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9.1 MRI

MRI is a noninvasive cross-sectional imaging modality that does not require any

ionizing radiation (Sammet et al. 2010). For acquiring images, MRI uses the

physical principle of magnetic resonance that was first described by Felix Bloch

and Edward Purcell in 1946 who then received the Nobel Prize in Physics in 1952

for their discovery (Nature 1952). Paul Lauterbur and Peter Mansfield received a

Nobel Prize in Medicine in 2003 for their description on how to acquire MR images

from the human body (Lauterbur 1973; Lauterbur 2004). Since then the field of

MRI has grown tremendously and is now an established and advanced imaging

modality in radiology that allows to acquire high-resolution anatomical images as

well as time-resolved physiological and functional datasets (Roldan-Valadez and

Lopez-Mejia 2014).
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9.1.1 MR Imaging Principle

A patient will be moved inside the bore of a magnet with a strong static magnetic

field B0 that is in the range of 0.2 T–3 T for clinical MRI scanners (Fig. 9.1). For the

typical clinical magnetic field strengths of 1.5 T and 3 T, strong superconducting

magnets are required (Sammet et al. 2010).

The human body is composed of water molecules, which contain two hydrogen

nuclei, or protons. The magnetic moments of these protons align with the direction

of the static magnetic field inside the scanner. Oscillating electromagnetic

radiofrequency fields and gradient fields are then used to acquire images from the

body of the patient. The radiofrequency field B1 is produced by an RF coil, and the

fast-switching gradient fields are produced by three different coil systems (Gx, Gy,

and Gz) that are embedded in the bore of the MRI scanner (Kanal et al. 1990).

9.1.1.1 Static Magnetic Field B0

The strong static magnetic field B0 is used to prepare chemical compounds (mainly

hydrogen protons in water and fat) for imaging. The strength of the static magnetic

field B0 of an MR scanner, the magnetic flux density, is measured in the SI unit

Tesla (T). Stronger static magnetic fields lead to a higher signal-to-noise ratio

(SNR) and subsequently to a better image quality in the MR images or to a faster

scan time. The static magnetic field of a 3 T MRI scanner is approximately 60,000

times stronger than the magnetic field of the Earth (~50 μT) (Sammet et al. 2010).

Fig. 9.1 Clinical MRI system with the patient table in the front that can be moved inside the bore

of the magnet
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These high magnetic fields cannot be achieved with permanent magnets and

require superconducting magnets. A superconducting magnet is an electromagnet

that is made from superconducting wires that are cooled with liquid helium

(Fig. 9.2). For clinical MRI systems, these superconducting wires are most com-

monly made of an alloy of niobium and titanium (NbTi). The wires will be cooled

below their critical temperature, the temperature at which the winding material

changes from the normal resistive state to a superconducting state. The wires can

conduct large electric currents in the superconducting state and have zero electrical

resistance to produce strong magnet fields.

9.1.1.2 Radiofrequency Field B1

Radiofrequency (RF) coils are designed as antennas that can transmit

radiofrequency waves inside the human body and also receive the radiofrequency

waves from the human body. The radiofrequency coils are built for different body

parts of the patient (e.g., head coils, abdominal coils, knee coils, extremity coils)

and are positioned as close as possible to the anatomical structures of interest to

achieve a good image quality. A dedicated head coil is shown in Fig. 9.1 at the head

end of the patient table.

Fig. 9.2 Superconducting magnet of a clinical MRI system after the removal of the covers and the

patient table
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The radiofrequency field B1 causes the protons to alter their alignment relative to

the static magnetic field B0 at a higher energy state. This process is called excita-

tion. The protons that were excited by the B1 field will then return to their lower-

energy state in a process called relaxation and will reemit RF radiation at the

Larmor frequency:

ω0 ¼ γB0 ð9:1Þ

Returning RF waves from the patient are picked up by the RF coils, stored in an

intermediate image space (k-space), and then used to calculate an MR image with

the mathematical fast Fourier transform (FFT).

9.1.1.3 Gradient Magnetic Fields Gx, Gy, and Gz

Gradient fields are used to localize the MR signal from a specific location in the

human body. The three different gradient coils Gx, Gy, and Gz are embedded inside

the bore of the MRI scanner and are used for slice selection (z), phase encoding (x),

and frequency encoding (y) to acquire cross-sectional 2D images from any angu-

lation or 3D datasets of the human body (Fig. 9.3). The gradient coils are respon-

sible for the acoustic noise in an MRI scanner caused by magnetic Lorentz forces

from the static magnetic field B0 on the electric currents flowing in the gradient

coils (Kanal et al. 1990).

Fig. 9.3 Gradient system of an MRI system with x-, y-, and z-gradient coils embedded in epoxy.

The gradient coils are used to localize the MR signal from a specific location in the human body
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9.1.2 MRI Pulse Sequences

MRI pulse sequences are programs that contain the timing and duration of

radiofrequency pulses and magnetic gradients to produce an image. In MRI

there are two major pulse sequence groups: spin echo (SE) sequences and gradient

echo (GRE) sequences. Spin echo sequences include a slice selective 90� excitation
pulse followed by one or more 180� refocusing pulses (Fig. 9.4) (Mitchell et al.

1986).

Gradient echo sequences are characterized by the use of excitation pulses with

flip angles of usually less than 90�, the absence of 180� RF refocusing pulses, and

the use of dephasing and rephrasing gradient pulses (Fig. 9.5).

Gradient echo sequences are in general faster than spin echo sequences and

allow real-time imaging of moving organs in the human body such as the heart

(Li and Mirowitz 2004).

9.2 Contrasts in MRI

MRI pulse sequences are used to produce the contrast in an MRI image. In a spin

echo sequence, there are generally two parameters that influence the contrast of a

tissue with the spin density ρ: the repetition time (TR) and the echo time (TE):

Fig. 9.4 Spin echo (SE) pulse sequence diagram with a slice selective 90� excitation pulse

followed by a 180� refocusing pulses and the gradients in slice, phase, and frequency/readout

direction. ADC is the time of signal acquisition and analog-to-digital signal conversion (http://bitc.

bme.emory.edu/images/se_pt_1.jpg)

9 Magnetic Resonance Imaging (MRI) 267

http://bitc.bme.emory.edu/images/se_pt_1.jpg
http://bitc.bme.emory.edu/images/se_pt_1.jpg


S ¼ ρ � 1� e
�TR

T1

� �
� e�TE

T2 : ð9:2Þ

The repetition time TR is the time between two excitation pulses. The echo time

(TE) is the time between an excitation pulse and MR signal sampling when the echo

maximum occurs (Fig. 9.4). In a gradient echo sequence, there are in general three

parameters that influence the contrast: the flip angle of the excitation pulse α, TE,
and TR (Fig. 9.5) (Sammet et al. 2002).

9.2.1 T1 Contrast

T1 is the longitudinal or spin-lattice relaxation time. Not all energy that was put into

the system with an RF pulse during the excitation returns to the RF coil. Some of the

energy is lost and heats up the surrounding tissue, referred to as the lattice. The time

course that describes the system’s return to thermal equilibrium is mathematically

described by an exponential curve. This recovery rate is characterized by the time

constant T1 (Sammet et al. 2002).

T1-weighted pulse sequences use short TR and short TE. Different body tissues

have different T1 relaxation times. After an excitation pulse, the longitudinal

magnetization vector of fat realigns relatively quickly with the static magnetic

field B0 again, and it therefore appears bright on a T1-weighted image. Water

Fig. 9.5 Gradient echo (GRE) pulse sequence diagram with a slice selective excitation pulse α,
which is typically smaller than 90�. The gradients in readout direction are used to produce a

gradient echo when the ADC is turned on during signal acquisition (http://bitc.bme.emory.edu/

images/ge_pt_1.jpg)

268 S. Sammet

http://bitc.bme.emory.edu/images/ge_pt_1.jpg
http://bitc.bme.emory.edu/images/ge_pt_1.jpg


shows much slower longitudinal magnetization realignment after a radiofrequency

pulse and appears relatively dark on T1-weighted images (Fig. 9.6) (Sammet

et al. 2002).

9.2.2 T2 Contrast

T2 is the transverse or spin-lattice relaxation time. Random fluctuations of the local

magnetic field lead to random variations in the precession frequency of the nuclear

spins in the human body. After an excitation pulse, the initial phase coherence of

the nuclear spins will be lost when they get out of phase which is described by an

exponential decay with the time constant T2. T2 relaxation occurs more rapidly than

T1 relaxation (Sammet et al. 2002).

T2-weighted pulse sequences use long TR and long TE. Fluid (e.g., in the

cerebrospinal fluid (CSF) spaces of the brain) appears bright on T2-weighted

images (Fig. 9.7).

9.2.3 Proton Density Contrast

Proton density-weighted images are produced by controlling the selection of scan

parameters to minimize the effects of T1 and T2 resulting in an image dependent

primarily on the density of protons in the imaging volume. Proton density-weighted

sequences use a long TR and a short TE (Fig. 9.8) (Sammet et al. 2002).

Fig. 9.6 Axial T1-weighted

MR image of the human

brain
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9.2.4 T2
* Contrast

T2
* relaxation is caused by a combination of spin-spin relaxation and magnetic field

inhomogeneities. T2
* relaxation occurs with gradient echo imaging sequences. T2

*

relaxation is faster than T2 relaxation. In spin echo sequences, the transverse

Fig. 9.7 Axial T2-weighted

MR image of the human

brain

Fig. 9.8 Axial proton

density-weighted MR

image of the human brain
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relaxation caused by magnetic field inhomogeneities is eliminated by the 180�

refocusing pulse; in gradient echo sequences, the relaxation due to magnetic field

inhomogeneities cannot be eliminated. A T2
* weighting can be achieved with a low

flip angle, long echo time, and long repetition time (Yang et al. 2010).

9.3 Physiological and Functional MR Imaging

The strength of MRI is not only its great soft tissue contrast in high-resolution

images but also its sensitivity to measure physiological and functional parameters

in the human body. There are numerous MRI techniques and pulse sequences with

different excitation pulse schemes and gradient schemes that were specifically

developed to acquire anatomical physiological images from different parts of the

human body (Minati et al. 2007).

9.3.1 Cardiac MRI

Cardiac MRI assesses noninvasively the function and structure of the cardiovascu-

lar system (Mousseaux et al. 1995). Gradient echo pulse sequences are important

for cardiac imaging because of their speed and versatility. These gradient echo

sequences are used to assess ventricular function, blood velocities, flow, valvular

function, and myocardial perfusion (Wang and Amini 2012).

9.3.1.1 Cardiac Gating

There are two different gating techniques that are used in cardiac MRI: prospective

gating and retrospective gating.

In prospective gating the MR data acquisition begins only after a desired

physiologic signal (e.g., the R wave of the electrocardiogram (ECG)). A trigger is

used to obtain MR images only at a particular time in the cardiac cycle.

In retrospective gating, the MRI data are acquired continuously, and an ECG is

recorded simultaneously. The MR data can then be reordered, grouped, or corre-

lated with phase of the cardiac cycle. Retrospective gating is typically used for cine

MRI cardiac motion studies (Brinegar et al. 2008).

9.3.1.2 Cine MRI

Cine MRI produces short movies to display heart motion throughout the cardiac

cycle. Cine MR images are obtained with electrocardiography (ECG) triggered

segmented imaging. The segmented acquisition divides the cardiac cycle into
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multiple segments (frames) to produce a series of images that can be displayed as a

movie (cine) (Larson et al. 2004).

9.3.1.3 Delayed Enhancement

Delayed enhancement is performed after administration of MR contrast agents

(e.g., gadolinium-based chelates). Delayed myocardial enhancement MR imaging

is important to evaluate myocardial scar due to infarction. The washout of the MR

contrast agent is slow in infarcted areas of the myocardium resulting in delayed

enhancement after approximately 10–15 min compared to the normal myocardium

(Goetti et al. 2011).

9.3.2 Magnetic Resonance Angiography (MRA)

Magnetic resonance angiography (MRA) techniques are used to display the vascu-

lature and the blood flow in the human body. These sequences have clinical

significance in displaying vessel occlusion and in surgical planning. MRA can be

performed with an endogenous tracer (spin labeling of the flowing blood) or by

injecting an exogenous contrast agent (e.g., gadolinium-based chelate) in the

vasculature (Stafford Johnson et al. 1998).

There are two different MR angiography contrasts: dark blood and bright blood.

Dark-blood MRA suppresses the flowing blood and displays it dark in contrary to

bright-blood MRA techniques. In dark-blood MRA, the intraluminal signal is

suppressed and does not generate pulsation artifacts as in the bright-blood tech-

niques. The lack of intraluminal signal allows a better delineation of the walls of

vessels or the cardiac chambers. Dark-blood techniques are used in cardiac imaging

and for evaluation of atherosclerotic plaques and dissections of vessel walls (Staf-

ford Johnson et al. 1998; Tello et al. 2003).

9.3.2.1 Time-of-Flight MRA

Time-of-flight (TOF) is a bright-blood MRA technique that uses the blood as an

endogenous tracer: Fresh spins from flowing blood that enter the imaging

plane produce a bright signal on time-of-flight MRA images (Heverhagen et al.

2008). Three-dimensional datasets of the vasculature can then be calculated from

stacks of individual time-of-flight MRA images (maximum intensity projection)

(Fig. 9.9).
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9.3.2.2 Phase-Contrast MRA

Phase-contrast angiography (PCA) is another MRI sequence that uses blood as an

endogenous tracer to quantitatively assess blood flow velocities in vessels. The

blood velocity is assessed by measuring the phase shift of flowing spins in the

direction of magnetic field gradients. The measured phase shift is proportional to

the velocity of the spins (Yamada et al. 2015).

9.3.2.3 Contrast-Enhanced MRA

In contrast-enhanced MR angiography, an exogenous contrast agent (e.g.,

gadolinium-based chelate) is injected into the bloodstream, while MR images are

acquired. Contrast-enhanced MR angiography allows the displays of vascular

structures in great detail (Ouzounian and Liu 2007).

9.3.3 Perfusion MRI

Perfusion MRI can measure parameters of tissue microvascularization, e.g.,

regional blood volume, mean transit time, and regional blood flow. It can be

performed with an endogenous tracer (spin labeling) or an exogenous contrast

agent (e.g., gadolinium-based chelate). Perfusion MRI is an important diagnostic

Fig. 9.9 Time-of-flight (TOF) MR angiography datasets allow displaying the vessels three-

dimensionally as a maximum intensity projection (MIP) by using the flowing blood as an

endogenous tracer. This MIP of the human brain vasculature was generated using a magnetic

field strength of 7 T
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tool in pathological processes where perfusion changes play an important role (e.g.,

tumors) (Huang et al. 2014).

9.3.4 fMRI

Functional MRI (fMRI) uses the blood oxygenation level-dependent contrast and

measures brain activity by detecting changes in blood oxygenation in brain tissue.

fMRI is based on the fact that neuronal activation and cerebral blood flow changes

are coupled (Detre and Floyd 2001). Deoxyhemoglobin is paramagnetic in contrary

to diamagnetic oxygenated hemoglobin. Oxygenation changes of the hemoglobin

molecule change the magnetic qualities of blood and subsequently the MRI signal

(Janoos et al. 2010).

9.3.5 Diffusion-Weighted MRI

Diffusion-weighted MRI (DWI) is able to measure the random Brownian motion of

water molecules within a voxel of tissue. The diffusion of water molecules parallel

to geometrically aligned anatomical structures (e.g., nerve fibers) is higher than

across anatomical borders of these structures (e.g., the myelin sheets of nerve fibers)

(Irfanoglu et al. 2008). A DWI sequence has clinical applications in the evaluation

of strokes, especially in the early phase of infarcts (Kremer et al. 2007). Conven-

tional T1- and T2-weighted MR images often show an infarct only after hours in

contrast to early stroke signs on DWI (Roldan-Valadez and Lopez-Mejia 2014).

Diffusion-weighted MR images with two different b-values and the corresponding

calculated apparent diffusion coefficient (ADC) map are shown in Fig. 9.10a, b, c.

9.3.6 MR Spectroscopy

Magnetic resonance spectroscopy (MRS) is an analytical technique that allows the

measurement of metabolic changes in tissues. MRS gives information about bio-

chemical processes and can complement the anatomical information of MRI.

Standard MRS techniques measure the signal from hydrogen protons 1H of differ-

ent chemical compounds and display them in a frequency spectrum or even as

parametric maps overlaid on anatomical images (Fig. 9.11). Multinuclear MRS

techniques can also measure signals from nuclei other than 1H, which have odd

numbers of nucleons (13C, 23Na, 19F, 31P). Current multinuclear MRS research

might lead to novel clinical applications to determine metabolic changes and

alterations in different diseases (Baltzer et al. 2012).
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9.4 MRI Safety

MRI is a very safe noninvasive imaging technique that does not require any

ionizing radiation, but it is important to be aware of potential MRI safety risks

for patients and personnel (Shellock and Crues 2004).

Fig. 9.10 (a) Diffusion-weighted MRI: axial DWI image of the human brain with b ¼ 0 s/mm2,

(b) with b ¼ 500 s/mm2, and (c) corresponding calculated ADC map
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The strong static magnetic field B0 can attract ferromagnetic objects and accel-

erate them in direction of the center of the bore of the MRI scanner. The static

magnetic field can also influence implants and medical devices. It is therefore

necessary to screen anybody before entering an MRI suite. Dedicated question-

naires are used to make sure that nobody can be injured during an MRI exam (Kanal

et al. 2015).

The gradient fields Gx, Gy, and Gz are responsible for the loud noise during MRI

exams and require ear protection to avoid hearing damage. Fast-switching gradient

fields can also produce peripheral nerve stimulations if they exceed certain thresh-

olds (Kanal et al. 1990).

The radiofrequency field can produce heat in body tissue. The radiofrequency

exposure is limited to a maximum specific absorption rate (SAR) to avoid this

heating (Kanal et al. 1990).

Fig. 9.11 Measurement of brain metabolites with MR spectroscopy. Chemical shift imaging at

7 T can display spectral maps and metabolic maps on top of anatomical base images
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9.5 Future MRI Applications

9.5.1 Ultrahigh-Field MRI

In recent years more ultrahigh-field MRI scanners (B0� 7 T) became commercially

available. The major benefits of ultrahigh-field MRI are an increased signal-to-

noise ratio (SNR), an improved T2
* contrast for susceptibility-weighted MRI

sequences, and a greater chemical shift dispersion, which is greatly beneficial for

MR spectroscopy (van der Kolk et al. 2013). The higher SNR at higher static

magnetic field strengths can be used for higher spatial resolution of the MR images

or a faster scan time (Speck and Tempelmann 2010).

9.5.2 Ultrafast Sequences

Ultrafast MR sequences allow the acquisition of an MR image in less than a second

per slice. Ultrafast MR protocols use gradient echo sequences with small flip

angles, very short TR, and optimized k-space filling to reduce acquisition time

(Yamashita et al. 1998). The k-space trajectory determines the image contrast.

Especially the fastest MRI sequence, echo planar imaging (EPI), which was first

described by Mansfield in 1977 and allows the acquisition of an MR image in less

than 100 ms by filling the entire k-space after one excitation, has important clinical

applications in real-time cardiac imaging and in abdominal imaging to monitor

contrast agent bolus arrival (Mansfield 1984).

9.5.3 MRI-Guided Interventions

Interventions using MRI for therapy guidance have become increasingly popular

because there are many advantages of interventional MRI, including no exposure to

ionizing radiation and the ability to obtain soft tissue images and to measure

temperature and blood flow. MRI guidance is used, for example, for biopsies,

laser therapy, high-intensity focused ultrasound (HIFU), and radiotherapy (von

Schulthess and Hilfiker 1998; Da Rosa et al. 2011).

9.5.4 Hybrid MR Imaging (MR/PET)

Hybrid imaging is the combination of two imaging modalities into one (Pichler

et al. 2008). Particularly, the combination of positron emission tomography (PET)

and MRI to a whole-body MR-PET system shows the potential for various new
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clinical applications to gain new insights in metabolic and functional processes in

oncology as well as cardiovascular and neurologic diseases (Tudisca et al. 2015;

Shah and Huang 2015).
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