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Magnetic Resonance Imaging
Basic Components:-

1) Magnet

2) Gradient Coil

3) RF Transmitter & receiver

4) Computing system
5) Patient table

The Magnet
· Produces stable magnetic field.
· Range 0.2 – 4T
· Induces weak magnetization in the tissue.
· Bore size large enough to accept human torso.
· The most important criterion for a magnet is unchanging field strength with respect to time and position. It should be of consistent amplitude and be homogeneous.
· The intensity, strength and homogeneity of the magnetic field       
      generated, depend on the current density and path it traverses.   
    Three types:-

1) Permanent Magnet

2) Resistive magnet

3) Superconducting Electromagnet
Magnet characteristics
Permanent magnet:-It is made up of ferromagnetic material. It contains microcrystalline domains in which there is permanent net flow of electrons in a closed loop. Rare earth alloys produces more intense magnetic field per unit weight then iron 
Magnetic field ~ 0.3T; Magnetic field homogeneity:-10-50 ppm. Weight: - 90,000 Kg. Distance to 0.5 mT fringe field- < 1m. Power needed ~ 20Kv.

	Positive
	Negative 

	No electrical energy for operation.
	Limited field strength.

	Low capital cost.
	Spectroscopy not possible.

	Low operation cost.
	Low SNR.

	High patient acceptance.
	Field sensitive to temperature variation.

	Low fringe field.
	


The iron yoke serves three purposes: - 

1) Provides mechanical frame and stability.

2) Confines the fringe magnetic field by concentrating the lines of magnetic field.

3) It intensifies the magnetic field in imaging apparatus.
Resistive Magnet:-Magnetic field is generated by the passage of electric current through a coil. It is based on the Biot Savert Law according to that the magnetic field at the center of the current carrying coil is: -   B = μە in/2r.
For 1 meter bore and 0.1T field strength the requirements are:-No. of turns1500,

Current value = 200 amp & power consumption is approx 50 Kv.

Magnetic field ~ 0.3T; Magnetic field homogeneity:-10-50 ppm. Weight: - 4,000 Kg.               Distance to 0.5 mT fringe field- < 2m. Power needed ~ 80Kv.
	Positive
	Negative

	Low capital cost.
	Limited field strength.

	Reliable.
	High electrical power consumption.

	Field can be easily turned on or off.
	Spectroscopy not possible.

	Variable geometry.
	Low SNR.

	Easy seating and installation.
	


Super conducting coils:-

Nb/Ti alloy is most widely used as a superconductor with a critical temperature of 9K.Operational temperature is provided by a bath of liquid helium with b.p. of 4K. Also works on the principal of Biot Savert law as in resistive magnates.

Magnetic field ~ 4T; Magnetic field homogeneity:-.1-5ppm.Weight:- 10,000 Kg.               Distance to 0.5 mT fringe field- < 10 m. Power needed ~ 20Kv.

	Positive
	Negative

	High fields readily attainable.
	High capital cost.

	High field homogeneity, 0.1ppm.
	Large fringe fields.

	High SNR.
	Regular replacement of refrigerants.

	Spectroscopy possible.
	Quenches possible.

	Fast scanning.
	Field can’t be readily turned on or off.


Open configuration superconducting magnets:- 
· Used for interventional procedures.
· Split coil, high field superconducting magnets that allows relatively free horizontal and vertical access of patient.
· Two 55 cm diameter access coils, sharing interconnected cryostat and separated by a free access of 56 cm.
· Field strength 1.5T at each of their isocenter and 1.5T at the center of the patient. 
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Magnetic field homogeneity
To compensate the divergence  which is induced by the strong divergence of field lines  at the end of coil and generate reasonably high homogeneous field the coil segments are wound with a smaller radius or with more turns at the end of the solenoid then the middle. For high homogeneity the magnetic field must be adjusted periodically at the site of diagnostic operation by a process called “Shimming”. It is necessary because:-  

· Difficulty of winding a perfect coil.
· Slight variation in current density with in the wire.

· Presence of metal in near environment, which concentrates flux lines compared with air.

Passive Shimming:- 

· Field inhomogeneity caused by spot defects in wiring or metal structures in the environment of magnet can be accomplished balancing the field distortion of a fixed metal object in the environment with another similar shape.

· It will concentrate magnetic flux lines there by reducing the fringe field by a factor of 5 to 10.

Active Shimming:-

· Field homogeneity is further improved by passing current through appropriate gradient coils which can generate small magnetic field super imposed on the main magnetic field.
· These are the resistive windings within the bore of the magnet.

· Modern imaging system allows the field to be automatically shimmed on each patient at the beginning of each protocol.

· The maximum requirement in Hz/cm is established by:- 
1) Size of the voxel and
     2) Strength of the gradient.

· The practical upper limit of gradient strength is 1 to 2 G/cm because of larger power requirements and necessity for short gradient rise and setting time.

The gradient system
It is three sets of coils that can be switched on and off frequently to allow 

1) Slice selection which is switched on for 3ms.

2) Phase encoding which is switched on for 4ms.

3) Frequency encoding which is switched on for 8ms.  
· The gradients must rise to full power quickly (less then 1ms).
· The phase selection and slice selection gradients must be switched off and loss power quickly before the read gradient is turned on.

Gradient coils and gradient field:-

· Thick copper conducting bands, width – 10mm, thickness – 4mm.
· Current required - ~30A, gradient magnetic field - ~40mT/m.
· Because of their magnetic fields they tend to distort and hence their magnetic field, for the prevention of physical distortion these are embedded in a epoxy resin casing.
· The parameters that characterize the quality of gradient sub system are the gradient linearity and the rise and fall time. 

· B0 is typically 10,000and the field gradient is approx 1G/cm.

· The steepness of the magnetic field gradient (change in magnetic field per unit distance, ∆B0/∆z = G/cm) affects the slice thickness sampled, because an RF pulse with a frequency width that corresponds to a specific range of values of the static field strength (B0+B0z) will correspond to a thicker slice if a weak gradient is employed compared to the strong gradient.
· There must be a constant slope of the plot B vs. distance over the FOV. If the gradient falls non linear on either side of the magnetic isocenter then the intensity of the image will not code linearly with the distance in the phase encoding and frequency encoding direction and the image will be distorted. 
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Eddy currents:-
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          In case of MRI the time varying field is caused by switching the gradient on or off. These fields induce an opposite time varying electric current in the surrounding metal structure of the magnet and cryostat. Typically they have time constants ranging from a few milliseconds to several hundred milliseconds. Eddy currents with long time constant severely degrade the homogeneity of field, where as with short time constants act more to distort the gradient time profile. It severely affects spectroscopy.
[image: image3] Solutions:-

· Pre emphasis -  It involves over driving the gradient coils by as much as 30% for a short time just as the pulse is turned on to square up to its leading edge and then the reversing the polarity of the pulse for a short time at its trailing edge. Not satisfactory because of the complex path traversed by the eddy currents with diverse time constants.

· Elimination - The gradient coils are shielded in such a way that the gradient fields are restricted to the interior of the magnetic bore by constructing a wire mesh screen around the coil and passing appropriate amount of current in a direction such that the magnetic field associated with the wire mesh cancels that generated by the gradient coils.
The Radio Frequency System
Its primary function is to generate and collect MR signal. For a solenoid magnet, the transmit and receive coils are saddle shaped, and have the volume of greater B field homogeneity along the linear portion of the coil and ends being highly inhomogeneous. An alternative design a bird case coil is used for improved homogeneity and sensitivity.                          
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The surface coil has a large B field homogeneity are generally used only for the receiver. They are used for spectroscopy and imaging of spine where they are more closely coupled with the anatomy and markedly improve the SNR and decrease motion artifact. Also there are many other types of body coil to imaging different body parts. 
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Noise: - The origin of the noise in the patient lies in the high electrolytic content of cells and body fluids, for example blood serum contains approx 200 mille mole of salt per liter. This results in a high conductivity of tissue and as a consequence eddy currents are produced in tissue by the application of an RF pulse. It also causes heating in them. 

Coil Quality: - A good RF coil stores or receives a large amount of magnetic energy compared with resistance losses in the coil. Coil are characterized by a quality factor (Q) defined as: - Q = maximum energy stored / average energy dissipated per radian.
This expression in terms of coil parameter as- Q = 1/rωc. Where ω = 1/√LC. 

A high Q coil is more difficult to construct for operation at higher precessional frequency. It requires a low value of inductance and a stray C. The inductance of a wire wound coil increases with the squire of no of turns constituting the coil.

· Although the L of wire wound coil can be reduced to appropriate value at high ω by simply reducing the no of turns in the coil, this would result in a reduction of homogeneity of B field to an unaccepted low value.

At high frequency (>10 to 15 MHz), wide sheet conductors, which have lower surface current density and inductance, are used to construct receivers.
Array of surface coil may be used to extend the effective field of view of the receiver coil maintaining the improved SNR characteristics of limited field of view of a single coil in the array. This is important because:-

· The region of interest in diagnostic imaging is not known beforehand. 

· To ensure proper coverage of the ROI with a single surface coil require :-

1) The coil must be large thus reducing SNR.

2) The smaller coil must be repositioned after the ROI has been defined.
It is time consuming and uncomfortable for the patient. 

The transmitter must:-

I. Generate stable basic frequency for the RF.

II. Develop the appropriate wave form to deliver the amplifier so that it delivers an RF pulse of the required shape and flip angle to the coil.

III. Time delivery of the pulse through an on/off RF gate.
Flow chart of radiofrequency transmitter section of an MR system
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Schematic diagram of an RF receiver system of an MR System
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Quadrature Coil
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· The double coils are geometrically and electrically orthogonal but have identical resonance frequencies.
· If these coils components are exited with AC pulses of identical amplitude, but phases that differ by 90º then a standing wave of constant amplitude B field is set up in the coil as a whole.

· It increases the SNR by a factor of √2 and requires only half of the power to generate circularly polarized B field, there by reducing power deposition in tissue.

· Because of the of the frequency encoding gradient and the effect of magnetic field inhomogeneity, the magnetization of all pixel off isocenter is spread out in the transverse plane with components 90º out of phase along X & Y, either of which can be detected with a single phase sensitive detector. 
· Its one channel detects a cosine component and other detects the sine component.

· The cosine term can’t distinguish positive and negative values the singles PSD can’t distinguish whether the frequency is higher or lower then the reference frequency. Because the Quadrature detection operates with both cosine and sine terms positive and negative frequency can be distinguished, there by allowing a smaller detector band width which also decrease the noise. 

Computer 
It performs the function like:-
1) Data collection.

2) Manipulation.

3) Storage, retrieval, multiformat presentation.

4) Selection of VOI, shaping and timing of RF pulse.

5) Turning the gradient on or off.

Speed: - The computer must also perform computation quickly. In one common two dimensional Fourier transformation (2DFT) image reconstruction method, computation of a single 256×256 image requires 512×256 fast Fourier transforms (FFTs)

· Each FFTs requires 2048 complex multiplication and these are most time consuming part of the FFT algorithm. A complex multiplication may be computed with four real multiplications. Therefore 256×256, 2DFT image needs 4.2 million multiplications.

· For the maximum precision resolution in the data to be preserved, the FFT should be computed with floating point operation referred as ‘flops’. The image will thus require 4.2 million flops for the reconstruction of image in one second.

· Only with the assistance of the array processors or digital signal processor (DSP) we can achieve such computational rate. Typical DSP speeds range from 10 to 40 million flops. High performance MRI system may incorporate multiple DSPs, consequently images appear immediately after data collection.

· Practical performance is slowed by limitations on the rate at which data may be moved on and off the disk and data BUS speed. 

Space demand: - 

· To acquire a single image with matrix of 512×512 with 1024 discrete grey levels approx 0.5 MB of core memory is required also the CPU must have the access to more than 0.5 MB of core memory to store a current image data set.

· If 10 patients are studied each day approx 50 to 200MB space is required.

· Also the major part of memory is used for operating software and codes for the RF and gradient programme.

· So the system must have the space of 20-40 GB. 
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cross section view of superconducting coil arrangement
Patient table 

 The minimum specifications of patient table of MRI system are:-

1. Weight bearing capacity------------------130 Kg.

2. Lift speed -----------------------------------1cm/s.

3. Translation speed --------------------------10 cm/s.

4. Position accuracy --------------------------±1 mm.

Quenches

 When the current in the magnetic field is lost through a resistive path way in the conductor and   Magnetic field is discharged by dissipation of energy a ‘Quench’ occurs.

1) It can be created by minor motion of the wire in the coil, resulting in sufficient heating to drive the temperature of small volume of the coil above the critical temperature. This effect is exacerbated by the very low heat capacities of materials at low temperature, due to low degree of freedom at such low tem

2) It also can be caused by the heat release in flux jumping, which arises from currents induced in one part of the coil by magnetic field generated in another part of the coil. The induced current opposes the main current and causes resistive heating.

· The copper matrix in which the Nb/Ti filaments are embedded makes the wire more workable and reduced flux jumping and temperature rise in superconducting filaments, because copper has high thermal and electrical conductivity.  

· Once the small volume is driven above the super conducting temperature, electrical resistance heating can rapidly drive larger and larger volumes of the coil above the critical temperature, resulting in quick discharge in coil energy.

· During a quench, the liquid gases vaporize, causing the main magnet windings to rise in temperature and becomes electrically resistive. This results in more heat, which results in more liquid boil off. The magnet windings can’t sustain the high current in the resistive phase and can be severely damaged. If it occurs magnetic field intensity drops rapidly to zero and imaging system ceases to function.

· Further it is possible for 100 to 150 liter of liquid He & N to be vaporized in less then 1 minute. This produces approx 4000ft³ of gas at STP, which can quickly displace all the oxygen in the room. So it is recommended that superconducting magnets be equipped with an oxygen monitor that will sound an alarm if the oxygen level  in the imaging room drops below 140 ppm, normal level of oxygen in air are 150 ppm by volume. 
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Energizing the MR System
Thank you.
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Simplified block diagram of a MR system
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