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Appendix: maths revision
Index
Glossary
See also: Liney G (2011) MRI from A to Z, 2nd edition. London: Springer-Verlag.
	Acronym/symbol 	Term 	Explanation 
	γ	Gyromagnetic ratio	A constant which relates the precessional frequency of a nucleus to the external magnetic field B0. For 1H γ = 2.68 × 108 radians s–1.
	μ	Magnetic moment	Microscopic magnetic field originating from nuclear spin.
	α	Flip angle	The angle through which magnetization M is tipped, or flipped, by an RF B1 pulse.
	ω0, f0	Larmor frequency	The precession frequency of the nuclear spins, or the resonance frequency for nuclear magnetic transitions.
	ΔB	Inhomogeneity	Non-uniformity (of a magnetic field), expressed in parts-per-million (ppm).
	τc	Correlation time	The average time between molecular collisions, part of the relaxation mechanism of protons.
	χm	Susceptibility	Property determining the magnetization of a material in an external magnetic field.
	180°	180° pulse	An RF (radiofrequency) pulse which flips the magnetization through 180°. May be used either for inversion or refocusing.
	2D FT	Two-Dimensional Fourier Transform	The process whereby the data from frequency and phase-encoded MR signals is converted to a two-dimensional image.
	3D FT	Three-Dimensional Fourier Transform	A volume-based Cartesian image acquisition which utilizes two phase-encode directions.
	4D-TRAK	4D-Time-Resolved Angiography using Keyhole	Method for time-resolved CE-MRA (Philips)
	90°	90° pulse	An RF (radiofrequency) pulse which flips the magnetization through 90°. Usually used for excitation, but can also act as a refocusing pulse.
	ARC	Auto-calibrating Reconstruction for Cartesian sampling	A k-space-based parallel imaging method that uses auto-calibration, related to GRAPPA (GE Healthcare).
	ASL	Arterial Spin Labelling	A method to assess tissue perfusion using endogenous water as a contrast agent.
	ASSET	Array Spatial Sensitivity Encoding Technique	An image-based parallel imaging method related to SENSE (GE Healthcare).
	B	Magnetic field	Magnetic flux density or induction, measured in tesla (T).
	B0	 	The main (static) magnetic field, e.g. 1.5 T.
	B1	 	The alternating radiofrequency magnetic field used to rotate the net magnetization.
	BASG	Balanced SARGE	A fully rewound GE imaging sequence (Hitachi).
	bFFE	Balanced FFE	A fully rewound GE imaging sequence (Philips).
	BLADE	BLADE	A hybrid Cartesian/radial acquisition method that can partly correct for patient motion (Siemens; ‘BLADE’ is not an acronym, it is a tradename). See also PROPELLER.
	BLAST	Broad-use Linear Acquisition Speed-up Technique	A method for the acceleration of dynamic images (Philips).
	BOLD	Blood Oxygen Level Dependent	Effect of deoxygenated blood on MR signals.
	BRAVO	BRAin VOlume imaging	IR-prepared fast 3D gradient echo for isotropic brain imaging (GE Healthcare).
	BSI	Blood Sensitive Imaging	Method for non-contrast MR angiography based on 3D TSE (Hitachi).
	bSSFP	Balanced Steady-State-Free-Precession	An alternative generic name for fully rewound GE sequences.
	b-TRANCE	Balanced Triggered Angiography Non Contrast Enhanced	Method for non-contrast MR angiography based on fully rewound GE (Philips).
	BW, RBW	Bandwidth, receive bandwidth	The range of frequencies contained in a pulse or signal. The range of frequencies that may be detected by the MR receiver.
	CARE Bolus	Combined Applications to Reduce Exposure Bolus	Method for fluoro-triggered contrast-enhanced MR angiography (Siemens).
	CE-MRA	Contrast Enhanced Magnetic Resonance Angiography	Methods for acquiring MR angiograms using an injection of gadolinium-based contrast agent.
	CENTRA	Contrast ENhanced Timing Robust Angiography	Centric k-space method for time-resolved CE-MRA (Philips).
	CHESS	CHEmical Shift Selective	Chemical excitation or saturation of either water or fat 1H nuclei based upon differences in the Larmor frequency of each chemical species.
	CIA	Contrast Improved Angiography	Method for non-contrast MR angiography based on 3D TSE (Toshiba).
	CISS	Constructive Interference in the Steady State	A fully rewound GE imaging sequence with two acquisitions and phase-cycling to reduce banding artefacts (Siemens).
	CLEAR	Constant LEvel AppeaRance	Post-processing filter to reduce signal inhomogeneities caused by coil sensitivity (Philips).
	CP	Carr–Purcell sequence	Sequence containing a series of 90°–180°–180°–… pulses, resulting in an echo train of length ETL.
	CPMG	Carr–Purcell–Meiboom–Gill sequence	Similar to CP but with a 90° phase difference between the excitation and refocusing pulses. Even-numbered echoes are corrected for inaccuracies in the refocusing pulses.
	CS	Compressed sensing	Rapid image acquisition technique applicable to sparse data sets.
	CUBE	 	3D TSE sequence with variable refocusing flip angles (GE Healthcare; Cube is not an acronym, it is a tradename).
	DCE	Dynamic Contrast Enhanced	A dynamic T1w method used to monitor the signal changes as a contrast agent passes through tissue.
	DESS	Double Echo Steady State	A form of GE imaging sequence that combines two different types of gradient-echo signals to form one image (Siemens).
	DIET	Delayed Interval Echo Train	A TSE imaging sequence with an echo spacing designed to maintain J-coupling, thus with reduced fat signal compared to other TSE sequences (Toshiba).
	DIR	Double Inversion Recovery	Method to suppress the signal from flowing blood, also known as black or dark-blood preparation. Alternatively, a dual inversion prepulse used with 3D TSE to null two tissues, typically CSF and grey matter in brain imaging.
	Dixon	 	TSE or GE techniques for producing separate water and fat images, named after the inventor.
	DRIVE	DRIVen Equilibrium	90° RF pulse added to end of FSE echo train to restore longitudinal magnetization (Philips).
	DRKS	Differential Rate K-space Sampling	Centric k-space method for time-resolved CE-MRA (Toshiba).
	DSC	Dynamic Susceptibility Contrast	A dynamic T2*w method used to monitor the signal changes as a contrast agent passes through tissue.
	DSV	Diameter Spherical Volume	Spherical region with this diameter over which B0 uniformity is measured.
	DTI	Diffusion Tensor Imaging	Method to determine the anisotropy of tissue diffusion.
	EPI	Echo Planar Imaging	A pulse sequence that allows rapid MR acquisition, where k-space is collected following a single excitation pulse.
	ESP	Echo SPacing	The time interval between refocusing pulses in a TSE sequence.
	ETL	Echo Train Length	The number of echoes acquired following a single initial excitation.
	FASE	Fast Advanced Spin Echo	A multiple spin-echo sequence that uses a segmented k-space (Toshiba). SuperFASE is a variant with very short echo spacing. See also TSE.
	FBI	Fresh Blood Imaging	Method for non-contrast MR angiography based on 3D TSE (Toshiba).
	FE	Frequency Encoding	A process using a frequency encode gradient to determine the position of MR signal during its acquisition.
	FFE, TFE	Fast Field Echo, Turbo Field Echo	A GE imaging sequence (Philips). See also T1-FFE, bFFE, T2-FFE. TFE is a fast version of FFE.
	FID	Free Induction Decay	MR signal following a single RF excitation pulse.
	FIESTA	Fast Imaging with Enhanced Steady sTate Acquisition	A fully rewound GE imaging sequence (GE Healthcare).
	FIESTA-c	Fast Imaging with Enhanced Steady sTate Acquisition Cycled phases	A fully rewound GE imaging sequence with two acquisitions and phase-cycling to reduce banding artefacts (GE Healthcare). See also CISS.
	FIR	Fast Inversion Recovery	A TSE imaging sequence with an inversion prepulse, used for FLAIR or STIR (Hitachi).
	FISP, TrueFISP	Fast Imaging with Steady Precession	A rewound GE imaging sequence (Siemens). The fully rewound version is called TrueFISP.
	FLAIR	Fluid Attenuated Inversion Recovery	An SE-based imaging sequence used to null the signal from cerebrospinal fluid (CSF) based upon its longitudinal relaxation time T1.
	FLASH	Fast Low Angle SHot	A spoiled GE imaging sequence using RF spoiling (Siemens). Turbo-FLASH is a fast version of FLASH.
	FLUTE	FLUoro TriggEred	Method for fluoro-triggered contrast-enhanced MR angiography (Hitachi).
	fMRI	Functional Magnetic Resonance Imaging	Method to investigate signal changes based upon the BOLD contrast mechanism.
	fN	Nyquist frequency	The minimum frequency required to accurately sample (digitize) a signal.
	FOV	Field Of View	The size of the region to be imaged.
	FSBB	Flow Sensitive Black Blood	Method for susceptibility-weighted imaging (Toshiba).
	FSE	Fast Spin Echo	A multiple spin-echo sequence that uses a segmented k-space. See also TSE.
	FWHM	Full Width at Half Maximum	A measure of slice width or thickness.
	GE	Gradient Echo	A pulse sequence which creates a signal at time TE by refocusing using gradients. Alternatively, the signal itself at time TE.
	GMN	Gradient Moment Nulling	A method to eliminate the phase shifts due to moving spins. Also known as flow or velocity compensation.
	GRAPPA	GeneRalized Auto-calibrating Partial Parallel Acquisition	A k-space-based parallel imaging method that uses auto-calibration (Siemens).
	GRASE	Gradient and Spin Echo	A pulse sequence that acquires both spin and gradient echoes within a single TSE-type readout.
	GRE	Gradient Recalled Echo	A rewound GE imaging sequence (GE Healthcare).
	Gx, Gy, Gz	Gradients	Magnetic field gradients, or linear variations in Bz along orthogonal directions x, y and z, measured in mT m–1.
	HASTE	Half-Fourier Acquired Single shot Turbo spin Echo	A single shot TSE imaging sequence that also uses half-Fourier data acquisition and reconstruction. See also SS-TSE.
	IDEAL	Iterative Decomposition of water and fat using Echo Asymmetry and Least-squares estimation	A technique for producing separate water and fat images (GE Healthcare). See also Dixon.
	IFIR	Inhance inFlow Inversion Recovery	Method for non-contrast MR angiography based on fully rewound GE (GE Healthcare).
	iPAT	Integrated Parallel Imaging Techniques	An alternative name for parallel imaging techniques (Siemens).
	IR	Inversion Recovery	A pulse sequence that initially inverts M0 and measures its longitudinal relaxation after inversion time TI.
	ISCE	Inclined Slab for Contrast Enhancement	Linear flip angle variation used in 3D-MRA to reduce saturation effects in slice-encoding direction (Toshiba). See also TONE.
	JET	 	A hybrid Cartesian/radial acquisition method that can partly correct for patient motion (Toshiba; JET is not an acronym, it is a tradename). See also PROPELLER.
	LAVA	Liver Acquisition with Volume Acceleration	3D T1w GE with fat suppression used for dynamic liver imaging (GE Healthcare). See also THRIVE, VIBE.
	M	Magnetization	The magnetic field vector produced in a material when placed in an external magnetic field, with units amperes per meter (A m–1).
	M	Gradient moment	The time integral of a gradient waveform.
	M0	Equilibrium Magnetization	Equilibrium magnetization formed from the vector sum nuclear magnetic moments when placed in an external magnetic field B0.
	MAVRIC	Multi-Acquisition with Variable Resonances Image Combination	Method based on 3D TSE to reduce artefacts when imaging in the presence of metal implants (GE Healthcare). Also a generic term.
	MEDIC	Multi-Echo Data-Image Combination	Method that combines multiple gradient echoes to improve image quality and contrast (Siemens).
	MERGE	Multi-Echo Recombined Gradient Echo	Method that combines multiple gradient echoes to improve image quality and contrast (GE Healthcare).
	mFFE	Multi-echo FFE	Method that combines multiple gradient echoes to improve image quality and contrast (Philips).
	MIP	Maximum Intensity Projection	An image processing operation used in MR angiography to produce 2D projection images from 3D raw image data.
	mIP	minimum Intensity Projection	An image processing operation used in susceptibility-weighted angiography to produce 2D projection images from 3D raw image data.
	MOTSA	Multiple Overlapping Thin Slab Acquisition	A technique for acquiring multiple 3D slabs for 3D non-contrast MRA, avoiding saturation effects.
	MPR	Multi-Planar Reformat	An image processing operation used to produce new 2D slices at arbitrary orientations from 3D raw image data.
	MP-RAGE	Magnetization-Prepared Rapid Acquisition by Gradient Echoes	IR-prepared fast 3D gradient echo for isotropic brain imaging (Siemens). Also a generic term.
	MRA	MR Angiography	Imaging of blood vessels, usually arteries.
	mSENSE	Modified SENSitivity Encoding	An image-based parallel imaging method related to SENSE using auto-calibration (Siemens).
	MT	Magnetization Transfer	Excitation of the bound fraction of nuclei using an off-resonance B1 pulse.
	MultiVane	MultiVane	A hybrid Cartesian/radial acquisition method that can partly correct for patient motion (Philips; MultiVane is not an acronym, it is a tradename). See also PROPELLER.
	Mxy	Transverse magnetization	Component of M in the xy plane. Mxy produces the signal.
	Mz	Longitudinal magnetization	Component of M in the z axis, static field direction, denoted Mz.
	NATIVE	Non-contrast MR of ArTerIes and VEins	Methods for non-contrast MR angiography (Siemens). NATIVE-SPACE is based on 3D TSE; NATIVE-TrueFISP is based on fully rewound GE.
	NATURAL	NATural Uniformity Realization ALgorithm	Post-processing filter to reduce signal inhomogeneities caused by coil sensitivity (Hitachi).
	NC-MRA	Non-Contrast Magnetic Resonance Angiography	Methods for acquiring MR angiograms without using exogenous contrast agent.
	NEX	Number of EXcitations	Number of signal averages (GE Healthcare). See also NSA.
	NMR	Nuclear Magnetic Resonance	The basic phenomenon underlying MRI.
	NSA	Number of Signal Acquisitions	Number of signal acquisitions averaged to improve signal-to-noise ratio (SNR). See also NEX.
	O-MAR	Ortho-Metal Artefact Reduction	Method based on multi-slice TSE to reduce artefacts when imaging in the presence of metal implants (Philips). See also SEMAC.
	PACE	Prospective Acquisition CorrEction	Technique for updating scan geometry in real time based on detecting motion by navigators (Siemens).
	PBSG	Phase Balanced SARGE	A fully rewound GE imaging sequence with two acquisitions and phase-cycling to reduce banding artefacts (Hitachi).
	PC	Phase contrast	A non-contrast MRA technique that relies on the phase shift caused by spins moving through a magnetic field gradient.
	PD	Proton density	The MR signal intensity in the absence of relaxation, related to number of hydrogen nuclei per unit volume, equivalent to M0.
	PE	Phase Encoding	A process using a phase-encode gradient to encode the MR signal in terms of spatial frequencies.
	PEAKS	PEak Arterial K Space	Centric k-space method for time-resolved CE-MRA (Hitachi).
	PEAR	Phase-Encoded Artefact Reduction	Reordered phase-encoding to reduce respiratory motion artefacts (Philips). See also ROPE.
	PERRM	Phase-Encode Reordering to Reduce Motion	Reordered phase encoding to reduce respiratory motion artefacts (Hitachi). See also ROPE.
	PNS	Peripheral nerve stimulation	Peripheral nerve stimulation is a bio-effect caused by rapidly time-varying magnetic fields.
	ppm	Parts Per Million	A measure of the chemical shift between metabolites. Alternatively a measure of field inhomogeneity.
	Promo	Prospective Motion correction	Technique for updating scan geometry in real time based on detecting motion by navigators (GE Healthcare).
	PROPELLER	Periodically Rotated Overlapping ParallEL Lines with Enhanced Reconstruction	A hybrid Cartesian/radial acquisition method that can partly correct for patient motion (GE Healthcare). Also a generic term.
	PSIF	 	A time-reversed GE imaging sequence with improved T2w contrast (Siemens; PSIF is not an acronym, it is ‘FISP’ backwards).
	PURE	Phased array UnifoRmity Enhancement	Post-processing filter to reduce signal inhomogeneities caused by coil sensitivity (GE Healthcare).
	r1, r2	Relaxivity	The relaxivity of a contrast agent determines its shortening effect on relaxation times.
	R1, R2 or R2*	Relaxation rate	Reciprocal of relaxation time.
	RADAR	RADial Acquisition Regime	A hybrid Cartesian/radial acquisition method that can partly correct for patient motion (Hitachi). See also PROPELLER.
	RAPID, RAPID-3D	Rapid Acquisition through Parallel Imaging Design	An image-based parallel imaging method related to SENSE (Hitachi).
	rb	Rheobase	The minimum threshold for a physiological response to a stimulus.
	RESTORE	 	90° RF pulse added to end of FSE echo train to restore longitudinal magnetization (Siemens; RESTORE is not an acronym, it is a tradename).
	ROPE	Respiratory-Ordered Phase Encoding	Reordered phase encoding to reduce respiratory motion artefacts.
	RSSG	RF Spoiled SARGE	A spoiled GE imaging sequence using RF spoiling (Hitachi).
	SAR	Specific Absorption Rate	The RF power per unit mass deposited in tissue in W kg–1.
	SARGE	Steady state Acquisition Rewound Gradient Echo	A rewound GE imaging sequence (Hitachi).
	SE	Spin echo	A pulse sequence which creates a signal at time TE by refocusing from two RF pulses, usually a 90° followed by a 180°. Alternatively, the signal itself at time TE.
	SEMAC	Slice Encoding for Metal Artefact Correction	Method based on multi-slice TSE to reduce artefacts when imaging in the presence of metal implants.
	SENSE	SENSitivity Encoding	Technique for parallel imaging based upon image-space unwrapping (Philips). Also a generic term.
	SMASH	SiMultaneous Acquisition of Spatial Harmonics	Technique for parallel imaging based upon k-space calculations.
	SORS-STC	Slice-selective Off-Resonance Sinc Pulse Saturation transfer contrast	Method for magnetization transfer imaging (Toshiba).
	SPACE	Sampling Perfection with Application of optimized Contrasts using different flip angle Evolution	3D TSE sequence with variable refocusing flip angles (Siemens).
	SPEEDER	SPEEDER	An image-based parallel imaging method related to SENSE (Toshiba; ‘SPEEDER’ is not an acronym, it is a tradename).
	SPGR	SPoiled GRadient echo	A spoiled GE imaging sequence using RF spoiling (GE Healthcare). FSPGR is a fast version of SPGR.
	SPL	Sound Pressure Level	Acoustic noise, often measured with reference to the response of the human ear in decibels, dB(A).
	SR	Slew Rate	The maximum gradient amplitude divided by its minimum rise time in T m–1 s–1.
	SS	Slice Selection	A process using a slice-select gradient at the same time as a narrow-bandwidth RF pulse to excite a slice of tissue.
	SS-TSE	Single Shot Turbo Spin Echo	A single shot TSE imaging sequence that also uses half-Fourier data acquisition and reconstruction. See also HASTE.
	SSP	Sloped Slab Profile	Linear flip angle variation used in 3D-MRA to reduce saturation effects in slice-encoding direction (Hitachi).
	STIR	Short TI Inversion Recovery	An IR-based imaging sequence used to null the signal from fat based upon its longitudinal relaxation time T1.
	SWAN	T2-Star Weighted ANgiography	Method for susceptibility-weighted imaging (GE Healthcare).
	SWI	Susceptibility-Weighted Imaging	Method for susceptibility-weighted imaging (Siemens).
	SWIp	Susceptibility-Weighted Imaging with phase difference	Method for susceptibility-weighted imaging (Philips).
	T1	Spin–lattice relaxation time	Spin–lattice relaxation time, also known as longitudinal relaxation time. Characterizes the recovery of the longitudinal magnetization Mz towards M0.
	T1-FFE	 	A spoiled GE imaging sequence using RF spoiling (Philips).
	T2	Spin–spin relaxation time	Spin–spin relaxation time, also known as transverse relaxation time. Characterizes the decay of transverse magnetization Mxy to zero.
	T2*	Apparent Spin–spin relaxation time	Apparent spin–spin relaxation time. Characterizes the decay of the free induction signal to zero.
	TA	 	Acquisition or scan time.
	TE	Echo time	Time to the peak MR signal from the initial excitation.
	TFE	Turbo Field Echo	A fast GE imaging sequence (Philips). See also FFE.
	THRIVE	T1 High Resolution Isotropic Volume Excitation	3D T1w GE with fat suppression used for dynamic liver imaging (Philips). The eTHRIVE variant (enhanced THRIVE) uses asymmetric k-space ordering. See also LAVA, VIBE
	TI	Inversion Time	See IR (inversion recovery).
	TIGRE	T1 GRadient Echo with RF fat saturation	3D T1w GE with fat suppression used for dynamic breast and abdomen imaging (Hitachi).
	Time-SLIP	Time-Spatial Labelling Inversion Pulse	Method for non-contrast MR angiography based on fully rewound GE (Toshiba).
	TOF	Time of Flight	Non-contrast MRA technique that relies on the in-flow of unsaturated spins.
	TONE	Tilted Optimized Non-saturating Excitation	Linear flip angle variation used in 3D-MRA to reduce saturation effects in slice-encoding direction (Philips, Siemens). Also a generic term.
	TR	Repetition time	Repetition time of an MR pulse sequence. Time between successive excitations.
	TRANCE	TRiggered Angiography Non Contrast Enhanced	Method for non-contrast MR angiography based on 3D TSE (Philips).
	TRAQ	Time-Resolved AcQuisition	Method for time-resolved CE-MRA (Hitachi).
	TRICKS	Time-Resolved Imaging of Contrast KineticS	Method for time-resolved CE-MRA (GE Healthcare).
	TRSG	Time-Reversed SARGE	A time-reversed GE imaging sequence (Hitachi).
	TSE	Turbo Spin Echo	A multiple spin-echo sequence that uses a segmented k-space.
	TWIST	Time-resolved angiography WIth Stochastic Trajectories	Method for time-resolved CE-MRA (Siemens).
	UTE	Ultra-short TE	Ultra-short TE sequence capable of measuring the bound fraction of nuclei.
	VASC ASL	VASCular Arterial Spin Labelling	Method for non-contrast MR angiography based on fully rewound GE (Hitachi).
	VASC FSE	VASCular Fast Spin Echo	Method for non-contrast MR angiography based on 3D TSE (Hitachi).
	VCG	Vector CardioGram	Method for ECG gating that helps reduce T-wave mistriggering.
	venc	 	The maximum velocity that can be uniquely encoded in phase-contrast MR angiography.
	VIBE	Volume Interpolated Breath-hold Examination	3D T1w GE with fat suppression used for dynamic liver imaging (Siemens).
	VIBRANT	Volume Image Breast Assessment	3D T1w GE with fat suppression used for dynamic breast imaging (GE Healthcare).
	VIEW	Volume Imaging with Echo Weighting	3D TSE sequence with variable refocusing flip angles (Philips).
	WFS	Water–Fat Shift	The spatial misregistration between water and fat in the frequency encoding direction (Philips).



Chapter 1 MR: What’s the Attraction?
1.1 It’s not Rocket Science, but I Like It
How would you impress a stranger you meet at a party with your intelligence? You might claim to be a brain surgeon or a rocket scientist. Well Magnetic Resonance (MR) is not rocket science, it’s better. MR involves an amazing combination of advanced science and engineering, including the use of superconductivity, cryogenics, quantum physics, digital and computer technology – and all within the radiology department of your local hospital. MR imaging has evolved from unpromising beginnings in the 1970s to become nowadays the imaging method of choice for a large proportion of radiological examinations and the ‘jewel in the crown’ of medical technology. A modern MRI scanner is shown in Figure 1.1.
Figure 1.1 Modern superconducting MR system.

Courtesy of Philips Healthcare.

So what is it? It is an imaging method based principally upon sensitivity to the presence and properties of water, which makes up 70–90% of most tissues. The properties and amount of water in tissue can alter dramatically with disease and injury, which makes MR very sensitive as a diagnostic technique. MR detects subtle changes in the magnetism of the nucleus, the tiny entity that lies at the heart of the atom. This is probing deeper than X-rays, which interact with the clouds or shells of the electrons that orbit the nucleus. MR is a truly powerful modality. At its most advanced, MR can be used not just to image anatomy and pathology but to investigate organ function, to probe in vivo chemistry and even to visualize the brain thinking.
In the early days, the scanners were the domain of the physicists and engineers who invented and built them, and the technique was called NMR imaging (NMR stands for nuclear magnetic resonance). The cynics may say that the technique really took off clinically when the ‘N-word’ was dropped. This was sensible as the term ‘nuclear’, although scientifically accurate, implied a connection with nuclear energy and, in the last of the Cold War years, resonated in the public’s mind with the spectre of nuclear weapons.
Because of the diversity of sciences and technologies that gave birth to and continues to nurture MR, it is an extremely hard subject to learn. A lifetime is not enough to become expert in every aspect. Clinicians, technologists and scientists all struggle with the study of the subject. The result is sometimes an obscurity of understanding or a dilution of scientific truth resulting in misconceptions. This is why we have chosen to write this book. Our aim is to introduce you to MR as a tool – rather like learning to drive a car. Once you are confident on the road, we can then start to learn how the engine works.

1.2 A Brief History of Medical Imaging
Radiology began after the accidental discovery of ‘X-rays’ by Roentgen in 1895. At about the same time (1896) Becquerel and the Curies were discovering radioactivity and radium and making possible the future development of nuclear medicine. Within a couple of years most of the basic techniques of radiography were established, e.g. the use of fluorescent screens in 1896 by Pupin, contrast media reported by Lindenthal in the same year, even the principle of angiography. Early fluoroscopy entailed direct viewing from a fluorescent plate, i.e. putting your head in the main beam, a practice frowned upon today! Unfortunately radiation protection followed slightly too late for the pioneers of radiology. The next real technical break-through was the development of the image intensifier in the 1950s, but the basis of conventional radiography remained the same until the recent IT and digital revolutions. Computed tomography (CT) was a huge break-through, earning Hounsfield and Cormack the Nobel Prize for medicine and physiology in 1979. X-ray CT was unique in producing tomographic images or slices of the living human body for the first time and with a higher contrast than that achievable by conventional planar techniques. The combination of a moving X-ray gantry and the computing power necessary to reconstruct from projections made CT possible.
In nuclear medicine a similar evolution was occurring, from the development of the gamma camera by Anger in 1958 to tomographic imaging in the form of Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET), which is ongoing today. PET’s clinical use is increasing, particularly in detecting metastases in oncology. Its ability to image minute concentrations of metabolites is unique and makes it a powerful research tool in the aetiology of disease and the effects of drugs.
Ultrasound was developed in the 1950s following the development of SONAR in World War II and was unique in involving no ionizing radiation and offering the possibility of safe, non-invasive imaging. Its ability to image in real time and its sensitivity to flow, through the Doppler effect, have been key factors in its widespread role in obstetrics, cardiology, abdominal investigations and vascular imaging, real-time biopsy guidance and minimally invasive surgery.
As early as 1959, J. R. Singer at the University of California, Berkeley, proposed that NMR could be used as a non-invasive tool to measure in vivo blood flow. In 1971 Raymond Damadian discovered that certain mouse tumours displayed elevated relaxation times compared with normal tissues in vitro. This opened the door for a completely new way of imaging the human body, where the potential contrast between tissues and disease was many times greater than that offered by X-ray technology and ultrasound (Figure 1.2). At the same time, developments in cryogenics, or the study of very low temperatures, made the development of whole-body superconducting magnets possible. Damadian and his colleagues at the State University of New York, starved of mainstream research funding, went so far as to design and build their own superconducting magnet operating in their Brooklyn laboratory, and the first human body image by NMR is attributed to them. There is some dispute about who actually is the founder of modern Magnetic Resonance Imaging (MRI), but one thing is certain: Damadian coined the first MR acronym, namely FONAR (Field fOcused Nuclear mAgnetic Resonance). This set a trend, and you can see the development of the acronym family tree in Chapter 4!
Figure 1.2 Raymond Damadian’s ‘Apparatus and method for detecting cancer in tissue’. US patent 3789832 filed 17 March 1972, issued 5 February 1974.

Image from the US Patent and Trademark Office.

In 1973, in an article in Nature, Paul Lauterbur proposed using magnetic field gradients to distinguish between NMR signals originating from different locations, combining this with a form of reconstruction from projections (as used in CT). The use of gradients still forms the basis of all modern MRI as recognized by the Nobel Committee in 2003. Unfortunately, Lauterbur’s brilliant invention was not accompanied by a brilliant acronym; he coined the obscure term ‘zeugmatography’, meaning imaging from a joining together (of the main field and the gradients). In contemporary MR terms Lauterbur can be said to have invented frequency encoding. While the term ‘zeugmatography’ sunk without a trace, fortunately the technique it described has gone from strength to strength.
Selective excitation, or the sensitization of tomographic image slices, was invented at the University of Nottingham, England in 1974 by Sir Peter Mansfield’s group, a contribution also recognized by the 2003 Nobel Committee, while in 1975 Richard Ernst’s group in Zurich invented two-dimensional Fourier transform imaging (2D FT). The first practical 2D FT imaging method, dubbed ‘spin warp’, was developed by Edelstein and Hutchison at the University of Aberdeen, Scotland in 1980. Many other researchers contributed to the early development of MR, and in this short introduction it is impossible to do justice to them all (see Further reading). And what of the commercial development? EMI, the creators of X-ray CT through Sir Godfrey Hounsfield, were involved from very early on. Clow and Young produced the first published human head image in 1978 (Figure 1.3). EMI sold their research interest to Picker International, which became Marconi and is now part of Philips. The ‘Neptune’ 0.15 T superconducting system installed at the Hammersmith Hospital, London, was the first commercial clinical system. Elsewhere in Europe, Philips also dedicated substantial early investment (Figure 1.4). General Electric introduced high-field (1.5 T) systems around 1984. The technique developed rapidly through the late 1980s to become the method of choice for non-trauma neurological scanning. By 2015 there were in excess of 35 000 scanners worldwide.
Figure 1.3 First ever human head image using MRI at 0.1 T from EMI Central Research Laboratories. For this image CT type ‘back projection’ was used.

Courtesy of Ian Young.

Figure 1.4 0.15 T resistive magnet used by Philips in the early development of MRI.

Courtesy of Philips Healthcare.

The Spin Doctors: Nobel Laureates’ Roll-Call (Figure 1.5)
In 1952 Edward Purcell (Harvard) and Felix Bloch (Stanford) jointly received the Nobel Prize for physics ‘for their development of new methods for nuclear magnetic precision measurements and discoveries in connection therewith’. Of Purcell’s discovery, the Boston Herald reported that ‘it wouldn’t revolutionize industry or help the housewife’. Purcell himself stated that ‘we are dealing not merely with a new tool but a new subject which I have simply called nuclear magnetism. If you will think of the history of ordinary magnetism, the electronic kind, you will remember that it has been rich in difficult and provocative problems and full of surprises.’ It seems that the Boston Herald misjudged the importance of NMR!
Bloch, a Swiss-born Jew and friend of quantum physicist Werner Heisenberg, quit his post in Leipzig in 1933 in disgust at the Nazi’s expulsion of German Jews (as a Swiss citizen, Bloch himself was exempt). Bloch’s subsequent career at Stanford was crammed with major contributions to physics and he has been called ‘the father of solid state physics’.
Nicolaas Bloembergen, a Dutch citizen, was forced to hide from the Nazis for the duration of the War, reputedly living on boiled tulip bulbs, until becoming Purcell’s first graduate student at Harvard two months after the discovery of NMR. With Purcell and Robert Pound he developed the theory of NMR relaxation, known now by their initials BPP. In 1981 he won a Nobel Prize for his work in laser spectroscopy. In 1991 Richard Ernst joined the MRI Nobel Laureates ‘for his contributions to the development of the methodology of high resolution nuclear magnetic resonance spectroscopy’. You could say Richard Ernst achieved the same trick twice: by his novel applications of 2D FT in both spectroscopy and imaging.
The 2003 Nobel Prize for physiology or medicine was awarded to Professor Paul Lauterbur and Sir Peter Mansfield ‘for their discoveries concerning magnetic resonance imaging’. Peter Mansfield left school at 15 with no qualifications, aiming to become a printer. His scientific curiosity was sparked by the V1 and V2 flying bombs and rockets that fell on London in 1944, when he was 11. After working as a scientific assistant at the Jet Propulsion Laboratory and a spell in the army, he went back to college to complete his education, eventually becoming Professor of Physics at the University of Nottingham. He was knighted in 1993.
Paul Lauterbur is said to have been inspired to use field gradients to produce an image while eating a hamburger. His seminal paper ‘Image Formation by Induced Local Interactions. Examples Employing Nuclear Magnetic Resonance’ (Nature 242, 16 March 1973) was originally rejected. Thirty years later, Nature placed this work in a book of the 21 most influential scientific papers of the twentieth century.
Other Nobel Laureates associated with NMR include Norman Ramsey (1989), a spectroscopy pioneer who developed the theory of the chemical shift; Isidor Rabi (1944), Ramsey’s PhD mentor, ‘for his resonance method for recording the magnetic properties of atomic nuclei’; and Kurt Wüthrich (2002) for his development of NMR spectroscopy for determination of the three-dimensional structure of biological macromolecules in solution.

Figure 1.5 Nobel prize-winners in NMR: (a) Purcell 1912–1997, (b) Bloch 1901–1999, (c) Bloembergen b. 1920, (d) Ernst b. 1933, (e) Lauterbur 1929–2007 and (f) Mansfield 1933–2017.

Images courtesy of Ullstein Bild/Getty Images; Bettman/Getty Images; Ira Wyman/Getty Images; the Nobel Museum; and Sven Nackstrand/Getty Images (x2) respectively.

Due to problems of low signal and high sensitivity to motion, body MR did not really take off until the 1990s. The key factors were the development of fast imaging techniques, particularly gradient echo, and phased array coil technology. The 1990s also saw the coming of age of earlier developments, namely cardiac MRI and Echo Planar Imaging (EPI). EPI, which is the fastest and one of the most cutting-edge methods, was actually one of the first imaging methods to be proposed, by Sir Peter Mansfield. EPI is now extensively used in neurological imaging through functional MRI (fMRI) and diffusion imaging.
MR development has since then exploded into new innovations and clinical applications explored throughout this book, some of which are illustrated in Figure 1.6.
Figure 1.6 Diverse clinical applications of MRI.



1.3 How to Use this Book
Everyone starts MRI with the same basic problem: it’s like nothing else they’ve learned in the past. All that knowledge you have about radioactive isotopes and film-screen combinations is useless to you now. Where do you start? Most MRI books start at the beginning (a very good place to start, according to the song), and introduce protons, net magnetization, precession and the Larmor equation all in the first three pages. We think there is another way: starting at the end with the images that are produced, which is much more useful if you’re already working in the MR unit. After all, you don’t expect to understand how the internal combustion engine works before you learn to drive.
The book is divided into two parts. In Part I you will find everything you need to know about the basics of MRI, but presented in reverse order. We start with things you can touch and look at: the equipment you find in an MR unit and what the images look like, using terms like ‘T1-weighted’ simply as labels. Later on we talk about how the images are produced and finally we cover the underlying physics. By that stage you will be able to link these rather difficult concepts back to things which matter – the images.
Part II contains more advanced topics, such as cardiac MR and spectroscopy, in no particular order. You don’t have to work right through Part I before you read these chapters; we just couldn’t fit them neatly into the reverse order!
In all the chapters you will find the most basic information in the main text. Clinical boxes, shaded green, provide the clinical context as you go along. Yellow boxes are about trying things for yourself: simple (and not-so-simple) imaging experiments to run on your own scanner. Advanced boxes, shaded in blue, deal with various topics in more detail and are placed at appropriate places throughout the text.
If you’re completely new to MR, we suggest you read straight through Part I, skipping all the advanced boxes. When you need to understand something a bit better, re-read the chapter, this time taking in some of the boxes. And when you’re ready for more advanced subjects like spectroscopy or fMRI, head over to Part II. The topics can seem to jump around a bit by splitting them up this way, but we think it is a good compromise, which allows us to include enough information for everyone, whether you are a new radiographer hoping to make a good impression in your new job, a radiologist interested in improving diagnostic image quality or a physicist studying for a postgraduate degree.


Further Reading
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Dawson M Joan (2013) Paul Lauterbur and the Invention of MRI. Cambridge, MA: MIT Press.
Mansfield P (2013) The Long Road to Stockholm: The Story of Magnetic Resonance Imaging – An Autobiography. Oxford: Oxford University Press.


Part I The Basic Stuff

Chapter 2 Early Daze: Your First Week in MR
2.1 Introduction
In any first week of a new job or in a new environment, it takes a little time to become orientated and to find your way around. This chapter aims to ease those initial experiences so that you will feel more like a seasoned campaigner than a raw recruit. The following are your essential instructions:
	Magnet safety, especially from ferromagnetic projectiles, is paramount to the safe operation of any MR unit; do nothing to endanger the wellbeing of your patients and colleagues.

	The MRI unit should have clearly written policies and procedures for checking that patients and staff have no contraindications.

	Aside from the magnet itself, the coils are the main items of equipment that you will have to learn to handle (don’t break them!), and learn how to position patients comfortably and effectively with them.

	Good patient cooperation is essential for safe and effective scanning; you will need good people skills.


The MR environment is a bit confusing at first, but you will soon feel at home. Enjoy the experience!

2.2 Welcome to the MR Unit
On your first day you will be asked to complete a staff safety questionnaire and should undergo a thorough safety induction. (Once you are MR trained you will find yourself doing strange things such as taking off your watch and emptying your pockets when you go into a CT room!) As part of your induction you will need to become familiar with your institution’s MR safety policy or Local Rules. These will contain information about access to the controlled area or zones, local policy on implants, dealing with emergencies, staff roles and responsibilities, and other site-specific safety-related information.
2.2.1 The MR Suite
The MR suite will probably be arranged differently from the remainder of the imaging department. It may have its own dedicated reception, administration, waiting and patient-handling areas. Security will be high on the staff’s agenda and the suite usually has its own lockable doors. The preoccupation with security and the ‘separateness’ of the MR suite is principally to prevent anyone introducing ferromagnetic items into the vicinity of the magnet, where the outcome could be disastrous.
MR accommodation may comprise:
	facilities for patient management: reception, waiting areas, changing facilities, toilets, anaesthesia and recovery area, counselling room;

	facilities for staff: reception/office, administration office, reporting rooms;

	MR system: the MRI scanner room (magnet/examination room), computer/technical room and operator’s console/host computer;

	dedicated storage areas: trolley bay, general store, resuscitation trolley bay, cleaner’s store.


An example of a typical MRI suite layout is given in Figure 2.1.
Figure 2.1 Typical MR imaging suite, showing Zones I to IV as defined by the ACR, and the controlled access area as defined by MHRA. Access to Zones III–IV and the controlled areas is strictly controlled.


The MRI scanner room, or magnet room or examination room is a restricted access or controlled access area. See Box ‘Zonal Defence: Control and Access’ for further details. The MR system is actually distributed between three of the rooms in the suite: the magnet room which houses the magnet and coils, an air-conditioned technical (computer) room which is full of supporting electronics and electrical plant, and the control room which contains the MR console.
You will spend most time in the control room at the MR scanner console: where you enter patient details, select and customise scan acquisition parameters, view and post-process images, archive images and send them to the Picture Archiving and Communications System (PACS). As a trained member of MR staff you will have access to the magnet room (Zone IV) but others will not. See Box ‘Can I Go In?’.
Zonal Defence: Control and Access
The American College of Radiology (ACR) expert panel on MR safety recommends the designation of various zones for ensuring safe practice in MR units.
	Zone I: areas that are accessible to the general public, generally outside the MR environment completely.

	Zone II: the interface between the publicly accessible area (Zone I) and the areas where strict control and supervision are required (Zones III, IV). Patients may be screened in Zone II and will generally be under supervision.

	Zone III: a restricted access zone under the control of designated MR personnel (i.e. you!), physically demarcated from areas of greater access, with secure access only.

	Zone IV: the magnet or MR examination room itself.


These zones are indicated in Figure 2.1 through shading. In the UK, the Medicines and Healthcare products Regulatory Agency (MHRA) defines the ‘MR Environment’ as that which encloses the entire 0.5 mT fringe field contour, to ensure no active implant malfunction. It recommends physical demarcation, secure and restricted access to the MR Controlled Area (similar to ACR Zones III and IV). This guidance is consistent with that from the International Commission on Non-Ionising Radiation Protection (ICNIRP) and other national bodies (see Further reading).

Can I Go In?
Strict limitations are required as to which staff have access to the MR environment. The ACR designates personnel into various categories:
	Non-MR personnel includes all patients, visitors and non-MR staff.

	Level 1 MR personnel are members of staff who have received a basic level of MR safety education, sufficient to ensure their own safety in the MR environment.

	Level 2 MR personnel have more extensive MR safety training, relating to the hazards to patients, and would include MR technologists/radiographers and radiologists. As you are reading this book, it is assumed that you aspire to be a Level 2 staff member.


It is helpful to designate an MR Safety Officer who supervises day-to-day safety in the unit, and the MR Safety Expert who has more extensive knowledge for special or novel cases. The Institute of Physics and Engineering in Medicine (IPEM) has published guidance on the role, knowledge base and skills of the MR Safety Expert.


2.2.2 The Magnet
The magnet is the heart of the MR system. The size of an MR system is expressed in terms of its operating magnetic field strength. The scientific name of field strength is magnetic flux density or induction, and its unit is the tesla (T). You may also come across the gauss (G) as a measure of field strength. One tesla equals 10 000 gauss, i.e. 1 G equals 0.1 mT (milli-tesla). The Earth’s magnetic field is approximately 0.05 mT (0.5 G).
The principal types of magnet used in MRI are:
	superconducting magnets – typically with fields of 1.5 or 3 T;

	permanent magnets – capable of sustaining fields up to about 0.3 T;

	electromagnets – capable of fields up to about 0.6 T.


The main field usually points horizontally along the bore (the opening where the patient goes). For superconducting and permanent magnets the magnetic field is always present; electromagnets are electrically powered and can have their field switched off; however, it is safer to assume that it is always on.
Superconducting magnets require liquid helium as a cryogenic cooling fluid. A sudden loss of superconductivity results in a magnet quench where the windings heat up, the field collapses in less than one minute and large amounts of helium boil off as gas. Accidental quenches are a rare occurrence in modern systems. In an emergency a quench can be initiated deliberately. In normal operation, small amounts of helium ‘boil off’ and are released into the atmosphere outside. The helium level is usually maintained by the manufacturer’s service personnel. Figure 1.1 shows a typical superconducting system.

2.2.3 Radiofrequency Coils
The MR signals that provide the diagnostic information are produced within the patient’s tissue in response to RadioFrequency (RF) pulses. These are generated by a transmitter coil which surrounds the whole or a part of the body. A body coil is usually built into the construction of the magnet. For imaging the head or extremities, smaller transmitter coils are sometimes used.
The MR signals produced in the body are detected using a receive coil. The MR signals are very weak and are sensitive to electrical interference. Electro-magnetic shielding is built into the magnet room (known as a Faraday cage) to minimize this interference. It is important to keep the magnet room door closed during scanning to maintain the effectiveness of the shielding.
All MR systems have a head coil and integral body coil. Other coils you may encounter include those for the spine, neck, knee, wrist, shoulder, breast, Temporo-Mandibular Joint (TMJ), abdomen, and also peripheral vascular and other general-purpose flexible coils. You can actually use any coil to obtain an image provided it encompasses the anatomical region of interest, but specialist coils, which fit closer and are smaller, usually do a better job.
Some coils are called arrays or matrix coils. This generally means they will produce better images than a non-array version of the same sort of coil. Array coils have multiple elements and you may have to select which of them you wish to scan with. Array coils allow the use of parallel imaging to reduce scan time.
You must store coils carefully. They are the one part of the MR system most prone to failure due principally to excessive or careless handling. Be careful when connecting or disconnecting the coils: all the MR signals have to go through the coil connectors, so treat them with due respect. Examples of coils are shown in Figure 2.2.
Figure 2.2 Examples of coils: (a) head coil, (b) knee coil, (c) shoulder coil, (d) torso coil.

Courtesy of Siemens Healthcare.


2.2.4 Imaging Gradients
The localization of the MR signals in the body to produce images is achieved by generating short-term variations in magnetic field across the patient. These are commonly referred to as the gradients. The strength of steepness of the gradient is measured in milli-tesla per metre (mT m–1) and the magnitude of the gradient magnetic field is in the region of tens of mT, much smaller than the main B0 field. There is one set of gradient coils for each direction, x, y, z, built into the bore of the magnet. The gradients are applied repeatedly in a carefully controlled pulse sequence. They generate loud tapping, clicking or higher pitched beeping sounds during scanning, like a loudspeaker. Ear protection is usually required for the patient or anyone remaining in the room during scanning – you can hear the gradients, even though you can’t see them!


2.3 Safety First
Although MRI has no known long-term or harmful biological effects, the MRI environment is potentially very hazardous to both patients and staff if metal objects get pulled into the magnet bore. It is imperative that any person responsible for their own safety or the safety of patients undergoing an MRI investigation is aware of the risks associated with taking metallic objects into the vicinity of an MRI magnet.
2.3.1 Will I Feel Anything? Bio-Effects
Unlike other medical imaging modalities, such as X-rays and CT, MRI is non-ionizing, and there is no evidence that it can cause cancer or any other disease. Biological effects of magnetic field exposures are examined in more detail in Chapter 20.
As staff you will be primarily exposed to only the static field. There are no known hazardous bio-effects for this, although some mild sensory effects may be experienced around high-field magnets. Your patients will be exposed to the main static field, the imaging (time-varying) gradient fields and RF fields. In extreme cases, the gradients can induce peripheral nerve stimulation. This may be alarming or annoying, but it is not harmful. The main effect of RF is the heating of tissue; however, the scanner does not let you exceed certain values of RF exposure or Specific Absorption Rate (SAR) – see Box ‘Modes and Options’. Sometimes you may need to alter the scan parameters to keep within the permitted values. Care is required to avoid the potential for RF burns when electrodes for physiological monitoring are used in the scanner. See Box ‘Burning Issues’.
Modes and Options
The international standard for the safety of MR equipment intended for medical diagnosis is the International Electrotechnical Commission (IEC) 60601-2-33. IEC 60601-1 is the general standard for the safety of medical electrical equipment. An important aspect of the IEC standard is the establishment of three operating modes:
	normal mode – requires only routine monitoring of the patient, the usual mode of operation;

	first-level controlled mode – requires medical supervision and a medical assessment of the risk versus benefit for the patient having the scan;

	second-level controlled mode – requires an approved human studies protocol. Security measures, e.g. a lock or password, are provided to prevent unauthorized operation in this mode.


These modes confine the SAR and imaging gradients to certain levels, considered further in Chapter 20.
The Fixed Parameter Option: Basic (FPO:B) was developed jointly by MRI equipment manufacturers and implant manufacturers, and implemented as IEC TS10974. When available, the FPO:B will restrict the scanner’s RF and imaging gradient output to levels that are within the conditions for that device, if it has been manufactured to comply with the standard. Not all active devices will comply, and great care is still needed for implanted cardiac devices and deep brain and other neurological stimulators.

Burning Issues
There is a small risk of patients receiving burns through the coupling of RF energy into wires or cables, such as those used for ElectroCardioGram (ECG) triggering, that are touching the patient. Care must be exercised in ensuring that cables are not formed into loops, that dry flame-retardant pads are placed between cables and the patient and that any unnecessary cables are removed from the patient prior to imaging. All cables should also be inspected every time before use to ensure that there is no damage to the insulation. Furthermore, only ECG cables specifically deemed MR safe should be used. Insulating pads should be placed between the patient’s legs, if bare, and against their shoulders and upper arms if touching the side of the bore.

The MR scanner is very noisy during operation, often exceeding safety guidelines. It is recommended that all patients and any other person in the room during scanning are given ear-plugs and/or ear-defenders to reduce their exposure to acoustic noise.
Potential hazards of working with cryogens include asphyxiation in oxygen-deficient atmospheres, cold burns, frostbite and hypothermia. Additionally there is the possibility of inducing asthma in susceptible persons if cold gas is inhaled. Resist the temptation to touch the feed pipes just after a helium fill to see how cold they get! Contact with cryogens should be restricted to fully trained engineering staff.
Adverse reactions to common MR contrast agents, injected into the patient to provide better diagnostic information, are rare. However, for proper safety, there should be a ‘crash trolley’ in the MR suite with appropriate resuscitation equipment and drugs, ideally made of non-magnetic material so that it can be taken into the magnet room in an emergency. It is recommended that a trained physician is nearby whenever Gd-based agents are being used. Restrictions on the use of contrast agents may apply during pregnancy and for nursing mothers. Hazards associated with contrast agents are considered in Chapter 20.

2.3.2 Beware: Strong Magnetic Field
The primary hazard associated with the static magnetic field arises from forces on ferromagnetic objects. The magnetic field extends beyond the physical covers of the scanner, referred to as the fringe field – see Figure 2.3. The strength of the fringe field decreases rapidly with distance, but this static field spatial gradient is responsible for the attractive force. If a ferromagnetic object, e.g. one containing iron or steel, is introduced, it will experience a force. If sufficiently close, this can turn the object into a dangerous projectile. Items such as scissors could become deadly and even a coin could inflict serious damage or injury. The bigger the object, the stronger the force involved. There has been one known death of a patient caused by an oxygen cylinder being inappropriately taken too close to the magnet. The location of the maximum value of the spatial gradient, and therefore the greatest attractive force, is usually close to the bore entrance, around the rim.
Figure 2.3 Fringe field contours for a typical actively shielded 1.5 T MRI magnet.

Courtesy of Philips Healthcare. Each square represents 1 m2. The field contours will be three-dimensional.

Even in the absence of a static field change, any ferromagnetic object will twist with a force considerably greater than its mass in an attempt to align its long axis with the static magnetic field lines of force. This twisting force is called torque (see Box ‘Force Fields’). It will be greatest within the magnet bore.
This ability to twist objects and to turn them into high-velocity projectiles presents a major risk to both staff and patients within an MRI unit. In modern MRI systems the stray field may decrease very rapidly with distance: an object that does not appear to demonstrate ferromagnetic properties as you approach the magnet may suddenly be torn from your grasp or pocket as you take one further step closer. By the time you feel it, it’s already too late, so be very careful at all times!
Some MR sites employ either hand-held or static metal detectors. It is important to know whether any device employed in your institution detects all metals, or (preferably) only ferromagnetic ones. It is also essential to appreciate that such devices are simply tools to supplement MR safety practice and should never replace thorough screening of the patient by a person competent to do so. The key to MR safety in this respect is to be acutely vigilant at all times. Metallic objects taken into the bore of a magnet may at worse cause serious injury or death and at best may produce unwanted artefacts on the images.
In the vast majority of MRI systems (those with superconducting or permanent magnets), the magnetic field is always present, even when the electrical power is switched off. Therefore everyone entering the magnet room should be carefully screened, using a checklist and/or detailed questioning, to ensure they do not have any contraindications to MRI either internally or about their person. This includes the patient’s relative(s), friend(s) or other staff who may enter the MR scanner room to assist the patient.
The fringe field can also interfere with the operation of nearby equipment, as detailed in Table 2.1.
Table 2.1 Maximum fringe field values and minimum distances to avoid interference on device operation
	Fringe field (mT) 	Item 	Minimum distance (m)
1.5 T 	Minimum distance (m)
3 T 
	On axis 	Radially 	On axis 	Radially 
	10	Oxygen monitors, laser imager	2.2	1.6	2.6	1.8
	3	Magnetic media, LCD displays	2.8	2.0	3.3	2.2
	1	Computer hard disks, X-ray tubes	3.4	2.2	4.3	2.7
	0.5	Conventional pacemakers	4.0	2.5	4.6	2.6
	0.2	CT scanners	4.9	3.0	5.6	3.2
	0.1	Gamma cameras, image intensifiers, PET scanners	5.6	3.3	6.8	3.9
	0.05	Linear accelerators	6.8	3.9	8.2	4.6


Force Fields
The translational force (F) on an unsaturated object volume V with magnetic susceptibility χ is proportional to the product of the static field (B) and its spatial gradient:
F∝χVB·dBdz
where dB/dz is the rate of change of B with position (z). F gets stronger the closer you are to the opening of the magnet bore. Once a ferromagnetic object becomes saturated, i.e. fully magnetized, the maximum force is simply proportional to the fringe field gradient dB/dz.
If an object is elongated in any way it will experience a twisting force or torque (T) aligning it with the field proportional to the square of the static field. The force depends upon the angle the object makes with the field direction
T∝χ2VB2T ∝ χ2VB2

An elongated ferromagnetic object may experience a torque even in a uniform field. This is extremely important for implanted objects, e.g. aneurysm clips.

It may be necessary for a patient to be moved quickly from the scanner room, either for an emergency procedure, such as resuscitation, or because of a situation related to equipment failure, for example in the event of a magnet quench. Local safety rules will detail the evacuation procedures for various emergencies. As a general rule, when a patient needs resuscitating or other emergency treatment, the priority is to get the patient out of the scanner room as quickly as possible. This is because arriving emergency personnel, who may not understand the dangers of the strong magnetic field, can unintentionally make matters worse by bringing MR-unsafe ferromagnetic equipment (stethoscopes, laryngoscopes, oxygen tanks, metal crash carts, etc.) into the scanner room. Remember that not all clinical staff have your level of knowledge of MR safe behaviour.


2.4 Safety Second: Additional Practical Guidelines
Implanted ferromagnetic items such as vascular aneurysm clips may also experience these forces and torques. There has been at least one reported death of a patient scanned with a ferromagnetic aneurysm clip that moved, rupturing the blood vessel, as they were moved into the magnet. Similar hazards arise with patients who may have metallic foreign bodies located in high-risk areas such as the eye. Alternatively, the function of Active Implanted Medical Devices (AIMDs) such as pacemakers or cochlear implants may be severely impaired by the static magnetic field and persons with pacemakers are normally excluded from the 0.5 mT fringe field. The same rules apply to any pieces of medical equipment that may also need to be taken into the room; for example, a pulse oximeter for monitoring a sedated patient. Devices such as these must be designed to operate safely within the MR environment. Older devices labelled as ‘MR compatible’ may have a maximum operating proximity to the magnet and care must be taken that the device is not moved any closer.
This book is not intended to give comprehensive advice on the MR safety of medical devices, since this is covered in great detail in specialized books and on the internet (see Further reading at the end of this chapter), but the following provides a general overview. You must check your institutional polices to know which patients you may scan and what additional checks are required to do so.
2.4.1 Contraindications and Caution
MRI examinations are usually contraindicated for patients with:
	conventional cardiac pacemakers or implanted cardiac defibrillators;

	abandoned cardiac leads;

	cochlear implants.


MRI examinations require particular caution in the following cases:
	patients with implanted surgical clips or other potentially ferromagnetic material, particularly in the brain;

	patients with AIMDs, e.g. neuro-stimulators, MR conditional cardiac placements, ingested endoscopic cameras;

	patients who have engaged in occupations or activities that may have caused the accidental lodging of ferromagnetic materials, e.g. metal-workers, or anyone who may have embedded metal fragments from military duties;

	neonates and infants, for whom data establishing safety are lacking;

	patients with tattoos, including permanent eye-liner;

	patients with compromised thermoregulatory systems, e.g. neonates, low-birth-weight infants, certain cancer patients;

	patients with prosthetic heart valves;

	pregnant patients: although no MRI effects have been found on embryos and fetal MRI is performed in specialist centres, many units still avoid scanning pregnant women during the first trimester. The unknown risk to the fetus must be weighed against the alternative diagnostic tests, which may involve ionizing radiation.


The screening process should identify any of these issues. Aspects relating to the safety of gadolinium-based contrast agents are considered in Chapter 20.

2.4.2 Dealing with Implants
A passive implant is one that has no requirement for electrical power, e.g. a titanium hip joint. The usual conditions for these relate to magnetic forces (attraction and torque) and RF heating (SAR). Box ‘Good Metal, Bad Metal’ contains information about the magnetic properties of common metals.
Active implants or AIMDs are those that utilize electrical power, either through in-built power supply (batteries) or through coupled external supply (e.g. using RF energy). Examples include pacemakers, neuro-stimulators such as deep brain stimulators or vagal nerve stimulators. Active implants pose the additional risks of malfunction, modification of their operating mode, inhibition, unintended stimulation or permanent damage. Also there are increased risks of excessive heating in any internal leads. Active implant conditions will also often include a maximum imaging gradient slew rate (T m–1 s–1).
In every case, be aware of local practice and policies and check that your scanner and protocol satisfies the conditions before introducing the patient to the magnet environment. Be wary of such statements as ‘I’ve had a scan before and it was fine’, as all scanner models are different; an uneventful previous scan does not necessarily mean that a particular device is safe in all other scanners.
A system for categorizing the risk from implants has been developed by the American Society for Testing and Materials (ASTM), regulated by the Food and Drug Agency (FDA) in the USA, and incorporated into the standards of the International Electrotechnical Commission (IEC). This categorizes implants and other devices as either MR safe, MR conditional or MR unsafe. The internationally recognized symbols for each category are shown in Figure 2.4.
Figure 2.4 MR symbols as defined by standard ASTM F2503 and IEC 62570:2014.


MR safe means that the device or object poses no additional risk in the MR environment. For example, it may be that it is non-metallic. It may, however, result in image quality degradation if it is within or close to the imaging Field Of View (FOV).
MR conditional forms by far the largest group of implanted medical devices. Patients may be scanned safely subject to compliance with certain specified conditions. These usually include the maximum static field strength (T), the maximum static fringe field gradient (T m–1 or G cm–1) and the maximum time-averaged SAR. See Box ‘Working Conditions’ for an example of MR conditions and further explanation. Sometimes other conditions apply – for example, an anatomical or positional restriction, or a specific coil to be used. Remember that even if you comply with all the MR conditions, metal objects will cause image artefacts in the region of the implant.
MR unsafe devices or objects must never be introduced into the MR environment.
Working Conditions
Typically the wording on MR conditions may contain something like the following:
‘Non-clinical testing has demonstrated that the Company X Implant model number Y can be scanned under the following conditions:
Static magnetic field of 3 tesla or less

Spatial gradient of 720 G cm–1 (7.2 T m–1)

Maximum whole-body-averaged specific absorption rate (SAR) of 2.0 W kg–1 for 15 minutes of scanning.’



The static field condition is easy to interpret, although note that not all implants have been tested at 3 T.
The second and third conditions often cause confusion. The maximum spatial gradient refers to the static fringe field spatial gradient. The condition means that the device has exhibited a magnetic force less than the force due to gravity in the stated fringe field gradient. Note that units quoted vary and that 1 T m–1 equals 100 G cm–1. Plots of fringe field gradients are shown in Figure 2.5. Each manufacturer presents this information in different ways, so it is important that you understand how to interpret it for your scanner.
The SAR condition relates to potential heating (in a non-clinical test phantom). Note that 15 minutes is the time per sequence, and does not relate to the maximum time you can scan. In the USA, SAR used to be averaged over a 15 min period, whereas, elsewhere under the IEC guidelines, SAR is calculated over every 6 min period. Often the SAR limitation condition restricts scanning to the Normal Mode (see Box ‘Modes and Options’).

Figure 2.5 Static fringe field gradients (a) Contour plots for a Siemens Aera 1.5 T scanner. The plot shows one quadrant with the origin (0,0) being the isocentre of the magnet. (b) Diagram and table showing maximum values of dB/dz and its product with B for the GE Healthcare MR750w 3 T scanner. (c) Iso-gradient surfaces from a Philips Achieva and Intera 1.5 T scanners. Each contour represents a cylinder with the maximum spatial gradient indicated. For ease of interpretation, the patient couch is also shown.





Good Metal, Bad Metal
There are three major categories of magnetic properties for materials, each characterized by their magnetic susceptibility, often denoted by the Greek letter χ.
	Diamagnetic materials have a small, negative susceptibility. This means that the force, although tiny, is repulsive. Water and most biological tissues are diamagnetic with values less than 10–5 (0.00005).

	Paramagnetic materials have a slightly larger and positive susceptibility. Example materials are oxygen molecules and ions, such as gadolinium. Values range from 10–5 to 10–2. The attractive forces on paramagnetic or even weakly ferromagnetic materials are small.

	Ferromagnetic materials have large positive χ. For example, iron has values in the range 1000–10 000 depending upon how it is produced. Some stainless steels are ferromagnetic. The large susceptibility means that magnetic forces and torques will be very strong. Some metals used for implants, e.g. 316LV or surgical stainless steel, titanium, and some metal alloys, e.g. cobalt–chromium–molybdenum alloy, nitinol, are only weakly or non-ferromagnetic. These would not be expected to be displaced in the magnet, especially after six weeks from implantation.


Figure 2.6 shows the range of materials in the susceptibility spectrum.

Figure 2.6 Magnetic susceptibility spectrum.




2.5 The Patient’s Journey
Patient cooperation is essential for obtaining high-quality images, and their initial chat with MR staff can make all the difference. All patients require counselling to explain the nature of the examination and must complete a questionnaire to assess their suitability and safety for being scanned. This should take place in an appropriate quiet and private place. During this interview you should also follow your institutional identity policy, confirming you have the right patient and body region to be scanned. Pay particular attention where ‘left’ or ‘right’ is specified on the request form as this is a common source of error. Sometimes it’s helpful to mark the area to be scanned with a vitamin E or cod liver oil capsule to ensure correct positioning. This is useful when you are scanning someone with a moveable ‘lump’, especially the ones which are there one minute and gone the next!
Patients need to remove all metallic objects, jewellery, watches and credit cards, which can be stored in lockers. Locker keys should be non-magnetic to be safe in the magnet room. Local policy will determine whether patients should undress and wear a gown for the examination. The inconvenience and extra prep time should be balanced against the common problem of ‘finding’ metal in items of clothing, e.g. in zips and underwires, when the patient is in the magnet. Non-ambulatory patients will be transferred to non-ferromagnetic, MR-safe trolleys or wheelchairs prior to being taken into the MRI examination room. Many MR systems incorporate removable patient couch systems or table-tops to allow for efficient and comfortable moving of bed-bound patients.
The patient will usually be weighed before entering the scanner. This is required to enable the scanner to operate with a safe level of RF exposure (see Chapter 20). On some scanners, the patient’s height may also be required for the SAR calculation. Patient details will be registered on the scanner either manually or from a Hospital or Radiology Information System (HIS/RIS) worklist.
Choose the coil most suitable for the examination. This should completely cover the area to be scanned. Position the patient on the couch as appropriate to the examination and ensure their comfort before positioning any additional coils that are required. Ensure the patient does not provide unnecessary conduction loops, for example, by clasping their hands together, or crossing their ankles. Insulating padding to prevent their thighs touching is also recommended. Ensure that the patient inserts ear plugs appropriately or wears ear defenders. Give them the hand-held alarm button, and position any other comfort devices such as mirrors or headphones. Maximizing patient comfort and relieving anxiety is essential to the success of the examination.
Use the scanner’s positioning lights or lasers to indicate (or ‘landmark’) the centre of the region to be scanned. Select the desired position. Then ensuring the patient is comfortable, move the scan region to the magnet iso-centre (usually carried out automatically on a single button press). It is important to ensure the scan region is positioned at the isocentre as this is the location or ‘sweet spot’ where the magnetic field is most uniform (or homogeneous) and will produce the best image quality. ‘Landmarking’ on the region of interest allows the scanner to place this anatomy at the very centre of the magnet (the isocentre). This is the ‘sweet spot’ with the best magnetic field uniformity or homogeneity, thereby ensuring highest image quality. After landmarking the initial scan position using the laser light guides, the couch is moved into the centre of the magnet.
As the couch moves into the scanner the patient may show signs of claustrophobia, or may not fit, especially in older 60 cm bore scanners. Reposition the arms if necessary to fit comfortably and place thin pads between the elbows and the scanner. In exceptional cases you may need to ask the patient to put one or both arms above their head, to fit the bore. Be sure to scan these patients as quickly as possible, and bring them out of the magnet to rest the arms by the side if you have delays. Once the patient is comfortably positioned at the isocentre, staff can leave the scanner room, making sure to close the door properly to prevent external RF interference.
Initially a set of localiser or positioning scans is performed (Figure 2.7). These give a quick, low-resolution, overview which is then used to plan the diagnostic scans on the region of anatomy under investigation. The positioning of slices and saturation bands is usually prescribed graphically using these scout scans. The diagnostic scans or sequences can often be queued to run automatically, leaving you free to do other tasks on the console such as post-processing or archiving.
Figure 2.7 Quick localizer or scout scan for planning. Slice positions are shown as lines. A regional saturation band is also shown.


All patients need to be observed during the examination, either through the observation window from the control room or by closed-circuit TV. An intercom enables two-way audible communication between the patient in the magnet and the control room. At some point during the examination, the administration of an MR contrast agent, usually a gadolinium compound, to the patient may be required. Since gadolinium alters the image contrast, gadolinium-enhanced imaging is always performed towards the end of the examination. Local policy may allow a radiographer or nurse to give this injection; however the radiologist always has medical responsibility for the patient.
During an MRI examination, the patient may be fully conscious (this is the norm), naturally asleep (e.g. for infants), sedated or anaesthetized. In the latter instances they may require life support and physiological monitoring, e.g. ECG and pulse oximetry. There is a small risk of patients receiving burns through the coupling of RF energy into wires or those used for ECG monitor or triggering, that are touching the patient. Care must be exercised in ensuring that cables are not formed into loops, that dry flame-retardant pads are placed between cables and the patient and that any unnecessary cables are removed from the patient prior to imaging. All cables should also be inspected every time before use to ensure there is no damage to the insulation. Furthermore, only ECG cables specifically deemed MR safe should be used.
After the examination the patient will be escorted from the magnet room and will need to retrieve their personal possessions. If the patient feels unwell due to the contrast agent injection or claustrophobia, it is advisable to have them remain in the MR unit where they can be observed to ensure their well-being before leaving. The reading or reporting of the scans by a radiologist usually occurs later, often via PACS where the radiologist returns his/her findings to the referring physician. The patient will usually have a follow-up appointment with the physician to discuss the diagnosis and follow-up tests or treatment.
That completes the patient journey, as far as their MRI is concerned. Now it’s over to your journey. In the next section we take a look into the life of an imaginary radiographer.

2.6 MRI Radiographer’s Blog … A Few Years On
A scarily all-true but slightly tongue-in-cheek description of the typical working pattern in a busy MRI unit, with apologies to other better known diarists. For Emma’s earlier adventures, please see older editions of the book. Note, we as authors do not necessarily condone Emma’s behaviour or level of MR knowledge.
See also
	Let’s talk technical: MR equipment: Chapter 10

	But is it safe? Bio-effects: Chapter 20.
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Chapter 3 Seeing is Believing: Introduction to Image Contrast
3.1 Introduction
In this chapter you will learn what MR images can show, and get an introduction to the different types of contrast that can be produced. We will use a very simple classification of the body tissues, which will be good enough to describe the basic appearances:
	fluids – CerebroSpinal Fluid (CSF), synovial fluid, oedema;

	water-based tissues – muscle, brain, cartilage, kidney;

	fat-based tissues – fat, bone marrow.


Fat-based tissues have some special MR properties, which can cause artefacts. Artefacts are disturbances in the image, which can be misinterpreted as pathology or can hide the real anatomy. Fluids are different from other water-based tissues because they contain very few cells and so have quite distinct appearances on images. (Flowing fluids are rather complicated and their appearance depends on many factors including their speed; they are dealt with in detail in Chapter 15.) Pathological tissues frequently have either oedema or a proliferating blood supply, so their appearance can be due to a mixture of water-based tissues and fluids.
Various tissues have different signal intensities, or brightness, on MR images. The differences are described as the image contrast, and allow us to see the boundaries between tissues. For example, if a tumour is bright and brain tissue is a darker shade of grey, we can detect the extent of the tumour (Figure 3.1a). MRI allows us to produce a wide range of contrasts by using different imaging techniques (known as pulse sequences) and by controlling the timing of the components that make up the sequences. So it is also possible to make the tumour dark and brain tissue brighter (Figure 3.1b). Note that this is quite separate from changing the window and level: that can make the whole image darker or brighter, but the tumour will always be darker than the brain tissue. Compare this with CT images. CT contrast depends only on the attenuation of X-rays by the tissues (measured in Hounsfield units). In CT we can produce ‘soft tissue’ or ‘bony’ windows by changing the reconstruction algorithm, but bone will always be the brightest tissue and grey matter will always be darker than white matter.
Figure 3.1 (a) Coronal image of the brain showing a tumour (arrow). In this image the tumour is bright against the darker grey of the normal brain tissue. (b) The same slice with a different pulse sequence, this time showing the tumour darker than the surrounding brain.


In this chapter we will show:
	the basic labels that are used to describe images: T1, T2, proton density and so on;

	we can achieve different contrasts with the basic spin-echo and gradient-echo pulse sequences, by changing the TR and TE times and, in gradient echo, the flip angle;

	STIR and FLAIR sequences are available for suppressing fat or CSF respectively, leaving a ‘T2-weighted’ appearance in the remaining tissues;

	injected contrast agents can improve image contrast by enhancing signal intensity in tumours;

	there are two special scans, MR angiography and MR diffusion imaging, which are important in many basic exams, and they will be explained here.


Clinical Exam 1: Simple Brain
All MR exams consist of a survey followed by at least two more scans with different image contrasts. Many exams contain four or more scans; each new contrast provides different information about the anatomy and pathology, and helps to improve diagnostic confidence in the result.
A very simple brain exam might contain a T2w image and a FLAIR, with T1w images pre- and post-Gd. (Here, ‘Gd’ is shorthand for an injected contrast agent containing gadolinium, Gd. More about that later.) The T2w and FLAIR images are both sensitive to fluid collections; the FLAIR images show CSF as a black signal, which helps to distinguish peri-ventricular lesions. T1w images have better contrast between Gray Matter (GM) and White Matter (WM), which helps to show mass effect or effacement of GM/WM boundaries. The Gd contrast agent leaks into the brain tissue wherever the blood–brain barrier is impaired, and gives a bright enhancing signal on T1w images after injection. This gives further delineation between pathological tissue and oedema.
In Figure 3.3, both images are shown in the transverse plane, so you can easily see how the different contrasts affect the appearance of the normal anatomy and pathology. However, radiologists can get even more information by acquiring the images in different planes, e.g. coronal or sagittal, and mentally building a 3D overview of the patient’s condition while reading the images.


3.2 Introduction to the T-Words
All these strange acronyms beginning with ‘T’ – what language is this? Like any other field of medicine (or science), MRI has its own jargon which can be confusing at first. Table 3.1 introduces you to the main words, with a short description. We won’t explain all the detail yet, because it can be overwhelming. For now, just use these terms as labels.
Table 3.1 Overview of important MRI terms
	Term 	Description 
	T1	A property of a tissue, called spin–lattice relaxation time
	T2	A property of a tissue, called spin–spin relaxation time
	T2*	A property of a tissue in a magnetic field, called apparent spin–spin relaxation time
	PD	A property of a tissue, called proton density (closely related to water content)
	TR	A timing parameter for a scan, called repetition time
	TE	A timing parameter for a scan, called echo time
	TI	A timing parameter for a scan, called inversion time
	α	A parameter for a scan, called flip angle
	T1w	Description of image contrast, dependent mainly on T1 of tissues
	T2w	Description of image contrast, dependent mainly on T2 of tissues
	T2*w	Description of image contrast, dependent mainly on T2* of tissues
	PDw	Description of image contrast, dependent mainly on PD of tissues



3.3 T2-Weighted Images
T2-weighted (T2w) images are one of the most important MR images, because they are sensitive to fluid collections. Since many pathological tissues have high capillary density, or excess fluid accumulations, these images provide confirmation of the preliminary diagnosis and show the extent of the disease. So, for example, the meniscal tear in the knee shows up well because the synovial fluid in the tear is brighter than the cartilage (Figure 3.2). T2w contrast can be produced by either Spin-Echo (SE) or some Gradient-Echo (GE) sequences. (GE sequences actually produce T2*-weighting, not T2-weighting: the image appearance is similar, but there are important differences which we will explain later.) SE T2 images require long TR and long TE, so they have a long scan time (this is because the scan time depends directly on the TR).
Figure 3.2 T2-weighted pathology images. (a) Sagittal image of meniscal tear (arrow) and (b) axial liver scan showing haemangioma.


On T2w images tissues with long T2 relaxation times are brighter than those with short T2s. For brain and spine imaging, T2w images are usually acquired with the spin-echo pulse sequence. For liver, where a breath-hold is needed, the T2w images can be acquired using gradient echo which is faster – but remember that this is actually T2*w, not T2w (see Section 3.9 for more information).

3.4 FLAIR Images
The very high signal of CSF in brain T2w images can give problems for the radiologist to identify peri-ventricular lesions. It is possible to remove the CSF signal, known as ‘nulling the signal’, by choosing an Inversion Recovery (IR) sequence instead of spin echo, and carefully setting the inversion time (TI). This combination of IR with a certain TI to null CSF is known as FLAIR (FLuid Attenuated Inversion Recovery (Figure 3.3a,b)). Because of the long spin–lattice relaxation time T1 of CSF, there is a wide range of TIs which will give reasonably good fluid suppression, typically between 1800 and 2500 ms depending on the magnet’s field strength (Figure 3.3c). Be aware that all tissues with T1s similar to CSF will be suppressed, and FLAIR is not recommended after gadolinium injection because of the variable effects on T1s.
Figure 3.3 (a) SE T2w and (b) FLAIR images in a patient with multiple sclerosis (MS). Notice that the lesions are better seen when the CSF signal is suppressed. (c) Inversion recovery curves showing the range of null point for CSF.



3.5 T1-Weighted Images
T1-weighted (T1w) images can be produced using either SE or GE sequences. Unlike T2w images, where long T2 tissues have a bright signal, on T1w images the longest T1s have the darkest signal. Tissues with short T1s appear brighter. T1w images are usually quite fast to acquire, because they have short repetition times (TR). T1w images often have excellent contrast: static fluids, e.g. synovial fluid, are very dark, water-based tissues are mid-grey and fat-based tissues are very bright. The appearance of flowing fluids (e.g. blood) depends on the speed of flow and the sequence parameters. T1w images are often known as ‘anatomy scans’, as they show most clearly the boundaries between different tissues (Figure 3.4).
Figure 3.4 T1-weighted images of normal anatomy. (a) Oblique ‘four-chamber’ view of the heart, (b) sagittal knee, (c) axial liver.



3.6 T1w Images Post-Gd
Although MRI is extremely flexible in creating different image contrasts, just by manipulating the pulse sequence and timing parameters, there is still a role for injected contrast agents. The most commonly used contrast agents are based on gadolinium (Gd), a metallic element with a strong paramagnetic susceptibility (refer back to Section 2.4.2 for definition of different magnetic properties). When a Gd contrast agent is injected into the body, it starts in the veins and arteries but rapidly leaves the blood vessels into the extracellular fluid spaces (with a half-life of around 10 min), and is then gradually excreted via the kidneys. The total body dose has a half-life of around 90 min in subjects with normal kidneys, and can be considered completely eliminated after 24 h. It has the effect of shortening the T1 of tissues where it accumulates, so the most useful images to acquire post-Gd are T1-weighted. We normally keep exactly the same parameters for the scan pre- and post-Gd, so that comparison between the images is easier. It’s especially important to keep the same window/level on the two scans – although it can be very difficult to do this!
Since Gd reduces the T1s, the affected tissues will have higher signals on the post-Gd T1w images. For example, highly vascular tumours will become brighter and where the blood–brain barrier is disrupted gadolinium will leak into the region and enhance that area (Figure 3.5).
Figure 3.5 (a) Pre-Gd and (b) post-Gd SE T1 images of a high-grade glioma.


Technical Interlude for the Curious
We have already introduced several new concepts which deserve some extra explanation. This box will give you some basic info to help you through the next sections.
MR images are produced using a repeating series of RF and gradient pulses, known as a pulse sequence or simply sequence. All sequences have a repetition time TR, and an echo time TE, which control the sequence timing. All sequences have an excitation RF pulse which disturbs the body’s protons and creates a signal in the RF coils. The signal can be detected by forming either a spin echo (SE) or a gradient echo (GE). SE sequences have a second RF pulse for refocusing the signal echo, and this extra pulse corrects the signal for B0 inhomogeneities. GE sequences use gradient pulses to create the echo, which can be much faster than SE, but has sensitivity to B0 inhomogeneity. A useful variant of SE is the inversion recovery (IR) sequence, which starts with a 180° pulse to invert the protons’ magnetization. The delay between the inversion pulse and the excitation pulse is called the inversion time (TI). By setting TI to a particular fraction of the T1 of a tissue it is possible to null the signals from that tissue. The important fraction is 0.693 × T1.
T1 and T2 are fundamental properties of all tissues. They describe the two kinds of relaxation which allow the protons to get back to their equilibrium condition. T1 is known as spin–lattice or longitudinal relaxation time and is always longer than T2. T2 is known as spin–spin or transverse relaxation time. Through many experiments in the last 30 years, we have good knowledge of the T1 and T2 times for body tissues.

Clinical Exam 2: Spine
The spine may be examined either for neurological problems, or for MusculoSKeletal (MSK) indications. Sagittal scans are the most important because they show the whole area within one set of images. Spine exams always include T1w and T2w scans in the sagittal plane. We will then acquire a stack of T2w images in an oblique transverse plane through areas of particular interest, for example a prolapsed disk.
For neuro indications, it’s important for the transverse T2w images to show the internal anatomy of the spinal cord, and GE T2*w is usually best for this. For MSK, it’s usually more important to be able to trace the nerve roots as they exit the spinal canal, and SE T2w is often better for this.
A third type of contrast, called STIR, is often used in the sagittal plane. STIR stands for Short TI Inversion Recovery, so it is another IR sequence like FLAIR. However, in this case the TI is chosen to null fat signals, which have much shorter T1s than CSF. Using short TI, fluids with long T1s give a high signal, so the STIR appearance is approximately ‘T2w with fat suppression’.
Spine imaging in modern wide-bore scanners is very simple for patients. The receive RF coil lies underneath the patient couch, and a shaped head–neck coil offers support for the cervical spine. The majority of spine exams are performed with the patient head-first into the scanner. However it is possible to do lumbar spine exams with the patient feet-first, a configuration which can help some claustrophobic patients to feel more comfortable.


3.7 STIR Images
You will often hear people ask for STIR (Short TI Inversion Recovery) images, especially for spine and for musculoskeletal imaging (Figure 3.6). STIR images have very low signal from fat but still have high signal from fluids, i.e. they can be thought of as a ‘fat-suppressed T2w’ imaging technique. However, bear in mind that STIR images will suppress all tissues with the same T1 as fat, so they should not be used after gadolinium contrast injection when there may be T1 changes in the pathology as well as in normal tissues.
Figure 3.6 STIR image of bone marrow changes in spine.


STIR is a type of IR sequence, like FLAIR, except that we choose to null fat-containing tissues instead of CSF. The appropriate TI depends on the T1 of the tissue and should be about 70% of the T1. For example, fat has a T1 of 220 ms at 1.5 T, so if we set TI to 150 ms, the signal from fat can be suppressed. You may need to adjust the TI slightly either side of this value to achieve the best fat suppression, since TE and TR also have an impact on nulling the signal. At other field strengths TI will be different, e.g. fat T1 is approximately 380 ms at 3.0 T, so STIR sequences require a TI of around 260 ms.
There are other methods for removing or reducing the signal from fat, and STIR is not always the best choice. See Section 7.3.3 for a more detailed explanation and evaluation of the strengths and weaknesses of fat suppression techniques.
Clinical Exam 3: Knee or Shoulder
After brain and spine exams, musculoskeletal (MSK) referrals are the most common in many MR centres. Since the size and location of the main joints are very different, there are often dedicated RF receive coils for each area. However, the sequence choices are fairly similar, since we are typically looking for detailed information about the joint structures.
STIR is sometimes used in larger joints to achieve a fat-suppressed T2w appearance. Proton-density-weighted (PDw) imaging is very useful in knee and shoulder, especially when using an alternative method to suppress fat. T1w images may be used pre- and post-Gd if there is a history of surgery.
Many patients have joint replacements, and these often contain large amounts of metal. You should always carefully check the type of implant, to see if it is safe to scan. If it is safe, you may find that the large amounts of metal create strong artefacts in the images. There are new imaging sequences available on some scanners to minimize this effect: see Chapter 7 for details.
Positioning patients for MSK exams is a question of personal preference and RF receive coils available. Shoulders, hips, knees and ankles are straightforward, using a supine position. Elbows and wrists, however, are tricky in conventional 60 cm-bore systems. Often the ‘superman’ position is needed, with the patient lying semi-prone with the affected arm stretched above their head, in order to get the coil into a good position. It is difficult for many patients to hold this position, which may limit the exam time to around 20 min. In wide-bore systems these joints can be imaged with the patient lying supine with the arm by their side, often with enough space to move their body slightly off-centre and allow the elbow/wrist coil to be more central in the scanner.

Technical Details: SE Sequence
As we have seen, it is possible for SE sequences to produce images with T1w, T2w or PDw, just by changing the timing parameters. Suppose you need to change one of these parameters during an exam, for example to keep scan time low. How do you make sure the timing will still produce the required contrast? You need to learn some technical details about the SE sequence and practise using it.
In some ways the SE sequence is simple to understand: it has just two RF pulses, one for excitation and one to refocus the echo. The repetition time TR is the time between two consecutive excitation pulses, and TE is the time between excitation and the signal echo. In its simplest form, the TE is twice the time between the excitation and refocusing pulse.
We can image the brain using a fixed (long) TR, and vary the TE from 10 ms to 100 ms. The series of images is shown in Figure 3.7a. If we measure the signal of GM, WM and CSF on each of these images, we can plot the signals against TE on a graph (Figure 3.7b). Notice that the longer TEs have the maximum contrast –
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OEBPS/Styles/fixmathml.js
function fix_mathml_for_ios() {



if ((navigator.userAgent.indexOf('iPhone') != -1) || (navigator.userAgent.indexOf('iPod') != -1) || (navigator.userAgent.indexOf('iPad') != -1)) {

	// change the stylesheet (to hide alternative images for maths, leaving mathml displaying



	var oldlink = document.getElementsByTagName("link").item(0);

	

	var newlink = document.createElement("link");

        newlink.setAttribute("rel", "stylesheet");

        newlink.setAttribute("type", "text/css");

        newlink.setAttribute("href", "../Styles/cup-bits-epub3-math.css");

 

        document.getElementsByTagName("head").item(0).replaceChild(newlink, oldlink);

		

	}

	

};





window.onload = fix_mathml_for_ios;
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