decay due to its paramagnetic property that leads to 
increase in magnetic inhomogeneities. In this technique, 
images are acquired with sequentially increasing the time to 
echo (TE). As TE increases, the signal intensity of a particular 
tissue decreases. This decrease in signal is more rapid in 
patients with iron overload compared to normal subjects. 
The amount of iron overload can be quantified by assessing 
the slope of the curve at which signals are dropping. For 
myocardial iron overload assessment, short axis views are 
acquired in mid cavity level and the signal decay calculation 
is made from the interventricular septum.[43,44] Both cardiac 
and liver iron overload assessment is performed at the same 
time. Ultrafast sequences to perform these studies have been 
tried and found useful in many international studies.[45]

We have done T2* imaging in 195 patients over 2 years on 
3T MR system. Scanning protocol included T2* sequences 
for myocardium and liver with minimum possible TE and 
minimum TE interval. T2* values and conversion equations 
for iron quantification are different in 1.5 and 3T MR system, 
therefore different formulas appropriate for 3T should 
be used. We use software/Excel sheet of 3T conversion 
prepared by Storey et al.[46] For accurate quantification of 
iron, we use truncation method for curve fitting especially 
in cases of severe iron overload.[47]

Image acquisition and assessment can be a challenge on 
3T, especially in patients with severe liver iron overload. 
While assessing the liver iron overload, there will be rapid 
decay in the signal in these patients. This only provides 
two to three data points for calculation before the curve 
reaches the bottom. Comparatively, on a 1.5T system three 
to five data points can be recorded in patients with severe 
iron overload as the signal decay is not that rapid. This may 
lead to inaccurate assessment of liver iron overload in this 
group of patients. In the same group of patients, acquiring 
cardiac images can be a challenge due to artifacts from the 
liver. To avoid this, recalibration/shim frequency has to be 
reapplied prior to acquiring the data.[48]

Figure  7 (A‑C):  Delayed enhancement images in 4 ch, 2 ch, and 
short‑axis, respectively. Note the normal nulling of myocardium

B
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A

Figure  8 (A and B): Delayed enhancement images showing 
subendocardial enhancement (A) suggesting infarction and epicardial 
enhancement (B) suggesting inflammation/infiltration

BA
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Coronary artery imaging
MRI is making major strides in assessment of coronary 
arteries over the last few years. Acquiring thin section 
images while freely breathing without any exposure 
to radiation is a major advantage on MRI. We use this 
frequently in determining the coronary anatomy in patients 
with suspected anomalous coronary anatomy. The ability 
of CMR to accurately diagnose coronary artery stenosis/
plaque characterization is still uncertain. On 3T system, 
acquisition of the data is much faster compared to a 1.5T 
system and there is some reduction in the scan time. The 
SNR and CNR are also improved. No specific precaution 
needs to be taken in comparison to a 1.5T system.

Time factor
As 3T MR system has inherent high SNR, frequent usage of 
parallel imaging can be done to decrease the examination 
timing.[29] For example, short axis PSIR images through 
entire LV can be acquired in single breath‑hold in 3T MR, 
which requires three breath‑holds in 1.5T MR system. 
Over the last 2 years, we have optimized our cardiac MR 
protocol on the 3T system and are able to perform a viability 
assessment in 30 min. This used to take about 40–45 min in 
our 1.5T system. On a real‑time basis, this difference may 
not be that apparent in all the centers as newer sequences 
are often acquired in 3T system on top of standard images, 
for example, T1 mapping. Moreover, in some patients, it 
is difficult to achieve homogenous magnetic field in spite 
of using frequency scout imaging which will give more 
susceptibility artifacts, and examination time increases 
even more than 1.5T. Imaging time may increase in 
postoperative patients with sternal sutures, metallic valves, 
stents, and clips as susceptibility artifacts will increase in 
these scenarios.

Wide bore MRI
Wide bore MR system was designed for the comfort of 
patients with claustrophobia or obesity. In current market 
the standard MR system has a bore of 60  cm, while the 
wide bore system has 70  cm. Large bore size increases 
the in‑field inhomogeneity of the magnetic field, thereby 
producing more artifacts. Some newer advances in 
technology (see later) have aimed at reducing this problem 
and have achieved remarkable results.

Safety on 3T MRI
Metallic devices and implants behave differently under 1.5 
and 3T MR systems due to basic increase in magnetic field 
strength. Metallic objects displaying weakly ferromagnetic 
qualities at 1.5T may exhibit substantial magnetic field 
interactions at 3T. It is important to assess safety of 
particular device on 3T MR.

Dr.  Shellock conducted experiment to assess MR safety 
of 109 devices and implants on 3T and found only 4% 
as unsafe.[49] However, literature search is necessary for 
MR safety of particular metallic devices/implants before 
performing procedure. List of safe and unsafe devices for 
3T MR system is available on www.mrisafety.com.

Advances in MR technology
Susceptibility artifacts remain a major challenge for CMR 
imaging at 3T. One vendor has introduced “Multi Transmit 
Technology” to circumvent this problem, whereby multiple 
RF sources are used rather than using conventional single RF 
source. For CMR, real‑time RF modulations are performed 
to adapt the changing ECG and longitudinal magnetization. 
There is no need to perform multiple frequency scouts with this 
technology, thereby saving time and improving image quality.

Another vendor claims to acquire seven‑dimensional data 
over a period of 8 min without the need for breath‑hold. 
These data provide real‑time, quantifiable data of the whole 
chest, which can be reconstructed in multiple planes.

Regardless of many promises offered by different vendors, 
complete assessment of MR system is necessary prior to 
purchasing a new system. Visit to established working 
sites and demonstration of few cases will help in making 
the right decision.

Overall, a 3T MR system brings in a newer promising era 
in imaging. Performing CMR on a 3T system is no longer a 
challenge and should be encouraged. We highlighted few 
of the tricks/precautions to perform CMR examination on 
3T MR system in Table 1.
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Figure 9 (A-C): Phase contrast (PC) imaging of ascending aorta (A and B). Note the graph of the aortic flow after calculation in software (C)
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