NORMAL RADIOGRAPHIC ANATOMY
Introduction to MRI

The hydrogen atom is used in MRI to make an image.  Its nucleus contains one proton, no neutron, making this atom easily manipulated by strong magnetic fields and radiofrequency waves.  Hydrogen is particularly good at producing the tissue magnetization needed to obtain images.  Hydrogen is more prevalent than any other element in human tissue.   It is found in water and in adipose tissues in different amounts.  The difference in the quantity of hydrogen atoms in different tissues is the basis for subject contrast in MRI.   

The creation of the image

The hydrogen atoms are subjected to a strong magnetic field and a series of radiofrequency waves.  The specific magnetic field strength and wave frequencies will create oscillations (called precession) of the hydrogen atoms similar to a spinning toy top.  After a specific time, these precessing atoms will send a radiofrequency (RF) wave back to an antenna.  The process of sending radiofrequency waves to the body and receiving (from the body) another signal is called resonance.  The coil is the antenna used to send and receive the signals.  The coil is connected to a computer for data analysis and image construction.  During the examination period, all the hydrogen atoms will demonstrate different phases and frequencies of the signal acquired at different locations.  The strength of the signal is dependant on a few factors but essentially, the stronger the magnetization of the tissue, the more current (signal) is induced into the antenna.
Tissues that have a lot of magnetization create light (bright) areas on a MRI

·  called high signal intensity
Tissues that have smaller amounts of magnetization have darker areas on the MRI

·  called low signal intensity
Equipment

Closed magnets are usually more powerful (1.5 Tesla) and display a more homogeneous magnetic field.  Therefore, more tissue magnetization is obtained, resulting in stronger signal and less artifacts.  The disadvantage of closed magnets is the weight limits (250-300 pounds) and its small closed diameter, possibly uncomfortable for children and claustrophobic patients.
Open magnets are usually less powerful (less than 1.0 Tesla) with more heterogeneous magnetic fields, leading to less tissue magnetization, less signal strength and more imaging artifacts.  These problems can be compensated by newer imaging acquisition software.  The advantages of open magnets, obviously, are the increased comfort and the availability of dynamic studies performed in a recumbent position, sitting or standing.
A coil is a piece of hardware that can transmit or receive RF pulses during MR imaging.  The closer the coil is to the tissue examined, the better the signal and the lower the noise.

Smaller coils are usually better than larger body coils.  A surface coil (flat or volume) is commonly used in musculoskeletal imaging because of its homogeneous signal strength throughout the field of view.  Phase array coils, a technology used in modern radar construction, consists of multiple overlying flat coils used predominantly to image the spine.  The type of coil used will influence the quality of the examination performed (i.e.  large body coil should not be used for a knee or elbow evaluation).

What makes a good image?

Patient motion during the examination is highly detrimental to the image quality.  The patients should be comfortable in the magnet in order to reduce the movement.  Pillows and different supports are used to reduce the stress and minimize the body’s tension.  The examination time usually ranges from 20-60 minutes for most spinal and musculoskeletal evaluations.  Between 2 to 6+ sequences are acquired in standard protocols.  Head phones with music/video can be used to relax the patient.  

If necessary, sedation can be helpful if the patient is claustrophobic, anxious or a young child or infant.
Contraindications to MRI evaluation
Any ferromagnetic object has the potential to cause internal lesions if it resides within the body.  Common contraindications to MRI evaluation include: aneurysm clips, intraocular foreign bodies, subcutaneous metal shards, implanted neurostimulators (TENS units), some older prosthetic heart valves, cochlear implants or other hearing aids, tattooed eyeliner, 1st trimester of pregnancy.
Magnetic resonance imaging does not use ionizing radiation to acquire the images.  On the contrary, CT scans, nuclear medicine scans and conventional radiography represents an important source of ionizing radiation for the patient.  Although there are no known major complications to an MRI scan, the effects of strong magnetic fields to human embryo are not well understood.  Therefore, caution is recommended for scanning patients in their first trimester of pregnancy.
Signal and resolution

The amount of information on an image is called the signal.  If an image is signal-poor, it is called noisy. The amount of information on an image is called the signal.  If an image is signal-poor, it is called noisy.  Multiple factors are necessary to determine the signal strength of the images.  The following factors are summarized.  
The area imaged is determined by the field of view.  A large field of view can be helpful to observe diffuse pathological processes (i.e. tumors and infections).  On the opposite, a small field of view can be helpful to better observe small structures (i.e. meniscal tears).  Each image is formed by multiple pixels (picture elements).  The number of pixels in an image is determined by the matrix size (ex: 256x256).  The smaller the matrix size, the larger the pixel size will be.  A pixel is a 2 dimensional square representing the average signal acquired from a voxel.  A voxel represents a small 3 dimensional cube of tissue within a predetermined slice thickness.  
From the previous information, you can understand that the dimensions of the voxels are determined by the following characteristics of the image: slice thickness, field of view and imaging matrix size.  The signal strength is directly related to the number of protons in each voxel.  A large voxel will have more protons than a small one.   The signal strength of each voxel will increase proportionally to the size of the voxel.  On the contrary, the size of the voxel (or pixel on the image) is inversely proportional to the image resolution.  The resolution is defined as the ability to distinguish small adjacent structure.  The smaller the voxel (or pixel), the better the resolution will be.  A balance of both signal strength and resolution is necessary in order to obtain a diagnostic image.
Each slice of tissue cannot be acquired without a predetermined gap in between adjacent slices.  If the slices are acquired too close together (very small gaps in between the slices), some tissue of the adjacent slice can be erroneously magnetized.  The signal sent to the receiving antenna will come from a voxel situated outside from the slice intended to be seen and will be displayed on the image.  This is called a cross-talk or spill-over artifact.  If the gap in between the slices is too large, then some information can be lost.  Gap thickness is usually set to ¼ of the slice thickness. 
Tissue contrast

The contrast is the ability to differentiate different types of tissues based on their signal intensities.  Fat and water structures resonate differently by changing the imaging parameters.  This is known as “weighting” the image.
When RF pulses are sent to the body, they start the precession of the hydrogen protons in the axial plane.  The time necessary for most of the protons to realign themselves with the main magnetic field is called “relaxation”.  Fatty tissues will realign themselves a lot faster than water tissues.  By selecting the acquisition of the image at a specific time, it is possible to decide which tissues will emit the strongest signal (will be bright).
TE (echo time) represents the time elapsed between the RF pulse and the echo (strongest signal emitted by the tissues). If the images are acquired with a long TE, it signifies that enough time has elapsed for fat protons to realign themselves with the main magnetic field, therefore giving a low signal to fat.  Meanwhile, water tissues still remain “excited” enough to provide a strong signal.  For conventional spin-echo sequences, a long TE will show the water as bright and the fat as dark.  A short TR will show the water as dark and the fat as bright.
TR (repetition time) represents the amount of time elapsed between successive RF pulse sequences (90 degree angle) applied to the same slice.  A long TR signifies that enough time has elapsed for water protons to realign themselves with the main magnetic field before the next RF pulse sequence, allowing water tissues to be fully “excited” in the next evaluation.  A low TR signifies that not enough time has elapsed for water protons to realign themselves with the main magnetic field before the next RF pulse, allowing only the adipose tissues (that realign faster than water) to get “excited” and emit a strong signal in the next evaluation.  For conventional spin-echo sequences, a long TR will show the water as bright and the fat as dark.  A short TR will show the water as dark and the fat as bright.
FA (flip angle) represents the amount of rotation of the macroscopic magnetization vector of the hydrogen protons produced by an RF pulse, with respect to the direction of the main magnetic field.  In conventional spin echo sequences, 90 degree RF pulses are used as a slice selecting gradient.  For gradient echo sequences, a smaller flip angle is used.  A small flip angle (less than 30 degrees) is used for T2-weighted gradient echo sequences (also called T2*) and a larger flip angle (around 70-110 degrees) is used for T1-weighted gradient echo sequences.  For inversion recovery sequences, a very large flip angle is used (180 degrees).

TI (inversion time) represents the time between the inversion pulse (180° FA) and the sampling pulse(s) (90° FA) in an inversion recovery sequence.  During inversion recovery sequences, the large flip angle reverses the alignment of the hydrogen protons in the magnet.  As time elapses, they will slowly realign themselves with the main magnetic field (Y), first passing through the XY plane.  If the slice selecting pulse is applied exactly when all the fat proton vectors are situated within the XY plane, the fat will not get magnetized and will give a low signal on the images.  This sequence is commonly referred as STIR (short TI inversion recovery or short tau inversion recovery).  It is a perfect fat-suppressed image and is very fluid-sensitive.
Common pulse sequences
T1 – weighted spin echo:
TR ≤ 1000 ms

TE ≤ 30 ms

FA = 90°

The advantages of a T1-weighted image are the great anatomic detail, the high signal for fat, subacute hemorrhage and proteinaceous fluid (ex: ganglion cysts), the detailed marrow architecture and tissue enhancement with contrast (gadolinium).  The weaknesses of a T1-weighted image are the poor detection of soft tissue edema, fluid pathology or bone marrow abnormalities.

T2 – weighted spin echo or fast spin echo (FSE):
TR ≥ 2000 ms

TE ≥ 60 ms

FA = 90°

The advantages of a T2-weighted image are the great detection of fluid and many pathologic processes (tumor, infection, injuries).  The weakness of a T2-weighted image is the long imaging time.
The fast spin echo sequence differs from the spin echo sequence by the principle that images are acquired in a much shorter time using an echo train.  An echo train represents the succession of multiple echoes of relatively high signal strength emitted by the tissues, where the average signal is calculated and displayed.  The significant shorter time of examination prevents movements from the patients and allows time for other sequences to be acquired.  Most T2-weighted images now performed are using the FSE technology.  The greatest weakness of T2-weighted FSE is that fat can remain of high signal intensity and that images are usually noisier (blurred) compared with SE sequences (lower signal to noise ratio).  This can lead to missed pathology.
Proton density (spin density) spin echo or fast spin echo:
TR ≥ 1000 ms

TE ≤ 30 ms

FA = 90°

Proton density images represent an intermediate between T1 and T2-weighted sequences.  They have a long TR and a short TE.  They are very popular in musculoskeletal imaging.  The advantages of a PD-weighted image are the good anatomic detail with fluid-sensitivity, especially if combined with fat saturation techniques.  The weakness of PD-weighted images is their poor detection of fluid and marrow pathology without fat suppression techniques.
Inversion recovery (STIR)

TR ≥ 2000 ms

TE ≥ 60 ms

FA = 180 → 90°

TI = 120 – 150 ms

The strengths of STIR images come from the fact that the fatty signal is removed from the image and the signal from water is increased.  This leads to increased sensitivity for most type of soft tissue and marrow pathology.  The major weakness of this sequence is that it cannot be used with contrast (gadolinium).    
Gradient echo sequences
T1-weighted





TR is variable

TE ≤ 30 ms

FA = 70 - 110°

T2* or (GRASS)
TR is variable

TE ≤ 30 ms

FA = 5 - 20°

Because of their smaller flip angles compared with conventional spin echo sequences, gradient echo images are usually noisy.  T1-weighted gradient echo sequences are very rarely performed in musculoskeletal evaluations because the same information can be acquired with a T1-weighted spin echo sequence in a similar time with better images.  This is not the case for T2-weighted gradient echo sequences (called T2 star).

T2* is a great sequence to evaluate small structures like ligaments, tendons and cartilage.  It is a lot faster to acquire a T2-weighted image with gradient echo sequences than with conventional spin echo sequences.  Most new imaging software allow T2* sequences to be acquired in 3 dimensions.  Instead of imaging predetermined thin slices of tissue, a large block of tissue is acquired and can be sliced at a later time by the computer.  Any slice in any orientation can be displayed.  The slice thicknesses are usually smaller than with conventional spin echo sequences, allowing for better identification of small structures like tendons and ligaments, intervertebral discs in the cervical spine, cartilage, etc.  Since many ligaments and tendons are oriented obliquely to the imaged slice in spin echo sequences, their interpretation can be challenging.  Because of the volume imaging capabilities of T2* sequences, the selected slice orientation can be displayed in any plane (cross-section or longitudinal plane of a ligament) allowing for better visualization of the desired structure.

Another great advantage of T2* imaging is the increased blooming effect of metallic structures on the image.  This phenomenon is called metallic susceptibility artifact.  Metallic structures will demonstrate a signal void (dark area on the image) when seen on any MRI image.  With T2*, this signal void will be increased in size, sometimes limiting the visualization of tissues adjacent to the metallic structure.  This effect is not useful for the imaging of post-operative patients with fixation plates in the spine, but it can be very useful to image patients with chronic bleeding in a joint with hemosiderin (iron) deposits.  This phenomenon can also be helpful to identify loose bodies and subtle hemorrhages.  The greatest weaknesses of T2* sequences are the poor signal to noise ratio (noisy image) and the poor detection of marrow pathology with high field strength magnets.
Fat saturation

Fat saturation can be obtained by two different ways.  Frequency selective (chemical) fat saturation is performed when the computer selects the frequency of fat and “spoils” it.  It wipes out fat signal from the image.  It can be used with T1 (DDX fat and subacute hematoma) or any other sequence.  Because of the inability of conventional T2-weighted FSE to completely remove the high signal from fat in the images, fat saturation can be added to increase its specificity to detect abnormal fluid.  Fat saturation can also be combined with T1-weighted gadolinium studies to better visualize the enhancement of inflammatory tissues caused by the contrast material.  One drawback of fat saturation techniques is that it can be incomplete if the magnetic field is heterogeneous.  Therefore, this option is not always available with open magnets.
The other option to perform fat saturation is to use an inversion recovery sequence like STIR.  This sequence tends to produce better fat suppression because it is not as sensitive to magnetic field strength inhomogeneity.  It cannot be used with contrast studies.

