














































































































































































































Laminar flow is flow that is at different but consistent velocities across 

a vessel. The flow at the centre of the lumen of the vessel is faster than 

at the vessel wal l ,  where resistance slows down the flow. However, the 

velocity difference across the vessel is constant. 

Turbulent flow is flow at different velocities that fluctuates ran­

domly. The velocity difference across the vessel changes erratical ly. 

Vortex flow is flow that is initial ly laminar but then passes through 

a stricture or stenosis in the vessel .  Flow in the centre of the l umen has 

a high velocity, but near the walls the flow spirals .  

Stagnant flow is where the velocity of flow slows to a point 

of stagnation. The signal intensity of stagnant flow depends on its T l ,  

T2 and proton density characteristics. It behaves l ike stationary tissue 

( Figure 50. 1 ) .  

• Only laminar flow can b e  compensated for. 

Time-of.flight phenomenon 
In order to produce a signal, a nucleus must receive an excitation pulse 

and a rephasing pulse. Stationary nuclei always receive both excitation 

and rephasing pulses. Flowing nuclei present in the sl ice for the ex­

citation may have exited the s l ice before rephasing. This is  cal led the 

time-of-flight phenomenon. If a nucleus receives the excitation pulse 

only and is not rephased, it does not produce a signal. If a nucleus is 

rephased but has not previously been excited, it does not produce a 

signal ( Figure 50.2). Time-of-flight effects depend on: 

• velocity of flow; 

· TE; 

• s l ice thickness. 

Flow-related enhancement increases as: 

• velocity of flow decreases; 

• TE decreases; 

• s l ice thickness i ncreases. 

High velocity signal loss increases as : 

• velocity of flow increases; 

• TE increases; 

• slice thickness decreases. 

Entry slice phenomenon ( in-flow effect) 
Entry slice phenomenon is related to the excitation history of the 

nuclei. Nuclei that receive repeated RF pulses during the acquisition 

are saturated. Nuclei that have not received these repeated RF pulses 

are 'fresh ' ,  as their magnetic moments have not been saturated by 

successive RF pulses . The signal that they produce is different to that of 

the saturated nuclei .  

Stationary nuclei within a s l ice become saturated after repeated RF 

pulses. Nuclei flowing perpendicu lar to the s lice enter the sl ice fresh, 

as they were not present during repeated excitations. They therefore 

produce a different signal to the stationary nuclei. This is cal led entry 

slice phenomenon as it is most prominent in the first sl ice of a ' stack' 

of slices. The sl ices in the miclclle of the stack exhibit less entry sl ice 

phenomenon, as flowing nuclei have received more excitation pulses by 

the time they reach these s l ices. 

Any factor that affects the rate at which a nucleus receives repeated 

excitations affects the magnitude of the phenomenon. The magnitude of 

entry s l ice phenomenon therefore depends on: 

• TR; 

• s l ice thickness; 

• velocity of flow; 

• direction of flow. 

Direction of flow 
• Co-current flow: Flow that is in the same direction as sl ice selec­

tion is cal led co-current. The flowing nuclei are more l ikely to receive 

repeated RF excitations as they move from one slice to the next. They 

therefore become saturated relatively qu ickly, and so entry sl ice 

phenomenon decreases rapidly.  

• Countercurrent flow: Flow that is in the opposite direction to s l ice 

selection is cal led countercurrent flow. Flowing nuclei stay fresh as 

when they enter a slice they are less l ikely to have received previous 

excitation pulses ( Figure 50.3). Entry slice phenomenon does not there­

fore decrease rapid ly and may sti l l  be present deep within the s l ice stack. 

l ntra-voxel dephasing 
Nuclei flowing along a gradient rapidly accelerate or decelerate 

depending on the direction of flow and gradient application. Flowing 

nuclei either gain phase (if they have been accelerated), or lose phase ( if  

they have been decelerated) ( Figure 50.4). If  a flowing nucleus is  adja­

cent to a stationary nucleus in a voxel ,  there is a phase difference 

between the two nuclei . This is because the flowing nucleus has either 

lost or gained phase relative to the stationary nucleus clue to its motion 

along the gradient. Nuclei within the same voxel are out of phase with 

each other, which results in a reduction of total signal amplitude from 

the voxel .  This is called intravoxel dephasing. 
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Figure 51.1 Presaturation volume relative to the imaging stack. 

Figu re 51.2 Flow and the imaging volume. 
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Figu re 51.3 3D TOF MRA of a 4-year-old ch i ld showing normal appearances. 



Mechanism 
Time-of-flight MRA or TOF MRA produces vascular contrast by 

manipulating longitudinal magnetization of stationary spins. It uses a 

gradient echo pulse sequence in combination with GMN to enhance 

signal in flowing vessels. The TR is kept well below the T 1 time of the 

stationary tissues so that T l  recovery is prevented. This saturates the 

stationary spins, while the inflow effect from ful ly magnetized flowing 

fresh spins produces high vascular signal . However, i f  the TR is too 

short, the flowing spins may be suppressed along with the stationary 

spins, and that has the effect of reducing vascular contrast. To evaluate 

signals from arterial flow, saturation pulses are applied in the direction 

of venous flow. For example, to evaluate the carotid arteries in the neck, 

apply saturation pulses superior to the imaging volume to saturate the 

signal from inflowing venous blood ( Figure 5 1 . 1  ) .  TOF MRA is only 

sensitive to flow that comes into the FOY. Any flow that traverses the 

FOY can be saturated along with the stationary tissue ( Figure 5 1 .2) .  

20 vs 30 time-of-flight M RA 
TOF MRA is acquired in either 2D (sl ice by sl ice) or 30 (volume) 

acquisition modes. In  general , 30 volume imaging offers high SNR and 

thin contiguous slices for good resolution. However, as TOF MRA is 

sensitive to flow coming into the FOY or the imaging volume, spins in 

vessels with slow flow can be saturated in volume imaging. For this rea­

son, 3D TOF should be used in areas of high velocity flow ( intracranial 

applications), and 2D TOF in areas of slower velocity flow (carot ids, 

peripheral vascular, and the venous systems). In 30 techniques, there is 

a higher risk of saturating signals from spins within the volume. 

Clin ical appl ications 
The carotid bifurcation, the peripheral circulation and cortical venous 

mapping can be imaged with 2D TOF MRA ( Figure 5 1 .3) .  

Typical val ues 
TR: 45 ms 

TE: minimum allowable 

Flip angle: approx. 60° 

• The TR and fl ip  angle saturate stationary nuclei but moving spins 

coming into the s l ice remain fresh, so image contrast is  maximized. 

• The short TE reduces phase mismapping. 

• Gradient moment rephasing, in conjunction with saturation pulses 

to suppress signals from areas of undesired flow, is used to enhance 

vascular contrast. 

General advantages of TOF M R A  
• Sensitive to  Tl  effects (short Tl  tissues are bright; contrast may be 

given for additional enhancement). 

• Reasonable imaging times (approximately 5 min depending on 

parameters). 

• Sensitive to slow flow. 

• Reduced sensitivity to intravoxel dephasing. 

General disadvantages of TOF M RA 
• Sensitive to T l  effects (short T l  tissues are bright so that haemor­

rhagic lesions may mimic vessels) .  

• Saturation of in-plane flow (any flow within the FOY or volume of 

tissue can be saturated along with background tissue). 

• Enhancement is  l imited to either flow entering the FOY or very high 

velocity flow ( Tables 5 1 . 1  and 5 1 .2). 

Table 51 .1 Comparison of advantages and disadvantages of 2D and 
3D time-of-flight MRA 

Advantages of 2D TOF MRA 

Large area of coverage 
Sensitive to slow flow 
Sensitive to Tl effects 

Advantages of 3D TOF MRA 

Disadvantages of 2D TOF MRA 

Lower resolution 
Saturation of in-plane flow 
Venetian blind artefact 

Disadvantages of 3D TOF MRA 

High resolution for small vessels 
Sensitive to Tl effects 

Saturation of in-plane flow 
SmaJ l area of coverage 

Table 51 .2 Overcoming disadvantages of time-of-flight MRA 

Susceptibil ity artefacts 

Poor background 
suppression 

Venetian blind artefacts 

Limited coverage (30) 

Suppression of in-plane 
signal 

Pulsation artefacts 

Use short TEs and small voxel volumes 

Use TEs that acquire data when fat and 
water are out of phase 
Implement magnetization transfer 
techniques 

Use breath-hold techniques 

Acquire images in another plane 
Use MOTSA (multiple overlapping 
thin-section angiography) 

Use ramped RF pulses 

Administer contrast media 

Time acquisition to the cardiac cycle 
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Figure 52.1 Bipolar gradients in phase contrast MRA. 
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Figure 52.2 Flow encoding axes in phase contrast MRA. 

Figu re 52.3 VENC settings. 

Figure 52.4 PC venogram of the brain. 
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Mechanism 
Phase contrast MRA uti lizes velocity changes, and hence phase shifts in 

moving spins, to provide image contrast in flowing vessels.  Phase shifts 

are generated in the pulse sequence by phase encoding the velocity of 

flow with the use of a bipolar (two lobes - one negative, one positive) 

gradient. Phase shift i s  introduced selectively for moving spins with the 

use of gradients. This technique is  known as phase contrast magnetic 

resonance angiography or PC MRA. PC MRA is sensitive to flow 

with.in, as wel l  as that coming into, the FOY. 

• Immediately after the RF excitation pu lse spins are in phase. A gradi­

ent is applied to both stationary and flowing spins. Although phase 

shifts occur in both stationary and flowing spins, these shifts occur at 

different rates. 
• During initial application of the first bipolar gradient, there is a shift 

of phases of stationary spins and flowing spins. 

• After the second part of the application of the first bipolar gradient, 

the stationary spins return to their initial phase, but those of moving 

spins acquire some phase ( Figure 52. 1 ) . 

• The bipolar gradient i s  then applied with opposite polarity so that the 

same variants occur, but in the opposite direction. 

• PC MRA then subtracts the two acquisitions so that the signals from 

stationary spins are subtracted out, leaving only the signals from flowing 

spins. The combination of PC MRA acquisitions results in what are 

known as magnitude and phase images. 

• The unsubtracted combinations of flow sensitized image data are 

known as magnitude images. 

• The subtracted combinations are called phase images. 

The bipolar gradients induce phase shifts along their axes. By apply­

ing bipolar gradients in all three axes the sequence is sensitized to flow 

in all three directions X, Y and Z. These are known as flow encoding 

axes ( Figure 52.2). The sequence is also sensitized to flow velocity 

using a velocity encoding technique or VENC that compensates for 

projected flow velocity within vessel s  by control l ing the amplitude or 

strength of the bipolar gradient. If the VENC selected is lower than the 

velocity within the vessel, al iasing can occur. This results in low signal 

intensity in the centre of the vessel, but better delineation of vessel wall 

itself. With high VENC settings, intraluminal signal is improved, but 

vessel wall delineation i s  compromised ( Figure 52.3) .  

2D vs 3D phase contrast M RA ( Table 52. l )  

2D techniques provide acceptable imaging times and flow direction 

information. 2D acquisitions, however, cannot be reformatted and 

viewed in other imaging planes. 3D offers S NR and spatial resolution 

superior to 2D imaging strategies, and the abi l i ty to reformat in a 

number of imaging planes retrospectively .  The trade-off, however, is  

that in 3D PC MRA, imaging t ime increases with the TR, NSA, the 

number of phase encoding steps, the number of s l ices and the number of 

flow encoding axes selected. For this reason, scan times are sometimes 

long. 

C l i n ical uses 
Phase contrast MRA can be used effectively in the evaluation of arterio­

venous malformations, aneurysms, venous occ lusions, congenital 

abnormalities and traumatic intracranial vascular injuries ( Figure 52.4). 

Typical values 
3D volume acquisitions 

• Slices: 28 s l ices volume, I mm sl ice thickness 

• Flip angle: 20° (60-sl ice volume flip angle reduced to 1 5°) 

• TR: :o;25 ms 

• VENC: 40-60 emfs 

• Flow encoding: in a l l  d irections 

2D techniques acquisitions 

Cranial 

• TR: 1 8 -20 ms 

• Flip angle: 20° 

• Slices: thickness 20-60 mm 

• VENC: 20-30 emfs for venous flow 

40-60 cm fs for higher velocity with some aliasing 

60-80 cm fs to determine velocity and flow direction 

Carotid 

• Flip angle: 20-30° 

• TR: 20 ms 

• VENC: 40-60 cm fs for better morphology with aliasing 

60-80 emfs for quantitative velocity and directional infomiation 

Table 52.1 Advantages and d isadvantages of phase contrast MRA 

Advantages 

Sensitivity to a variety of vascular 
velocities 

Sensitivity to flow within the FOY 

Reduced intra-voxel dephasing 

Increased background suppression 

Magnitude and phase images 

Disadvantages 

Long imaging times 
with 3D 

More sensitive to turbulence 
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Fig u re 53.1 Coronal C E  MRA of the carotid a n d  vertebral a rteries. 

Figure 53.3 Coronal CE M RA of the abdominal vessels. 
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Figure 53.2 Coronal CE MRA of-:;he chest. 

Figure 53.4 Coronal CE MRA of the iliac arteries showing an arteriovenous 
malformation. 



Mechanism 
Gadolinium is a T l  shortening agent that enhances blood if  given in 

sufficient quantities into the bloodstream. If used in conjunction with a 

T l  weighted sequence, blood appears bright and is well seen in contrast 

to surrounding non-enhancing tissues (see Chapter 54) (Table 53 . 1 ,  

Figures 53 . 1 ,  53 .2, 53 .3  and 53 .4) . A conventional or fast incoherent 

gradient echo sequence should is used to keep scan times short. 

Admin istration 
Administration is  intravenous, usually via the  antecubital fossa by hand 

or mechanical injection. 

Doses must be sufficiently h igh to give adequate visualization of 

vessels; 40-60 ml (about 0.3 mmol/kg) of gadolinium is required. 

Image tim i ng 
To obtain an arterial-phase image in which arteries are bright and veins 

are dark, i t  is essential that the central K-space data ( i .e. the low spatial 

frequency data) are acquired whi le gadolinium concentration in the 

arteries is  high but relatively lower in the veins (see Chapter 39). 

The time i s  it takes contrast to travel from the antecubital fossa to the 

area of interest depends on: 

• distance of the area from the injection site; 

• type of vessel (e.g. artery or vein); 

• velocity of flow; 

• speed of injection; 

• length of the acquis ition. 

For long acquisitions, lasting more than 1 00 s ,  use sequential 

ordering of K space, so that the centre of K space is collected first 

(centric K space filling) (see Chapter 39) .  Sequential ordering results 

in fewer artefacts. Begin injecting the gadolinium just after initiating 

imaging. Finish the injection just after the midpoint of the acquisition, 

being careful to maintain the maximum injection rate for the approxi­

mately L 0-30 s prior to the middle of the acquisition. This wi l l  ensure 

a maximum arterial gadol inium during the middle of the acquisition 

when central K-space data are col lected. 

For short acquisitions, less than 45 s contrast agent bolus timing 

is more critical and challenging. There are several approaches to deter­

mining the optimal bolus timing for these fast scans. For a typical 

breath-hold scan duration of 35-45 s in a reasonably healthy patient 

with an intravenous site in the antecubital vein, a delay of approxi­

mately 1 0 - 1 2  s is appropriate. Therefore, begin the injection, and then 

l 0 s later start imaging whjle the patient suspends breathing. 

More reliable and precise techniques are also available. These include: 
• using a test bolus to precisely measure the contrast travel time; 

• using an automatic pulse sequence that monitors signal in the aorta 

and then initiates imaging after contrast is detected arriving in the aorta; 
• imaging so rapidly that bolus timing is unimportant. 

Table 53.1 Advantages and disadvantages of contrast enhanced MRA 

Advantages 

Easier to visualize vessels -
fewer false positives 

No extra sequences needed 

With practice examination 

complete in 1 5-30 mins 

Disadvantages 

Timing is sometimes difficult 

Invasive - risk of reaction 

Extra equipment such as power injectors 

and moving tables may be required 
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Fig u re 54.1 Tumbling of water molecules. 
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Fig ure 54.2 Axial a rthrogram of the hip using gadolinium. 

Fig ure 54.3 Bi liary system before (left) and after (right) 
ora l iron oxide agent. 

Figure 54.4 Lungs after inha lation of hyper-polarized helium. 



Mechanism 
in order to increase contrast between pathology and normal tissue, 

enhancement agents may be introduced that selectively affect the T I  

and T2 relaxation times i n  tissues. Both T I  recovery and T2 decay are 

influenced by the magnetic field experienced locally within the nucleus. 

The local magnetic field respons ible for these processes is  caused by: 
• the main magnet ic field; 

• fluctuations caused by the magnetic moments of nuclear spins in 

neighbouring molecules. 

These molecu les rotate or tumble, and the rate of rotation of the 

molecules is a characteristic property of the solution. It is dependent on: 

• magnetic field strength; 

viscosity of the solution; 

• temperature of the solution. 

Molecules that tumble with a frequency at or near the Larmor fre­

quency have more efficient T l  recovery times than other molecules 

( Figure 54. l ) .  

Dipole-dipole interactions 
The phenomenon by which excited protons are affected by nearby 

excited protons and electrons is called dipole-dipole interaction. If a 

tumbling molecule with a large magnetic moment such as gadol inium 

is placed in the presence of water protons, local magnetic field fluctu­

ations occur near the Larmor frequency. T l  relaxation times of nearby 

protons are therefore reduced and so they appear bright on a T I  weighted 

image. This effect on a substance whereby relaxation rates are altered 

is known as relaxivity. 

Gadolinium 
Gadolinium (Gd) is  a paramagnetic agent. It is a trivalent lanthanide 

element that has seven unpaired electrons and an abil ity to al low rapid 

exchange of bulk water to minimize the space between itself and water 

within the body. It has a large magnetic moment and, when it is placed 

in the presence of tumbling water protons, fluctuations in the local 

magnetic field are created near the Lannor frequency. The T l  relaxa­

tion times of nearby water protons are therefore reduced, result ing in 

an increased signal intensity on T l  weighted images. For this reason, 

gadol inium is known as a Tl enhancement agent. 

Chelation 
Gadol inium is a rare earth metal that cannot be excreted by the body 

and would cause long-term side effects as it binds to membranes. By 

binding the gadolinium ion to  a chelate such as  diethylene triamine­

pentaacetic acid (DTPA) (a l igand), the chelate compound Gd-DTPA 

is formed which can be safely excreted. Other chelate compounds 

include: 

• Gd-HP-D03A in which the charges have been balanced to produce a 

non-ionic contrast agent; 

• Gd-DTPA-B MA (gadodiamide), a non-ionic l inear molecule; 

• Gd-DOT A, an ionic macrocyclic molecule. 

Side effects 
• A sl ight transitory increase in bil irubin and blood iron. 

• Mild transitory headaches. 

• Nausea. 
• Vomiting. 

• Hypotension . 

• Gastrointestinal upset. 

• Rash. 

Contra-indications 

• Haematological disorders such as haemolytic anaemia. 
• Sickle cell anaemia. 

• Pregnancy. 

Adm i n istration 

The effective dosage of Gd-DTPA is O. l mi l l imoles per ki logram 

of body weight (mmol/kg) (approx. 0.2 ml/kg or 0. 1 ml/ lb.), with a 

maximum dose of 20 ml .  Gd-HP-D03A has been approved for up to 

0.3 mmol/kg or three times the dose of Gd-DTP A.  

C l i n ical appl ications 

Gadolinium has proven invaluable in imaging the central nervous 

system because of its abil ity to pass through breakdowns in the blood­

brain barrier ( B BB) .  Cl inical indications for gadolinium include: 

• tumours; 

• infection; 

• arthrography ( Figure 54.2); 

• post-operation lumbar disc; 
• breast disease; 

• vessel patency and morphology (see Chapter 53) .  

Iron oxide 
Iron oxides shorten relaxation times of nearby hydrogen atoms and 

therefore reduce the signal intensity in nomial tissues. This results in a 

signal loss on proton density weighted or heavi ly T2 weighted images. 

Superparamagnetic iron oxides are known as T2 enhancement agents. 

Iron oxide is  taken up by the reticuloendothelial system and excreted by 

the l iver so that normal l iver is dark and l iver lesions are bright on T2 

weighted images. 

Side effects 
• Mild to severe back, leg and groin pain. 

• Nausea, vomiting and diarrhoea. 

• Anaphylactic-like reactions. 

Contraindications 
Iron oxide i s  contraindicated in patients with known al lergies or 

hypersensitivity to iron, parenteral dextran, parenteral iron-dextran or 

parenteral iron polysaccharide preparations. 

Adm i nistration 

The recommended dose of iron oxide is 0.56 mg of iron per kg of body 

weight. This should be di luted in J OO ml of 50% dextrose and given 

intravenously over 30 min.  The d i luted drug is administered through a 

5-micron fi l ter at a rate of 2-4 mmol/min. This agent should be used 

within 8 hours fol lowing d i lution. 

Cli nical applications 
Iron oxide i s  mainly used in l iver and bi l iary imaging ( Figure 54.3). 

Other contrast agents 
Gastrointestinal contrast agents are sometimes used for bowel enhance­

ment. Theses include barium, ferromagnetic agents and fatty substances. 

However, due to constant peristalsis, these agents enhance bowel motion 

artefacts more often than enhancing pathological lesions. The use 

of antispasmodic agents helps to retard peristalsis to decrease these 

artefacts. Other agents include helium that is  inhaled and assists in 

the evaluation of lung perfusion ( Figure 54.4). 
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Figure 55.1 A permanent magnet. 

Figure 55.2 A simple electromagnet. 

Figure 55.3 A superconducting system. 
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Permanent magnets 
Permanent magnets consist of ferromagnetic substances which have 

magnetic susceptibil ity greater than 1 .  They are easily magnetized and 

retain this magnetization ( Figure 55. l ) .  Examples of substances used 

are iron, cobal t, and nickel. The most common material used is an alloy 

of aluminium, nickel and cobalt, known as alnico. 

Advantages 

• Open design : chi ldren, obese and claustrophobic patients scanned 

with ease. Interventional and dynamic procedures possible. 

• They require no power supply, and operating costs are therefore low. 

• The magnetic field created by a permanent magnet has l ines of flux 

running vertical ly,  keeping the magnetic field virtually confined within 

the boundaries of the scan room. 

Disadvantages 
• Excessive weight, only low fixed fie ld-strengths (0.2-0.3 T) can be 

achieved. 

• Longer scan times due to lower field strengths. 

Electromagnets 
Electromagnets uti lize the laws of electromagnetic induction by pass­

ing an electrical current through a series of wires to produce a magnetic 

field (see Chapter 1 ). This physical phenomenon is  util ized to produce 

RF coi ls  and the static magnetic field. 

Resistive magnets 

The magnetic field strength in a resistive magnet is dependent on the 

current which passes through its coils of wire. The direction of the main 

magnetic field in a resistive magnet fol lows the right-hand thumb rule 

and produces l ines of flux running horizontally from the head to the foot 

of the magnet (see Chapter 1 )  ( Figure 55.2) .  

Advantages 

• Lighter in weight than the permanent magnet. 

• Capital costs are low. 

Disad van tag es 

• The operational costs of the resistive magnet are quite high due to the 

large quantities of power required to maintain the magnetic field. 

• The maximum field strength in an system of this type is less than 0.3 T 

due to its excessive power requirements. Therefore scan times are longer. 

• The resistive system is relatively safe as the field can be turned off 

instantaneously. However, this type of magnet does create significant 

stray fringe magnetic fields. 

Superconducting electromagnets 
The resistance of the coil s  of wire is dependent on the material of 

which the loops of wire are made, the length of the wire in the loop, the 

cross-sectional area of the wire, and temperature. The latter can be con­

trolled so that resistance is minimized. 

As resistance decreases, the current dissipation also decreases. 

Therefore if the resistance is reduced, the energy required to maintain 

the magnetic field is  decreased. As temperature decreases, resistance 
also decreases. As absolute zero of temperature (-273°C or 4°K) is  

approached resistance is  virtually absent, so that a high magnetic 

field can be maintained with no input power or driving voltage required. 

This is the basis of the function of the supercooled, superconduct­

ing magnet. The direction of the main magnetic field runs horizont­

al ly l ike that of the resistive system, from the head to the feet of the 

magnet. 

Initially, current is passed through the loops of wire to create the 

magnetic field or bring the field up to strength (ramping). Then the 

wires are supercooled with substances known as cryogens (usually 

l iquid helium [ He] or l iquid nitrogen [NJ) ,  to el iminate resistance. 

S ince He and N are stable, they can be placed into a vacuum so that they 

do not rapidly boi l  off or return to their  gaseous state. This is called 

a cryogen bath that actual ly surrounds the coil s  of wire and is housed 

in the system between insulated vacuums ( Figure 55 .3) .  

Advantages 

• High magnetic field strengths with low power requirements (after the 

magnetic field has been ramped up) (0.5 - 1 2  T) .  

• Low operating cost. With resistance virtually el iminated, there i s  no 

longer a mechanism to dissipate current, therefore no additional power 

input is required to maintain the high magnetic field strength. 

• Advanced applications and optimum image quality. 

Disadvantages 

• High capital cost. 

• Fringe fields are significant so shielding is  necessary. 

• Tunnel design renders it unsuitable for large or claustrophobic pati­

ents. l nterventional and dynamic studies are also difficult. 

Shim coils 
Due to design l imitations it is  almost impossible to create an electro­

magnet with coils of wire that are spaced evenly (equidistant from one 

end of the solenoid to the other). As the strength of the field is  dependent 

on the distance between the loops, unevenly spaced loops create sags 

or inhomogeneities in the main magnetic field. These are measured in 

parts per mi ll ion ( ppm). 

To correct for these inhomogeneities, another loop of current­

carrying wire is placed in the area of the inhomogeneity. This, in effect, 

compensates for the sag in the main magnetic field and thus creates 

magnetic field homogeneity or evenness. This process is called shim­

ming and the extra loop of wire is  cal led a shim coi l .  For imaging pur­

poses, homogeneity on the order of 1 0  ppm is required. Spectroscopic 

procedures require a more homogeneous environment of 1 ppm. 
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Fig u re 56.1 A three-terminal electromagnet 
used in gradient coils. 

Fig u re 56.2 Gradient amplitude ard rise time. 



Gradient coils provide a linear gradation or slope of the magnetic field 

strength from one end of the magnet to the other. This is achieved by 

passing current through the gradient coils (see Chapter 27). 

• The direction of the current through the coil dete1mines whether the 

magnetic field strength is increased or decreased relative to isocentre, 

i.e. its polarity. 

• The polarity of the current flowing through the coil determines which 

end of the gradient i s  higher than isocentre ( positive) and which end is 

lower (negative) ( Figure 56. 1 ) . 

Gradient coils  are powered by gradient amplifiers. There are two 

gradient amplifiers for each gradient, one affixed to the high end of 

the gradient, the other to the low. Faults in the gradients or gradient 

amplifiers can result in geometric distortions in the MR image. 

By varying the magnetic field strength, gradients provide position­

dependent variation of signal frequency and are therefore used for: 

• slice selection; 

• frequency encoding; 

• phase encoding; 

• rewinding; 

• spoiling. 

To apply a gradient, current is passed through a gradient coi l .  The 

change in field strength gradually increases to maximum dependent 

on the magnitude of the current. The gradient remains at maximum for 

a specific period of time and is then switched off. The change in field 

strength gradually decreases until there is no change, i .e. the magnetic 

field strength along the bore is equal to the main field strength of the 

magnet. 

The maximum amplitude of a gradient is the maximum change of 

field strength per metre along the bore of the magnet that is achievable. 

This factor determines the maximum resolution possible because: 

• Steep s l ice select gradients are required for thin s l ices. 

• Steep phase-encoding gradients are required for fine phase matrices. 

• Steep frequency-encoding gradients are required for smal l fields 

of view. 

• The rise time of a gradient is the time required to achieve the maxi­

mum amplitude. 

• The slew rate is a function of rise time and amplitude. These factors 

determine the shortest scan times achievable. 

• The duty cycle i s  the percentage of time the gradient i s  at maximum 

amplitude ( Figure 56.2). 
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e Radiofrequency coils 

Figure 57.1 Spinal phased array coil. 

F igure 57.2 Parallel imaging coils. 
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RF coils consist of loops of wire which, when a current is passed 

through them, produce a magnetic field at 90° to B0. 

Transmit coils 
Energy is transmitted at the resonant frequency of hydrogen in the 

form of a short intense burst of radiofrequency known as a radio­

frequency pulse. 

The main coils that transmit RF in most systems are: 

a body coil usually located within the bore of the magnet; 

• a head coi l .  

The body coil is  the main RF transmitter and transmits R F  for most 

examinations excluding head imaging (when the head coil is  used). 

The body and head coil are also capable of receiving RF, i .e. acting as 

receiver coils. 

Receiver coils 
RF coi ls  placed in the transverse plane generate a voltage when a 

moving magnetic field cuts across the loops of wire. This voltage is the 

MR signal that is sampled to form an image. In order to induce an MR 

signal , the transverse magnetization must occur perpendicular to the 

receiver coi ls .  

RF coil types 
The configuration of the RF transmitter and receiver coi ls directly 

affects the qual i ty of the MR signal. There are several types of coil cur­

rently used in MR imaging. 

Transmit/Receive coils 
A coil both transmits RF and receives the MR signal and is  often called 

a transceiver. It encompasses the entire anatomy and can be used for 

either head or total body imaging. Head and body coils of a type known 

as the birdcage configuration are used to image relatively large areas 

and yield unifom1 SNR over the entire imaging volume. However, even 

though the volume coils are responsible for uniform excitation over a 

large area, because of their large size they general ly produce images 

with lower SNR than other types of coil .  The signal quality produced by 

these coils has been significantly increased by a process known as 

quadrature excitation and detection. 

Surface coils 
Coils of this type are used to improve the SNR when imaging structures 

near the surface of the patient. Generally, the nearer the coil is s ituated 

to the structure under examination, the greater the SNR. This is because 

the coil is  closer to the signal-emitting anatomy, and only noise in the 

vicinity of the coil is received rather than the entire body. 

Surface coils are usual ly small and especial ly shaped so that they 

can be easily placed near the anatomy to be imaged with l i ttle or no 

discomfort to the patient. However, signal (and noise) is  received only 

from the sensitive volume of the coi l  which corresponds to the area 

located around the coi l .  The size of this area extends to the circum­

ference of the coil and at a depth into the patient equal to the radius of 

the coi l .  There is  therefore a fall-off of signal as the distance from the 

coil is  increased in any direction. 

Intracavity coils (such as rectal coils) or local coils can be used to 

receive signal deep within the patient. As the SNR is enhanced when 

using local coils, greater spatial resolution of small structures can often 

be achieved. When using local coils, the body coil  is used to transmit RF 

and the local coil is used to receive the MR signal. 

Phased array coils 
These consist of mult iple coils and receivers whose individual signals 

are combined to create one image with improved SNR and increased 

coverage. Therefore the advantages of smal 1 surface coils ( increased SNR 

and resolution) are combined with a large FOY for increased anatomy 

coverage. Usual l y  up to four coi l s  and receivers are grouped together 

to either increase longitudinal coverage or to improve uniformity 

across a whole volume. During data acquisition, each individual coil 

receives signal from its own small usable FOY. The signal output from 

each coil is separately received and processed but then combined to 

form one single, larger FOY. As each coil has its own receiver, the 

amount ofnoise received is l imi ted to its small FOY, and all the data are 

acquired in a single sequence rather than in four individual sequences 

( Figure 57. 1 ). 

Parallel imaging coils 
Parallel imaging technology has been discussed previously (see 

Chapter 39). This technique uses multiple coils (also known as chan­

nels) placed around the imaging volume ( Figure 57.2) .  During each 

acquisition each coil sends data to its own unique K-space l ine so that K 

space is fi l led more rapidly. For example, if four coi ls  or channels are 

used, K space may be fi l led four l ines at a time. This technique can be 

used with any sequence. 

Large coil 

Large area of unifonn signal reception. 

Increased l ikel ihood of al ias ing with small FOY. 

Positioning of patient not too critical. 

• Lower SNR and resolution. 

Small coil 

• Small area of signal reception. 

• Less l ikely to produce al iasing artefact. 

• Positioning of coil critical. 

• H igh SNR and resolution. 

Radiofrequency coils Chapter 57 1 1 3 



e Other hardware 

shim coil 

main magnet 

active shield ing 

quench pipe 

patient 
transport 

system --������ 
(table) 

Figure 58.1 MR instrumentation. 
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The pulse control unit 
The pulse control unit i s  responsible for synchronizing the application 

of the gradients and RF pulses in a pulse sequence. 

• Gradient coils  are switched on and off very rapidly and at precise 

times during the pulse sequence. 
• Gradient amplifiers supply the power to the gradient coils and a pulse 

control unit coordinates the functions of the gradient amplifiers and the 

coils so that they can be switched on and off at the appropriate times. 

• RF at the resonant frequency is transmitted by the RF transceiver, 

passes through frequency synthesizers to the RF amplifier and then 

through an RF monitor which ensures that safe levels of RF are 

delivered to the patient. 

• The received RF signal from the coil is fi ltered, amplified and digit­

ized and then passes to the array processor for fast Fourier transform 

( FFT). This data is then transmitted to the image processor so that each 

pixel can be al located a grey scale colour in the image ( Figure 58 . 1 ). 

The operator interface 
MRI computer systems vary with manufacturer. Most consist of: 

• a minicomputer with expansion capabilities; 

• an array processor for Fourier transformation; 

• an image processor that takes data from the array processor to form 

an image; 

• hard disc drives for storage of raw data and pulse sequence parameters; 

• a power distribution mechanism to distribute and filter the alternating 

current. 

Data storage 
For permanent storage of MR image data, data may be archived to an 

optical disc. Images are stored for viewing by a radiologist and so that 

cases can be retrieved for further manipulation and imaging in the 

future. They may also be used for comparison when repeat examina­

tions are perforn1ed on the same patient. 
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Static magnetic field bioeffects 
Current guidel ines recommend a maximum l imit of 8 T for cl inical 

imaging rising to 1 2  T for research purposes and spectroscopy. Most 

cl inical units operate below 3 T. 

The following points are fundamentally important with regard to the 

potential ly harmful effects of the static magnetic field:  

• The static field is  always present (24 hours a day, 365 days a year to 

infinity). It is  switched on even when the system is out of use ( Figure 59. 1 ). 

• The fringe field may extend several meters beyond the examination 

room and therefore any harmful effects or risks may come into play at 

some distance from the scanner ( Figure 59.2). 

There is no conclusive evidence for irreversible or harmful bioeffects 

in humans below 2.5 T. Reversible abnormal ities may include: 

• an increase in the amplitude of the T-wave can be noted on an ECG 

due to the magnetic hydrodynamic effect (also known as the magnetic 

haemodynamic effect); 

• heating of patients; 

• fatigue; 
• headaches; 

• hypotension; 

• irritabil ity. 

Time-varying field bioeffects 
Gradients create a time-varying magnetic field. This changing field 

occurs during the scanning sequence. It is not present at other times and 

therefore exposure is  restricted to patients and to relatives who may be 

present in the scan room during the examination. 

The health consequences are not related to the strength of the gradi­

ent field, but to changes in the magnetic field that cause induced currents. 

Nerves, blood vessels and muscles, which act as conductors in the body, 

may be affected. The induced current is greater in peripheral tissues since 

the amplitude of the gradient is  higher away from magnetic isocentre. 

Time-varying bioeffects from gradient coils include: 

• light flashes in the eyes; 

• alterations in the biochemistry of cel ls  and fracture union; 

• mild cutaneous sensations; 

• involuntary muscle contractions; 

• cardiac arrhythmias. 

RF transmit coils also produce time-varying fields. The predominant 

biological effect of RF irradiation absorption is  the potential heating 

of tissue. As an excitation pulse is appl ied, some nuclei absorb the RF 

energy and enter the high-energy state. As they relax, nuclei give off 

this absorbed energy to the su1Tounding lattice. As excitation frequency 

is  increased, absorbed energy is also increased, therefore heating of 

tissue is  largely frequency dependent. 

Energy dissipation can be described in terms of specific absorption 

rate or SAR. SAR is expressed in watts per k i logram ( W/kg), a quan­

tity that depends on: 

• induced electric field; 

• pulse duty cycle; 

• tissue density; 

conductivity; 

• die size of the patient. 
SAR is used to calculate an expected increase in body temperature, 

during an average examination. In the UK, it is  recommended that this 

should not exceed I °C during the examination. 

Studies show that patient exposure up to three times the recom­

mended levels produces no serious adverse effects, despite elevations 

in skin and body temperatures. As body temperature increases, blood 

pressure and heart rate also increase s l ightly. Even though these effects 

seem insignificant, patients with compromised thermoregulatory sys­

tems may not be candidates for MR. 

Radio frequency fields can be responsible for significant burn 

hazards due to electrical currents that are produced in conductive loops. 

Equipment used in MRI, such as ECG leads and suiface coils, should 

therefore be used with extreme caution. When using a surface coil ,  the 

operator must be careful to prevent any electrically conductive material 

(e.g. cable of surface coil) from forming a 'conductive loop' with itself 

or with the patient. 
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Fig u re 60.1 The pulling power of a pair of 
scissors in a 1.5 T system. 

Fig u re 60.2 Patient with an intra�rania l 
vascular clip using spin echo ( left) and gradient 
echo MRI (right). Magnetic susceptibi l ity 
artefact is clearly seen on the gradient echo 
image. 



The project i le effect of a metal object exposed to the field can seriously 

compromise the safety of anyone sited between the object and the 

magnet system. The potential harm cannot be overemphasized. 

Even small objects such as papercl ips and hairpins have a terminal 

velocity of 40 mph when pulled into a 1 .5 T magnet, and therefore pose 

a serious risk to the patient and anyone else present in the scan room. 

Larger objects such as scissors travel at much higher velocities and may 

be fatal to any person in its path ( Figure 60. 1 ) . 

Many types of c l inical equipment are ferromagnetic and should 

never be brought into the scan room. These include: 

• surgical tools; 

• scissors; 

• clamps; 

• oxygen tanks. 

Metallic implants and prostheses 
Metallic implants and prostheses produce serious effects which in­

clude torque or twisting in the field, heating effects and artefacts on 

MR images. The type of metal used in such implants is one factor that 

determines the force exerted on them in magnetic fields. While non­

ferrous metall ic implants may show little or no deflection to the field, 

they could cause significant heating due to their inabil i ty to dissipate the 

heat caused by radiofrequency absorption. 

lntracranial  aneurysm cl ips 
Clip motion may damage the vessel ,  resulting in haemorrhage, 

ischaemia or death. Currently, many intracranial c lips are made of a 

non-ferromagnetic substance such as t i tanium. However, recent studies 

have indicated drnt even these may deflect in a magnetic field. I t  is 

therefore recommended that imaging of patients with aneurysm cl ips is 

delayed, until the type of cl ip is emphatically identified as non-ferrous 

and non-deflectable. lntracranial cl ips also cause severe magnetic sus­

ceptibi lity artefact, especial ly in gradient echo sequences ( Figure 60.2). 

Cardiac pacemakers 
Even field strengths as low as J O  gauss may be sufficient to cause 

deflection, programming changes, and c losure of the reed switch that 

converts a pacemaker to asynchronous mode. In addition, patients who 

have had their pacemaker removed may have pacer wires left within the 

body that could act as an antenna and ( by induced currents) cause 

cardiac fibrillation. 

Prosthetic heart valves 
Prosthetic heart valves are considerably deflected by the static magnetic 

field. The deflection, however, is minimal compared to normal pulsatile 

cardiac motion. Therefore, although patients with most valvular im­

plants are considered safe for MR, as there are valves whose integrity is 

compromised, careful screening for valve type is advised. 

Coch lear implants 

Cochlear implants are attracted to the magnetic field and are magnetic­

ally or electronically activated. 

l ntraocu lar ferrous foreign bodies 
It is not uncommon for patients who have worked with sheet metal 

to have metal fragments or s l ivers located in and around the eye. Since 

the magnetic field exerts a force on ferromagnetic objects, a metal 

fragment in the eye could move or be displaced and cause injury to the 

eye or surrounding tissue. Therefore al l  patients with a suspected eye 

injury must be X-rayed before the MR examination. 

Orthopaedic implants 
Most orthopaedic implants show no deflection within the main mag­

netic field. A large metal l ic implant such as a h ip  prosthesis can become 

heated by currents induced in the metal by the magnetic and radio­

frequency fields. It appears, however, that such heating is relatively 

low. The majority of orthopaedic implants have been imaged with MR 

without incident. 

Abdom inal  surgical c l ips 
Abdominal surgical c l ips are generally safe for MR because they 

become anchored by fibrous tissue, but produce artefacts in proportion 

to their size and can distort the image. 
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CD Screening and safety procedures 

Due to the hazards particularly associated with projectiles, a l l  persons 

entering the controlled area must satisfy a safety screening procedure. 

In addition, it is advised that all nursing, housekeeping, fire department, 

emergency and MR personnel are educated about the potential risks and 

hazards of the static magnetic field. S igns should be attached at all 

entrances to the magnetic field (including the fringe field), to deter entry 

into the scan room with ferromagnetic objects. 

Screening procedure 
Two distinct safety zones may be identified around the MR system. 

The exclusion zone 
The exclusion zone is defined by the boundary of the 5 gauss l ine. 

A warning sign should be posted at al l  points of access to the exclusion 

zone. Entrance must be restricted to those people who have passed the 

screening procedure. In modern scanners the 5 G l ine is usually within 

the exclusion zone. 

The security zone 
The security zone is an area, usually the magnet room itself, where the 

potential to cause projectile injuries exists due to the attraction of loose 

objects into the magnet. 

Security zone precautions 

• Have only one point of access, marked by a warning sign. People 

entering the scan room must be screened for any loose ferromagnetic 

objects prior to entry. 

The scan room door should be kept closed at all times when not in use. 

• Patients must not be left unattended within the magnet room. 

Several measures must be taken
-
to ensure that no person approaches 

the magnetic field that could pose a risk to ei ther themselves or patients. 

• There must be at least two physical barriers between the 5 G l ine and 

general public access. Lockable or magnetically switched doors and 

gates are preferable. Every barrier must clearly display a sign warning 

of the presence of a strong magnetic field, with a l ist of devices that 

must not enter beyond this point (e.g. pacemakers). These barriers and 

signs must be displayed 24 hours a day. 

• There must be thorough screening of every person who is to enter the 

field, including radiographers, doctors, patients, relatives, cleaners and 

porters. There are no exceptions. 

All centres should have a proper screening policy that includes 

checking for: 

pacemakers; 

• intra.ocular foreign bodies; 

metal devices or prostheses; 
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• cochlear implants; 

• possibility of early pregnancy . 

Most facil i ties provide a creening forn1 that patients, relatives and 

other persons fi l l  in before entering the magnetic field.  This ensures that 

important questions have been addressed, and provides a record that 

screening has taken place. This may be critical if  an accident subse­

quently occurs. 

Items such as watches, credit cards, money, pens and an) other loose 

items must be removed before entering the magnetic field. Unremov­

able items such as splints must be thorough ly checked for safety with a 

hand-held bar magnet before entering the MR scan room. 

Staff safety 
Permanent personnel such as radiographers, radiologists and clerical 

staff need only complete a safety questionnaire at their fir t visit to the 

unit. Other staff such as vis iting doctors or nurses accompanying 

patients must complete a safety form and remove all loose i terns at each 

visit if they are entering the magnetic field . 

Exposure to gradient and radiofrequency fields only occurs during 

the scan sequence and therefore staff are not usually subjected to it. 

However there are occasions when staff are required to be present in the 

room during the sequence. 

While a patient is only exposed to these fields for the short duration 

of the examination, staff under these circumstances may be subjected to 

repeated exposures.  At present some exposure to changing fields on an 

occasional basis is not thought to be harmful .  

Pregnancy 
As yet, there are no known biological effects of MRI on fetuses. 

However, there are a number of mechanisms that could potentially 

cause adverse effects as a result  of the interaction of electromagnetic 

fields with developing fetuses. Cell s  undergoing division, hich occurs 

during the first trimester of pregnancy, are more suscep;ible to these 

effects. 

Any examination of pregnant patients should be de la ye until the end 

of the first trimester and then a written consent form should be signed by 

the patient before the examination. However, if the patient has a l ife­

threatening i l lness and the only alternative imaging involves ionizing 

radiation, MRI should be considered. 

MR faci l ities have established individual guidelines for pregnant 

employees in the magnetic resonance environment. The majority of 

units have determined that pregnant employees can safely enter the scan 

room, but should leave while the RF and gradient fields are employed. 

Some faci l i ties , however, recommend that the employee tay out of the 

magnetic field entirely during the first trimester of pregnancy. 



CD Emergencies in the MR environment 

Quenching 
Quenching is the process whereby there i s  a sudden loss of absolute 

zero of temperature in the magnet coils, so that they cease to be super­

conducting and become resistive. This results in helium escaping from 

the cryogen bath extremely rapidly. It may happen accidentally or can 

be manually instigated in the case of an emergency. Quenching may 

cause severe and irreparable damage to the superconducting coils, and 

so a manual quench should only be performed if a person is pinned to 

the magnet by a large metal object that cannot be removed by hand. 

All systems should have helium venting equipment which removes 

the helium to the outside environment in the event of a quench. 

However, if this fails, helium vents into the room and replaces oxygen. 

For this reason, all scan rooms should contain an oxygen monitor that 

sounds an alarm if the oxygen fal ls  below a certain level .  

In case of a quench 
• Do not panic. 

• Turn on scan room exhaust fan (if not automatically turned on by 

oxygen monitor). 

• Prop open door between operator room and hallway. 

• Using the intercom, ask the patient to stay calm and remain on the 

table. Tell him or her that someone wil l  be in shortly to offer assistance. 

• Open window to scan room if so constructed. 

• Prop open door to scan room. 

Enter scan room, undock the table, help patient to exit the scan room. 

• Evacuate the area until the air is restored to normal. 

In case of hel i u m  venting 
If hel ium is venting into the room, the scan room door may not open. 

• T(y opening scan room door several times. If door cannot be opened 

after 45 seconds, open, or if necessary break, w indow to scan room to 

relieve pressure. 

• Enter scan room through door. If door does not open, enter through 

window. 

• Evacuate patient as described above. 

Magnetic field emergency 
If someone is pinned against the magnet by a ferromagnetic object, or 

if some other magnetic-field related emergency occurs, quench the 

magnet. A magnet quench will result in several days ' downtime, so do 

not press the button except in a true emergency. Do not attempt to test 

this button; i t  should be tested only by quali fied service personnel. 

Patient emergency 
The following groups of patients are at greatest risk for complications 

during MR scanning: 

• Patients l ikely to develop seizure or claustrophobic reaction. 

• Patients with greater than normal potential for cardiac arrest. 
• Unconscious, heavily sedated, or confused patients with whom no 

reliable communication can be maintained. 

Since direct observation from the MR operator console is usual! y parti­

ally obscured by the magnet enclosure, be sure to closely monitor these 

patients at all times to quickly identify and respond to medical emergenc­

ies. In some cases, emergency personnel should remain with the patient 

or be on standby alert to help prevent serious complications or death. 

If a patient needs emergency medical attention during the scanning 

session: 

• Hit the Emergency Stop button on the console or magnet enclo­

sure to abort the scan. Notify emergency personnel if necessary. 

Since ferromagnetic life-support and related equipment cannot be 

brought into the scan room, it must await the patient outside the scan 

room. 

• Evacuate the patient from the scan room as quickly as possible to a 

designated emergency medical treatment area outside the exclusion zone. 
• Close magnet door. 

• Follow hospital emergency protocol. 

Safety tips - environment 

Here are some tips for maintaining a safe environment for patients 

and their relatives. 

• Before sending the patient an appointment, check with them - or 

the referring clinician - that they do not have a pacemaker or other 

contraindicated implants. 

• Try to ascertain whether they are likely to suffer from claustro­

phobia - forewarned is forearmed. But  be careful how you ques­

tion the patient - the mere suggestion of claustrophobia may 

create the problem itself. 

• When sending out the appointment, include any relevant safety 

infomrntion and details of the examination - most of a patient 's  

anxiety is fear of the unknown. 

• Try to ensure that the waiting area i s  calming and pleasant. 

• Carefully screen the patient and anyone else accompanying the 

patient into the scan room. This should include questions about 

surgical procedures, metal injury to the eye and pacemakers. 

• Ensure that the patient and relatives/friends remove alJ credit 

cards, loose metal items, keys, jewelry, etc. 

• Check for body piercing (any body pa1t can be pierced! ) .  

• Tattoos can heat up  during image acquisition. A cool wet cloth 

placed over the tattoo acts as a good heat dissipater. Tattooed 

eyeliner may be contraindicated as heat can cause ocular 

damage. 

• Bras and belts should also be removed even if they are non-ferrous 

and are not in the imaging field. They may still heat up and reduce 

image quality by locally altering the magnetic field. 

• Ask the patient to change into a gown for all examinations, as this 

i s  really the only way of ensuring that the patient has removed all 

dangerous objects. 

• Always re-check the patient before they are taken into the mag­

netic field, regardless of how many times they have been checked 

before. It is the radiographer's responsibi l i ty to keep the MR 
environment safe. 

• Remember that patients may know nothing about magnetism and 

the potential hazards. 

• Anxious and sick patients especially cannot be trusted to give you 

correct information. Be extra vigilant with these types of patients. 

If you are in any doubt about thei r  safety DO NOT T AKE THEM 

INTO THE MAGNETIC FIELD. 
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Safety tips for dealing with claustrophobic patients 
This is a real art and every radiographer, nurse and radiologist has their own way of coaxing a patient into the magnet. Here are a few su0gestions: 

• Use a mirror so that the patient can see out of the magnet. 

• Examine the patient prone when using the body coi l .  
• Remove the p i llow so that the patient ' s  face i s  further away from the roof of  the bore. 

• Ask the patient to close their eyes or place a piece of paper towel over their face. 
• Tel l the patient that they do not have to have the examination and that although MR may be the best v.ay of sorting out their proble , it is by 

no means the only way. This gives the patient a feeling of control over their own destiny. It is astoni hing how many times these few words 

have worked! 

• Bring the patient out of the magnet in  between each sequence, especially in long procedures. 

• Reassure them that the magnet is open at both ends and that they are not shut in. 

• Use the bore l ight, the air circulation fan and the patient alarm system wherever possible .  
• Encourage a relative or friend to accompany them and to maintain physical contact wi th  them throughout the  exan1ination. 

• Always communicate with the patient during the examination to check that they are OK, and tel l  them how long the pulse sequences are. Also 

remember to tel l  them what is happening in between sequences. There is  nothing worse than lying in the magnet and thinking that everyone has 

gone home and left you. 

1 22 Chapter 62 Emergencies in the MR environment 



Appendix 1 

Artefacts 

Truncation 

Chemical shift 

Chemical misregistration 

Aliasing 

Zipper 

Magnetic susceptibility 

Shading 

Motion 

Cross talk 

Cross excitation 

Moire 

Magic angle 

Artefacts and their remedies 

Axis 

phase 

frequency 

phase 

frequency and phase 

frequency 

frequency and phase 

frequency and phase 

phase 

sl ice select 

slice select 

frequency and phase 

frequency 

Remedy 

respiratory compensation 

swap phase and frequency 

gating 

pre-saturation 

gradient moment rephasing 

increase bandwidth 

reduce FOY 

use chemical saturation 

select a TE at periodicity of fat and water 

no frequency wrap 

no phase wrap 

enlarge FOY 
cal l engineer 

use spin echo 

remove metal 

check shim 

load coil correctly 

use antispasmodics 

immobil ize patient 

counseling of patient 

all remedies for mismapping 

sedation 

none 

interleaving 

squaring off RF pulses 

use SE 

patient not to touch bore 

change TE 

alter position of anatomy 

Penalty 

may lose a s l ice 

may need anti-aliasing 

variable TR 

variable image contrast 

increased scan time 

may lose a slice 

increases minimum TE 

decrease minimum TE available 

decrease SNR 

reduces SNR 

decreases resolution 

reduces SNR 

may lose slices 

may lose a slice if TE is significantly reduced 

none 

may reduce SNR 

may increase scan time 

increases motion artefact due to reduced NEX 

reduces resolution 

irate engineer! 

not flow sensitive 

blood product may be missed 

none 

none 

none 

costly 

invasive 

none 

none 

see previous 

possible side effects 

invasive 

costly 

requires monitoring 

none 

doubles the scan time 

reduces SNR 

none 

none 

none 

none 
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Appendix 2 A comparison of acronyms used by 
manufacturers 

GE 

Spin echo SE 

Fast spin echo FSE 

Inversion recovery I R  

Short Tau inversion recovery STIR 

Fluid attenuated inversion recovery FLAIR 

Coherent gradient echo GRASS 

Incoherent gradient echo SPGR 

Balanced gradient echo FIESTA 

Steady state free precession SSFP 

Fast gradient echo Fast GRASS/SPGR 

Echo planar EPI 

Parallel imaging ASSET 

Spatial pre-saturation SAT 

Gradient moment rephasing Flow comp 

Signal averaging NEX 

Anti-aliasing No phase wrap 

Rectangular FOY Rect FOV 

Respiratory compensation Resp comp 

Abbreviations used above 
AC number of acquisitions 

ASSET array spatial and sensitivity encoding technique 

CE FAST contrast enhanced FAST 

FAST 

FFE 

FIESTA 

FISP 

FLAIR 

FLASH 

Flow comp 

FSE 

GMR 

GRASS 

iPAT 

MAST 

MP RAGE 

NEX 

NSA 

PEAR 

PSIF 

RAM FAST 

REST 

SENSE 

SMASH 

SPGR 

SSFP 

STIR 

TFE 

TSE 

Turbo FLASH 

Fourier acquired steady state technique 

fast field echo 

free induction echo stimulated acquisition 

free induction steady precession 

fluid attenuated inversion recovery 

fast low angled shot 

flow compensation 

fast spin echo 

gradient moment rephasing 

gradient recalled acquisition in the steady state 

integrated parallel acquisition technique 

motion artefact suppression 

magnetization prepared rapid gradient echo 

number of excitations 

number of signal averages 

phase encoding artefact reduction 

mirrored FISP 

rapid acquisition matrix FAST 

regional saturation technique 

sensitivity encoding 

simultaneous acquisition of spatial harmonics 

spoiled GRASS 

steady state free precession 

short tau inversion recovery 

turbo field echo 

turbo spin echo 

magnetization prepared sub second imaging 
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Phi lips Siemens Picker 

SE SE SE 

TSE TSE FSE 

IR I R  IR 

STIR STIR STIR 

FLAIR FLAIR FLAIR 

FFE FISP FAST 

T l  FFE FLASH RF spoiied FAST 

BFFE True FISP 

T2 FFE PSlF CE FAST 

TFE Turbo FLASH RAM FAST 

EPI EPl EPI 

SE SE iPAT SMASH 

REST SAT Pre-SAT 

Flow comp GMR MAST 

NSA AC NSA 

Foldover suppression Oversampling Oversampling 

Rect FOY Half Fourier imaging Undersampling 

PEAR Resp trigger Resp gating 



Glossary 

2D volumetric acqu isition acquis ition where a small amount of data 

is acquired from each s l ice before repeating the TR 

3D volu metric acquisition acquisition where the whole imaging 

volume is excited so that the images can be viewed in any plane 

Actual TE the time between the echo and the next RF pulse in SSFP 

Aliasing artefact produced when anatomy outside the FOY is mis­

mapped inside the FOY 

Alignment when nuclei are placed in an external magnetic field their 

magnetic moments l ine up with the magnetic field flux l ines 

Alnico alloy that is used to make permanent magnets 

Ampere's law determines the magnitude and direction of the mag­

netic field due to a current; if you point your right thumb along the 

direction of the current, then the magnetic field points along the 

direction of the curled fingers 

Analogue to digital conversion (ADC) process by which a wave­

form is sampled and digitized 

Angular momentum the spin of MR active nuclei that depends on the 

balance between the number of protons and neutrons in the nucleus 

Anti-parallel alignment describes the al ignment of magnetic moments 

in the opposite direction to the main field 

Apparent diffusion coefficient (ADC) net displacement of mole-

cules due to diffusion 

Atomic number sum of protons in the nucleus 

B0 die main magnetic field measured in tesla 

b value strength and duration of diffusion gradients 

Balanced gradient echo (BGE) gradient echo sequence that uses 

balanced gradients and alternating RF pulses 

Bipolar describes a magnet with two poles, north and south 

Blood oxygen level dependent (BOLD) a functional MRI tech­

nique that uti l izes the differences in magnetic susceptibility between 

oxyhaemoglobin and deoxyhaemoglobin to image areas of activated 

cerebral cortex 

Brownian motion internal motion of the molecules 

Cardiac gating monitors cardiac electrical activity during the sequ­

ence to reduce cardiac wall motion artefact 

Central l ines area of K space fi l led with the shal lowest phase­

encoding slopes 

Cerebral blood volume (CBV) volume of blood perfusing through 

the brain per unit time 

Classical theory uses the direction of the magnetic moments to i l lus­

trate alignment 

Chemical m isregistration artefact along the phase axis caused by 

the phase difference between fat and water 

Chemical shift artefact along the frequency axis caused by the fre­

quency difference between fat and water 

Co-current flow flow in the same direction as s l ice excitation 
Coherent the magnetic moments of hydrogen are at the same place on 

the precessional path 

Coherent gradient echo (CGE) gradient echo sequence that uses 

rewinder gradients 

Conjugate symmetry symmetry of data in K space 

Contrast to Noise ratio (CNR) difference in SNR between two 

adjacent structures 

Countercurrent flow flow in the opposite direction to s lice excitation 

Cross excitation energy given to nuclei in adjacent s l ices by the RF 

pulse 

Cross-talk energy given to nuclei in adjacent s lices due to spin lattice 

relaxation 

Cryogen bath area around the coi ls of wire in which cryogens are 

placed 

Cryogens substances used to super cool the coils of wire in a super­

conducting magnet 

Data point digitized data that contains spatial frequency inforn1ation 

as a result of spatial encoding 

Decay loss of coherent transverse magnetization 

Dephasing the magnetic moments of hydrogen are at a different place 

on their precessional path 

Diamagnetism property that shows a small magnetic moment that 

opposes the appl ied field 

Diffusion a term used to describe moving molecules due to random 

thermal motion 

Diffusion tensor i maging (DTI) DWI sequence that uses very strong 

multidirectional gradients 

Diffusion weighted imaging (DWI) sequence that uses gradients to 

sensitize the sequence to diffusion 

Dixon technique technique that uses a TE when fat and water are out 

of phase with each other to nul l  the s ignal from fat 

Drive see Fast recovery 

Driven equi l ibrium a sequence that uses an additional pulses to drive 

any remaining transverse magnetization into the longitudinal plane 

Duty cycle the percentage of time a gradient is  at maximum amplitude 

Echo planar imaging (EPI) sequence that uses single and multishot 

K space fi l l ing techniques with sampling of gradient echoes 

Echo spacing spacing between each echo in TSE 

Echo train series of 1 80° rephasing pulse and echoes in a turbo spin 

echo pulse sequence 

Echo train length (ETL) the number of 1 80° RF pulses and resultant 

echoes in TSE 

Effective TE the time between the echo and the RF pulse that initiated 

it in SSFP and TSE sequences 

Electrons orbit the nucleus in dist inct shells and are negatively 

charged 

emf drives a current in a circuit  and is the result of a changing magnetic 

field inducing an electric field 

Entry slice phenomena contrast difference of flowing nuclei rela­

tive to the stationary nuclei because they are fresh 

Excitation the energy transfer from the RF pulse to the NMY 

Extrinsic contrast parameters contrast parameters that are con­

trolled by the system operator 

Faraday's law of induction law that states that a change of magnetic 

flux induces an emf in a closed c ircuit 

Fast Fourier transform (FFT) mathematical conversion of frequency/ 

time domain to frequency/amplitude 
Fast recovery FSE sequence that uses an additional RF pulse to drive 

any residual transverse magnetization into the longitudinal plane 

(also called Drive) 

Fast spin echo (FSE) spin echo sequence that decreases scan time by 

fi l l ing multiple l ines of K space every TR (also called turbo spin echo) 
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Ferromagnetism property of a substance that ensures that it remains 

magnetic, is permanently magnetized and subsequently becomes a 

permanent magnet 

Field of view (FOV) area of anatomy covered in an image 
FLAIR (fluid attenuated inversion recovery) IR sequences that 

nul ls the signal from CSF 

Fleming's right-hand rule see Ampere's law 

Flip angle the angle of the NMV to B0 
Flow compensation see Gradient moment nul l ing 

Flow encoding axes axes along which bipolar gradients act in order 

to sensitize flow along the axis of the gradient; used in phase contrast 

MRA 

Flow phenomena artefacts produced by flowing nuclei 

Flow-related enhancement decrease in time of flight due to a 

decrease in velocity of flow 

Free induction decay (FID) loss of signal due to relaxation 

Frequency the speed with which a spin precesses or a waveform 

oscillates 

Frequency encoding locating a signal according to its frequency 

Frequency matrix number of pixels in the frequency direction of an 

image 

Frequency shift difference in frequency between spins located along 

a gradient 

Fresh spins nuclei that have not been beaten down by repeated RF 

pulses 

Fringe field stray magnetic field outside the bore of the magnet 

Functional MR i maging (fMRI) a rapid MR imaging technique that 

acquires images of the brain during activity or stimulus and at rest 

Gadolinium (Gd) positive contrast agent 

Gauss (G) unit of field strength; 1 tesla = 1 0,000 gauss 

Ghosting motion artefact in the phase axis 

Gradient amplifier supplies power to the gradient coils 

Gradient echo pulse sequence one that uses a gradient to regener­

ate an echo 

Gradient echo (GE) echo produced as a result of gradient rephasing 

Gradient moment nul l ing (GMN) uses additional gradients to reduce 

flow artefact 

Gradient spoiling the use of gradients to dephase magnetic moments; 

the opposite of rewinding 

Gradients coils of wire that alter the magnetic field strength in a l inear 

fashion when a cun-ent is passed through them 

Gyromagnetic ratio the precessional frequency of an element at 1 .0 T 

High velocity signal loss increase in time of fl ight due to an increase 

in the velocity of flow 

Homogeneity the evenness of the magnetic field 

Hybrid sequences sequences where a series of gradient echoes 

are interspersed 1 80° rephasing pulses; in this way susceptibility 

artefacts are reduced 

Hyperintense high signal intensity (bright) 
Hypointense low signal intensity (dark) 

Incoherent means that the magnetic moments of hydrogen are at 

d ifferent p laces on the precessional path 

Incoherent gradient echo gradient echo sequence that uses RF 

spoiling for T l  weighting 

Induced electric current osc i llating current that occurs when a 

magnet is moved i n  a closed circuit 

Inflow effect another term for entry s lice phenomenon 

Inhomogeneities areas· where the magnetic field strength is not 

exactly the same as the main field strength 
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lntravoxel dephasing pha e difference between flow and stationary 

nuclei in a voxel 

Intrinsic contrast mechanisms contrast parameters that do not 

come under the operator's c ntrol 

Inversion recovery (IR) sequence that uses an inverti g pulse to 

saturate or nul l  tissue 

Ions atoms with an excess or deficit of electrons 

lsointense same s ignal intensity 

Isotopes atoms of the same element having a different mass number 

J coupling a process that describes the reduction the spin-spin inter-

actions in fat, thereby increasing its T2 decay time 

Kilogauss (kG) unit of fie ld mength ( 1000 gauss) 

K space an area where raw data is stored 

Larmor equation used to calcu late the frequency or speed of preces­

sion for a specific nucleus in a specific magnetic field strength 

Lenz's law states that induced emf is in a direction so that it opposes 

the change in magnetic field which causes it 

Longitudinal plane the axi parallel to B0 
Magnetic flux density number of flux l ines per unit area 

Magnetic isocentre the centre of the bore of the magnet in all planes 

Magnetic l ines of flux l ines of force running from the magnetic south 

to the north poles of the magnet 

Magnetic moment denotes the direction of the north/so th axis of a 

magnet and the ampl itude of the magnetic field 

Magnetic susceptibi l ity abi l ity of a substance to become magnetized 

Magnetism a property of al l matter that depends on the magnetic 

suscepti bi 1 i ty of the atom 

Magnetization prepared a prepulse applied before the main 

sequence to nul l  the signal from certain tissues in fast gradient echo 

Magnetization transfer transfer of RF energy from free to bound 

protons 

Magnitude image unsubtracted image combination of flow sensit­

ized data 

Mass number sum of neutrons and protons in the nucleu 

Mean transit time (MTT) used in perfusion imaging to indicate the 

transit time of blood throu,,h a tissue 

MR active nuc lei that pos ess an odd number of protons 

MR angiography method of visualizing vessels that contain flow­

ing nuclei by producing a contrast between them and the stationary 

nuclei 

M R  signal the voltage induced in the receiver coil 

M ultishot (MS) technique that fi l ls  K space in multiple sections 

Net magnetization vector (N MV) the magnetic vector p oduced as a 

result of the al ignment of excess hydrogen nuclei with B 0  
Neutrons partic les i n  the nuc leus that have no charge 

Null  point point at which there is no longitudinal magnetization in a 

tissue 

Number of signal averages (NSA) the number of tim s an echo is 

encoded with the same slope of phase-encoding gradient 
Nyquist theorem states that frequencies must be sampled at a rate 

at least twice that of the h ighest frequency in the echo in order to 

reliably reproduce it 
Off resonant RF pulses appl ied at a frequency slightly d i · erent to the 

Larmor frequency of a tissue 
On resonant RF pulses appl ied at the Larmor frequency of a particu­

lar tissue 

Outer l ines area of K space fi l led with the steepest ph se-encoding 

gradient slopes 
Out-of-phase artefact see Chemical misregistration 



Parallel alignment describes the al ignment of magnetic moments in 

the same direction as the main field 

Parallel imaging technique that uses multiple coi ls  to fi l l  multiple 

lines of K space every TR 

Paramagnetism property whereby substances affect external mag­

netic fields in a posit ive way, resulting in a local increase in the 

magnetic field 

Partial averaging fi l l  mg only a proportion of K space with data and 

putting zeroes in the remainder 

Partial echo sampling only part of the echo and extrapolating the 

remainder in K space 

Perfusion a measure of the quality of vascular supply to a tissue 

Permanent magnets magnets which retain their  magnetism 

Phase the position of a magnetic moment on its precessional path at 

any given time 

Phase contrast angiography technique that generates vascular 

contrast by applying a bipolar gradient to different stationary and 

moving spins by their phase 

Phase encoding locating a signal according to its phase 

Phase image subtracted image combination of flow sensitized data 

Phase matrix number of pixels in the phase direction of an image 

Phase shift difference in phase between spins located along a gradient 

Pixel picture element in the FOY 

Polarity the direction of a gradient i .e .  which end is  greater than B0 and 

which is  lower than B0; depends on the direction of the current 

through the gradient coi l  

Precession the secondary spin of magnetic moments around B0 
Precessional frequency frequency with which MR active nuclei 

precess when exposed to an external magnetic field 

Presaturation technjque that uses RF pulses before the sequence to 

null the signal from moving spins or from certain types of tissue 

Protium isotope of hydrogen that has a mass and atomic number of 1 ;  

MR active nucleus used in MRI 

Protons particles in n the nucleus that are positively charged 

Proton density the number of protons in a unit volume of tissue 

Proton density weighting image that demonstrates the differences 

in the proton densities of the tissues 

Pulse control unit coordinates the switching on and off of the gradi­

ent and RF transmitter coils at appropriate times during the pulse 

sequence 

Pulse sequence a series of RF pulses, gradients applications and 

intervening time periods; used to control contrast 

Quantum theory uses d1e energy level of the nuclei to i l lustrate 

al ignment 

Quenching process by which there is a sudden loss of the super­

conductivity of the magnet coils so that the magnet becomes resistive 

Radiowaves waves of electromagnetic radiation that have a osci l late 

with a radiofrequency 

Ramp sampling where sampling data points are collected when the 

gradient rise time is  almost complete; sampling occurs whi le the 

gradient is  sti l l  reaching maximum ampl itude, while the gradient 

is at maximum amplitude, and as it begins to decline 

Readout gradient the frequency-encoding gradient 

Receive bandwidth range of frequencies that are sampled during 

readout; detem1ines the sampl ing rate 

Recovery growth of longitudinal magnetization 

Rectangular FOV FOY where the phase FOY is smaller than d1e 

frequency FOY 

Relaxation process by which the NMY loses energy 

Relaxivity process by which relaxation rates of a tissue are altered by 

administering contrast agents 

Repetition time (TR) time between each excitation pulse 

Rephasing creating in phase magnetization, usually by using an RF 

pulse or a gradient 

Residual magnetization transverse magnetization left over from 

previous RF pulses in steady state conditions 

Resistive magnet an electromagnet created by passing current 

through loops of wire 

Resonance an energy transition that occurs when an object is sub­

jected to a frequency the same as its own 

Respiratory compensation uses bel lows around the patient's chest 

to reduce respiratory motion artefact 

Rewinding the use of a gradient to rephase magnetic moments 

RF amplifier supplies power to the RF transmitter coils 

RF pulse short burst of RF energy which excites nuclei into a high 

energy state 

RF spoiling the use of digitized RF to transmit and receive at a certain 

phase 
RF transmitter coil coil that transmits RF at the resonant fre­

quency of hydrogen to excite nuclei and move them into a high 

energy state 

Rise time the time it takes a gradient to switch on, achieve the required 

gradient slope, and switch off again 

Sampling rate rate at which samples are taken during readout 

Sampling time the time that the readout gradient is  switched on for 

Saturation occurs when the NMV is fl ipped to a full 1 80° 

Sequential acquisition acquisition where al l  the data from each sl ice 

is acquired before going onto the next 

Shim coil extra coi ls  used to make the magnetic fi led as homogeneous 

as possible 

Shimming process whereby the evenness of the magnetic field is 

optimized 

Signal to noise ratio (SNR) ratio of s ignal relative to noise 

Single shot (SS) a sequence where all the l ines ofK space are acquire 

at once 

Slew rate function of gradient rise time and amplitude 

Sl ice encoding the separation of individual s lice locations by phase 

in volume acquisitions 

Sl ice selection selecting a s l ice using a gradient 

Spatial encoding spatial ly locating a signal in three dimensions 

Spatial resolution the ability to distinguish two points a separate 

Specific absorption rate (SAR) rate/kg at which energy from the RF 

pulse is dissipated 

Spectroscopy provides a frequency spectrum of a given tissue based 

on the molecular and chemical structures of that tissue 

Spin down the population of high-energy hydrogen nuclei that align 

their magnetic moments antiparallel to the main field 

Spin echo pulse sequence one that uses a 1 80° rephasing pulse to 

generate an echo 

Spin echo (SE) echo produced as a result of a 1 80° rephasing pulse 

Spin lattice relaxation process by which energy is given up to the 

surrounding lattice 

Spin-spin relaxation process by which interactions between the 

magnetic fields of adjacent nuclei cause dephasing 

Spin up the population of low energy hydrogen nuclei that align their 

magnetic moments parallel to B0 
Spoiling a process of dephasing spins either with a gradient or an RF 

pulse 
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Steady State a situation when the TR is shorter than both the T l  and 

T2 relaxation times of all the tissues 

Steady state free precession (SSFP) gradient echo sequence that 

uses echo shifting for T2 weighting 

Stimulated echo echo produced by previous RF pulse in a steady 

state sequence by rephasing residual transverse magnetization 

Stimulated-echo acquisition mode (STEAM) technique used in 
spectroscopy 

STIR (short Tl inversion recovery) sequence used to suppress fat 

Superconducting magnet electromagnet that use supercooled coils 

of wire so that there is no inherent resistance in the system; the 

current flows, and therefore the magnetism is generated without a 

driving voltage 
T1 recovery growth of longitudinal magnetization as a result of spin 

lattice relaxation 

T1 recovery time time taken for 63% of the longitudinal magnetiza­

tion to recover 

T1 weighted image image that demonstrates the differences in the T l  

times o f  the tissues 
T2 decay loss of coherent transverse magnetization as a result of spin­

spin relaxation 

T2 decay time time taken for 63% of the transverse magnetization to 

decay 

T2 weighted image image that demonstrates the differences in the T2 

times of the tissues 
T2* dephasing due to inhomogeneities 
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Time from Inversion (Tl) time between inversion and excitation in IR 

sequences 

Tesla (T) unit of field strength 

Time intensity curve used in perfusion imaging to measure perfusion 

kinetics of a volume of tissue 

Time-of-flight angiography (TOF M RA) technique that generates 

vascular contrast by util iz ing the inflow effect 

Time of flight rate of flow in a given time; causes some flowing nuclei 

to receive one RF pulse only and therefore produce a sig al void 

Time to echo (TE) time between the excitation pulse and the echo 

Transceiver coil that both transmits RF and receives the MR signal 

Transmit bandwidth range of frequenc ies transmitted i n  an RF pulse 

Transverse plane the ax is perpendicular to B0 
Turbo factor or echo train length the number of 1 80° rephasing 

pulse/echoes/phase encodi gs per TR in fast spin echo 

Turbo spin echo (TSE) see Fast spin echo 

Velocity encoding (VENC) sensitizes the sequence to blood flow in 
PC MRA 

Volume coil coil that transmits and receives signal over a large volume 

of the patient 

Voxel volume of tissue in the patient 

Voxel volume size of a voxel 

Watergram TSE sequence u ing very long TRs, TEs and rbo factors 

to produce very heavy T2 weighting 

Weighting process by wh ich parameters are manipu lated so that one 

intrinsic contrast mechanism is more dominant than the others 
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strength 54, 55 

see also frequency encoding gradients; phase 

encoding gradients 

gradient amplifiers l l l ,  l 1 5  

gradient coil 54, 55, J JO, I l l , 1 1 5 

gradient echo 34, 35,  1 25 

balanced 46, 47, 1 24 

coherent 40, 4 1 ,  1 24 

fast 53 

incoherent 42, 43, 1 25 

K space traversal 76, 7 7  

magnetic susceptibility artefact 93 

steady state 39 

types 4 1  

uses 36, 3 7  

gradient echo echo planar imaging (GE-EP I )  

49 

gradient echo pulse sequence 1 25 

time-of-flight MRA I O I  

1 30 Index 

gradient field exposure 1 20 

gradient moment nul l ing 1 25 

gradient moment rephasing 97 

time-of-flight MRA 1 0 1 

gradient rephasing 34, 35 

echo planar imaging 49 

grey scale colour 1 1 5 

gyromagnetic ratio 7, l 25 

haemoglobin 53 

haemorrhage, magnetic suscept ibility 92, 93 

heart valves, prosthetic l 1 9  

helium 1 09 

inhalation l 06, l 07 

venting 1 2 1  

hip, axial arthrogram 106 

hydrogen, magnetic moment 7 

i l iac arteries, contrast enhanced MRA 104 

image quality, optimizing 87 
incoherent gradient echo 42, 43, 1 25 

incoherent phase position 6, 7 

induced electric current 2, 3, 1 25 

in-flow effect 99 

intracaviry coils 1 1 3 

intracranial aneurysm clips J 18, 1 1 9 

intracranial vascular injuries, traumatic 

J02, 1 03 

intraocular ferrous foreign bodies 1 1 9 ,  1 20 

intra-voxel dephasing 98, 99 

inversion recovery ( IR) 32, 33, 1 25 

inversion recovery echo planar imaging 

( IR-EP I )  49 

iron oxide J06, 1 07 

isotopes 5, 1 25 

J coupling 3 1 ,  1 25 

K space 28, 29, 62, 63, 1 25 

area 64, 65 

central lines 62, 63, 66, 67, 69, 78, 79, 1 24 

chest of drawers model 64, 65 

conjugate symmetry 63 

data storage 7 1  

direction travelled 76, 77 

frequency data 66, 67 

frequency matrix 63 

frequency of axis 62, 63 

negative 62, 63 

outer lines 62, 63, 69 

parallel imaging coils 1 1 3 

phase axis 62, 63 

phase matrix 63 

positive 62, 63 

radians/cm 63 

traversal 76, 77 

K space fi l ling 28, 29, 33, 64, 65 

anti-aliasing 79 

central portion 69 

centric imaging 78, 79, I 05 

echo planar imaging 49 

fractional averaging 78, 79 

frequency-encoding gradient 65 

keyhole imaging 78, 79 

lines 72, 73 

multiple receiver coils 78, 79 

outer points 68, 69 

oversampl ing 79 

parallel imaging 78, 79 

partial averaging 78, 79 

phase-encoding gradients 65, 74, 75 

pulse sequences 64, 65, 76, 77 

rectangular FOY 79 

s ignal amplitude 66, 67 

sl ice select gradient 65 

spatial resolution 68, 69 

ultrafast sequences 48, 49 

waYeform frequency 72, 73 

wayeform pseudo frequency 72, 73 

keyhole imaging 78, 79 

kidneys, chemical shift artefact 88, 89 

laminar flow 98, 99 

Larrn r equation 7, 1 3, 25, 1 25 

Lam10r frequency 9, 59 

molecu les rumbling 1 07 

Lenz·s law 3, 1 25 

l iqui nitrogen 1 09 

liver, chemical suppression technique� 82, 83 

local coils 1 1 3 

lungs, helium inhalation J06, 1 07 

magic angle 1 22 

magnetic field 

emergency 1 2 1 

inhomogeneities 24, 25 

static bioeffects J J 6,  1 1 7 

strength 60, 6 1 

time-varying bioeffects I 1 6, 1 1 7 

magnetic field gradients, spectroscopy 53 

magnetic flux density 3 ,  1 25 

magnetic lines of flux 3, 1 25 

magnetic moment 3, 4, 1 25 

gradient changes in phase 59 

hydrogen 7 

precessional frequency/phase 55,  26, 57 

mag etic poles 2 . 3 

mag etic resonance active nuclei 5 

magaetic resonance signal 8, 9, 80, 8 1 , 1 25 

magnetic resonance spectroscopy 52, 53 

magnetic susceptibil ity 2 ,  3 ,  1 25 

artefact 92, 93 , 1 22 

magnetic vector 4 
magnetism 2, 3, 1 25 

magnetization, transverse component 1 1 , 34, 35, 

42, 43 

balanced gradient echo 46, 47 

magnetization prepared sequence 49, 1 25 

magnetization transfer 3 1 ,  1 25 

magnetization transfer contrast ( MTC ) 82, 83 

magnets 108, 1 09 

permanent 1 08, 1 09, 1 26 

magn itude images 1 03 ,  1 25 

mal ignancy, perfusion imaging 5 l 
mass number 5 , 1 25 

mean transit time ( MTT) 5 1 ,  1 25 

metal implants 1 1 9, 1 20 

metal objects, projectile effect J J 8, 1 1 9 

metal prostheses l 1 9 ,  1 20 

magnetic susceptibi l ity artefact 92 . 93 

Moire artefact 1 22 

motion artefact 96, 97, 1 22 

T'.?. weighting 86 

MR angiography 1 25 



contrast enhanced 104, I 05 

phase contrast 102, 1 03 ,  1 26 

time-of-flight / 00, I O I ,  1 27 

multishot ( MS ) 49, 1 25 

multishot echo planar imaging ( MS-EPl ) 49 

net magnetization vector ( NMY ) 3, 7, 8, 9, 1 3 , 

1 25 

dephasing 25 

inversion recovery 33 

precession in transverse plane 8 I 

steady state 38, 39 

T I  weighted image 19 

T2 weighted image 2 I 

neutrons 4, 5, 1 25 

nitrogen I 09 

nuclei, flow 98, 99 

null ing 97 

gradient moment I 25 

number of excitations ( NEX ) 75 

increasing 97 

trade-off with increase/decrease 87 

number of signal averages ( NSA) 75, I 25 

anti-aliasing 79 

increasing 97 

reducing 86 

scan time 86 

signal-to-noise ratio 80, 8 1  

Nyquist theorem 70, 7 I ,  1 25 

off resonant pulses 83,  I 25 

on resonant pulses 83, I 25 

operator interface I I 5 

orthopaedic implants I I 9 

out-of-phase artefact 90, 9 I ,  I 25 

oversampling 79, 95 

oxyhaemoglobin 53 

pacemakers 1 I 9, I 20 

pain, evaluation 53 

parallel imaging 78, 79, I 26 

parallel imaging coils 1 12 ,  1 1 3  

paramagnetism 2 ,  3 ,  I 26 

partial averaging 78, 79, I 26 

pattial echo I 26 

ultrafast sequences 49 

patient emergency I 2 I ,  12la 
perfusion imaging 50, 5 I ,  I 26 

periodicity 90, 9 I 

peripheral circulation, time-of-flight MRA 

I O I  

peripheral gating 97 

phase coherence 6, 7, 9 

phase contrast MR angiography /02 , 1 03 ,  

1 26 

phase encoding 55, 58, 59, 1 26 

phase encoding gradients 58, 59, 65 

K space fill ing 74, 75 

phase shift value 72, 73 

shallow 49, 58, 59 

slopes 66, 67 

steep 58, 59 

phase images I 03, I 26 

phase matrix 59, 72, 73, 75, I 26 

changing 85 

determination 76, 77 

number 86 

reducing 86 

trade-off with increase/decrease 87 
phase mismapping 96, 97 

phase positions 6, 7 

phase shift 58, 59, I 26 

value 72, 73 

phase wrap 94, 95 

phased array coils  1 12, I 1 3  

pixels 62, 63, 1 26 

precession 6, 7, I 26 

precessional frequency 7, 1 3 ,  27, 1 26 

pregnancy I 20 

premagnetization 49 

presaturation 96, 97, I 26 

projectiles 1 18, I 1 9  

protium 5 ,  I 26 

proton density 14. 15, 1 26 

echo planar imaging 49 

signal-to-noise ratio 8 I 

proton density weigl11ing 22, 23, I 26 

gradient echo 36, 37 

signal intensities 23 
protons 4, 5, I 26 

excited 1 07 

pulse control unit 1 14, I I 5, I 26 

pulse sequences I 3, I 26 

K space fill ing 64, 65, 76, 77 

K space traversal 76 , 77 

mechanisms 24, 25 

spin rephasing 25 

quadrature excitation and detection I I 3 

quantum theory of alignment 6, 7, I 26 

quenching I 2 I ,  I 26 

radiofrequency ( RF )  coils l l2 ,  I 1 3 ,  I 1 7  

radiofrequency ( RF )  field exposure I 20 

radiofrequency ( RF )  pulse 9, I 3 ,  I 26 

amplitude 38, 39 

balanced gradient echo 46, 47 

duration 38, 39 
frequencies 7 1  

gradient echo 34, 35 

pu I se sequence 25 

rephasing 26, 27, 56, 57 

spectroscopy 53 

radiofrequency ( R F )  signal I I 5 

radiofrequency ( RF ) spoiling 42, 43, 1 26 

radiofrequency ( RF )  transceiver I 1 5  

ramped sampling I 26 

ultrafast sequences 48, 49 

readout gradient 7 I ,  I 26 

receive bandwidth 7 I ,  I 26 

broadening 88, 89 

chemical shift 88, 89 

signal-to-noise ratio 80, 8 I 

trade-off with increase/decrease 87 

receiver coils / /2, I 1 3  

multiple 78, 79 

relaxation mechanisms /2, 1 3 ,  1 26 

relaxation rate I I 

relaxivity 1 07, 1 26 

repetition time ( TR) 10, I I ,  27, I 26 

balanced gradient echo 46, 47 

coherent gradient echo 4 I 
dara acquisition 75 

gradient echo 36, 37 

incoherent gradient echo 43 

Jong 14, 1 5  

proton density weighting 23 

reducing 86 

scan time 86 

short 14, 1 5  

signal-to-noise ratio 8 1  

steady-state 39 

steady-state free precession 45 

TI weighted image I 9 

T2 weighted image 2 1  

time-of-fligh t MRA 1 0 1  

trade-off with increase/decrease 87 

ultrafast sequences 49 

rephas ing 26, 27, 1 26 

resonance 8, 9, 1 26 

respiratory compensation 96, 97, 1 26 

respiratory triggering 97 

rewinder/rephasing gradient 40, 4 1  

steady-state free precession 44, 45 

rewinding 4 1 ,  1 26 

steady-state free precession 44, 45 

rise time 55, I 26 

safety 

environment 12la 
procedures 1 20 

sampling ratio 7 I 

sampling time 70, 7 I ,  1 26 

saturation band 96, 97, I 26 

scan time 86 

data acquisition 74, 75 

minimizing 87 
phase matrix changing 85 

screening procedures I 20 

security zone 1 20 

shading I 22 

shim coils 1 09, 1 26 

shimming 25, 1 09, 1 26 

signal amplitude, K space fi l ling 66, 67 

signal generation 8, 9 

signal suppression 82, 83 

signal-to-noise ratio (SNR) 80, 8 I ,  I 26 

balanced gradient echo 4 7 

coi l type/position 80, 8 I 

field of view changing 85 

intracavity coils  I 1 3  

local coils I 1 3  

maximizing 87 

phased array coils  I l 2 ,  I 1 3  

slice thickness changing 85 

spatial resolution 84, 85 

surface coi ls I I 3 

transceivers I I 3 

single shot (SS) 49, I 26 

K space traversal 77 

single shot echo planar imaging (SS-EPI) 

49 

slew rate 55 

slice encoding 43, 75 

scan time 86 

slice gap/skip 57 

slice select gradient 65 

slice selection 55, 56, 57, 1 26 

slice thickness 56, 57 

changing 84, 85 

trade-off with increase/decrease 87 

Index 1 31 



spatial encoding 55, 1 26 

spatial resolution 84, 85, 1 26 

K space fil l ing 68, 69 

maximizing 87 
specific absorption rate (SAR) 1 1 7, 1 26 

spectroscopy 52, 53,  1 26 

spin echo (SE) 26, 27 

dual sequence 26, 27 

K space traversal 77 

magnetic susceptibility artefact 92, 93 

pulse sequences 9 1 ,  1 26 

single 26, 27 

see also fast spin echo ( FS E )  

spin echo echo planar imaging (SE-EPI ) 48, 49 

spin lattice energy transfer 1 3, 1 5  

spin lattice relaxation 1 26 

spin rephasing 26, 27 

spin-spin energy transfer 1 3, J 6, 1 7, 25 

spiral imaging, K space traversal 76, 7 7  

spl ints 1 20 

staff safety 1 20 

stagnant flow 98, 99 

static magnetic field bioeffects 1 1 6, I 1 7  

steady state 38, 39, 1 27 

coherent gradient echo 4 1  

echo generation 38, 39 

steady-state free precession ( SSFP )  44, 45,  

1 27 

STEAM (stimulated-echo acquisition mode) 52 , 

53,  1 27 

stimulated echo 38, 39, 1 27 

STIR (short T l  inversion recovery) 32, 33, 1 27 

stroke diagnosis 

diffusion-weighted imaging 50, 5 1  

perfusion imaging 5 1  

stroke evaluation 53 

superconducting electromagnets 108, 1 09, 1 27 

surface coils 1 1 7 

surgical clips, abdominal 1 1 9 

T I  enhancement agent I 07 

T l  recovery 1 3 , 14, 1 5 , 1 27 

Tl relaxation times 1 9  

T l  weighted image 1 27 

20 breath hold 43 

signal intensity 19 
T l  weighting 18, 1 9  

132 Index 

gradient echo 36, 37 

isointense signals 83 

T2 decay 1 2 ,  13, 16, 1 7, 1 2 7  

inversion recovery 3 3  

time 16, 1 7 , 1 27 

T2 enhancement agents I 07 

T2 relaxation time 2 1  

T2 weighting 20, 2 1 ,  1 27 

contrast to noise ratio 82 , 83 

echo planar imaging 49 

fat-suppressed 82, 83 

motion artefact 86 

signal intensity 2 1  
T E  45 

watergrams 3 1  

T2* decay 1 2 ,  1 3, 25, 1 27 

coherent gradient echo 4 1  

T2* weighting, gradient echo 36, 37 

time from inversion (Tl ) 1 1 , 32 ,  33, 1 27 

time intensity curve 5 1 ,  1 27 

time to echo ( TE )  10, 1 1 , 27, 1 27 

actual 45, 1 24 

balanced gradient echo 47 

BOLD imaging 53 

effective 29; .45� l24 

frequency nia�rix increase 70, 7 1  

gradient ed\o. 36, 37 

coherent 4·1 

incohereiil · 4�!° ' 

long 16, 1 7  

matching periodicity of fat/water 9 1  

proton density weighting 23 

receive bandwidth reduction 70, 7 1  

short /6,  1 7  

signal-to-noise ratio 80, 8 1  

steady-state free precession 44, 45 

T l  weighted image 1 9  

T 2  weighted image 2 1  

T 2  weighting 45 

time-of-flight MRA 1 0 1 

trade-off with increase/decrease 87 
ultrafast sequences 49 

time-of-flight MR angiography JOO, I O I ,  1 27 

time-of-flight phenomenon 98, 99, 1 27 

time-varying field bioeffects 1 1 6, 1 1 7 

tissue merabolism, spectroscopy 53 

trade-offs 87 

transceivers 1 1 3 , 1 2 7  

transm it bandwidth 57, 1 27 

transm it coils 1 1 3 

transm it/ receive coils 1 1 3 

traumatic intracranial vascular injuries, phase 

contrast MR A  1 02 ,  1 03 

truncation 1 22 

tumour types, spectroscopy 53 

turbo factor ( TF )  1 1 , 29, 33,  1 27 

turbo spin echo ( TS E )  28, 29, 30, 3 1 ,  1 27 

inversion recovery combination 3 3  

m ulti-shot 49 

pulse sequences 9 1  

si ngle shot 49 

turbulent flow 98. 99 

ultrafast sequences 48, 49 

velocity encoding technique ( VENC ) 1 02 ,  

1 03, 1 27 

venous occlusion, phase contrast M RA 1 02 ,  

1 03 

vertebral arteries, contrast enhanced lvfRA 104 

volu e imaging 75 

volum etric acquisition, three-/three-dirnensional 

75, 1 24 

volumetric sequent ial acquisition, three­

dimensional 75 

vortex flow 98, 99 

voxels 62, 63, 1 27 

volume 84, 85, 1 27 

water 

chemical presaturat ion 97 

composition 1 1  

frequency shift 89 

periodicity 90, 9 1  

precessional frequency 90, 9 1  

suppression pulses 83, 97 

Tl recovery 14, 1 5  

T2 decay 1 6, 1 7 ,  2 1  

tumbl ing molecules 106, 1 07 

wacergrams 3 1 , 1 27 

waveform frequency 72, 73 

waveform pseudo frequency 72, 73 

zipper 1 22 
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