Magnetic Resonance Imaging
MRI

Basics

= An MRI (Magnetic Resonance Imaging) machine uses (commonly) an electromagnet, which is super-cooled
with liquid helium, to produce a static magnetic field which causes hydrogen nuclei in water molecules in the
body to align either in parallel or anti-parallel to the field. An image is generated by the repeated application
of an electromagnetic pulse-sequence (in the radio-frequency band), this cause the nuclei to align (or
'flipping'), when the alignment decays it will induce a voltage in a conductive loop placed near the area of
interest (the part of the body which is being imaged). The voltage is interpreted by the computer, which then
will construct the image.

= MRI is similar to Computed Tomography (CT) as they both produce a 2-dimensional cross-section of the body.

= CT machines employ x-rays which must be attenuated by the tissue in the body at varying degrees to
generate the contrast required for an image. The image quality is poor relative to MRI due to the relatively
uniform composition of tissues.

= An MRI demonstrates best tissues with a lot of hydrogen in them, so it is less suited to imaging bone; however
the differences in cancellous and cortical bone in addition to bone marrow can be discerned on an MR image
(depending on the factors chosen by the operator).

= As MRI does not using ionising radiation, it would ideally be the preferred method of imaging; it is safe for the
imaging of children. However, pregnancy is a possible contra-indication (especially in the first trimester) due
to unknown possible side-effects.

= Magnetic resonance imaging (MRI), formerly referred to as magnetic resonance tomography (MRT) and, in
scientific circles and as originally marketed by companies such as General Electric, nuclear magnetic
resonance imaging (NMRI) or NMR zeugmatography imaging, is a non-invasive method using nuclear magnetic
resonance to render images of the inside of an object.

= |t is primarily used in medical imaging to demonstrate pathological or other physiological alterations of living
tissues.

= MRI also has uses outside of the medical field, such as detecting rock permeability to hydrocarbons and as a
non-destructive testing method to characterize the quality of products such as produce and timber.

= MRI should not be confused with the NMR spectroscopy technique used in chemistry, although both are based
on the same principles of nuclear magnetic resonance.

= |n fact MRI is a series of NMR experiments applied to the signal from nuclei (typified by the hydrogen nuclei in
water) used to acquire spatial information in place of chemical information about molecules.

= The same equipment, provided suitable probes and magnetic gradients are available, can be used for both
imaging and spectroscopy.

= The scanners used in medicine have a typical magnetic field strength of 0.2 to 3 Teslas. Construction costs
approximately US$ 1 million per Tesla and maintenance an additional several hundred thousand dollars per
year.

= Medical Imaging MRI, or "NMR" as it was originally known, has only been in use since the 1980's. Effects from
long term, or repeated exposure, to the intense magnetic field are not well documented.

= Functional MRI detects changes in blood flow to particular areas of the brain. It provides both an anatomical
and a functional view of the brain.

Nuclear spin

Nuclei with an odd mass or odd atomic number have "nuclear spin" (in a similar fashion to the spin of electrons).
This includes H and 13C (but not 12C). The spins of nuclei are sufficiently different that NMR experiments can be
sensitive for only one particular isotope of one particular element. The NMR behaviour of 1H and 13C nuclei has
been exploited by organic chemists since they provide valuable information that can be used to deduce the
structure of organic compounds. These will be the focus of our attention. Since a nucleus is a charged particle in
motion, it will develop a magnetic field. 1H and 13C have nuclear spins of 1/2 and so they behave in a similar
fashion to a simple bar magnet. In the absence of a magnetic field, these are randomly oriented but when a field is
applied they align parallel or anti-parallel to the field. The more highly populated state is the lower energy spin
state, which is in alignment to the magnetic field.

Advantages and Disadvantages

Advantages

= |t is a non-ionising radiation imaging modality.

= Can provide detailed images of the brain contrasting differing tissue types which comprise the brain through
multiple cross-sections.

= Relatively safe; painless; and non-invasive.

= For the most part, no special preparation is required of the patient (could be argued of the other imaging
modalities too). Patients will having eating and drinking restrictions for studies examining the gastro-intenstial
tract and associated organs and glands (an MRCP (Magnetic Resonance Choliangiopancreatography) would be



one instance) for example; but for the most part there will be few pre-examination preparation procedures to
follow.

Disadvantages

= MR machines are expensive to buy and run compared to other modalities such as Ultrasound (another imaging
modality which does not use ionising-radiation) or CT.

= Generally, it cannot be used in patients with metallic devices (pacemakers, although newer pacemakers which
are being fitted are 'MR-Safe'); it is not contra-indicated in patients with numerous types of orthopaedic
implants, however the operator must be aware of the heating of the prosthesis during the scan; futhermore, it
can be possible to undergo an MRI scan with metal surgical implants in soft-tissues, however it is very
dependent on the type of implant and where it is.

= |t cannot be used with uncooperative patients (MR scans are highly sensitive to movement (due to k-space
filling, it can distort an the images from an entire scan sequence)) or those who are claustrophobic; however,
in the former case (and the latter one too), sedatives can be used if it is deemed that the information gained
from the MR scan sufficiently deems their application; furthermore, open MR machines are in development by
the major manufactures to address this issue.

Functional MRI (fMRI)

A fMRI scan showing regions of activation in orange, including the primary visual cortex (V1, BA17). Functional MRI
(FMRI) measures signal changes in the brain that are due to changing neural activity. The brain is scanned at low
resolution but at a rapid rate (typically once every 2-3 seconds). Increases in neural activity cause changes in the
MR signal via T2* changes; this mechanism is referred to as the BOLD (blood-oxygen-level dependent) effect.
Increased neural activity causes an increased demand for oxygen, and the vascular system actually
overcompensates for this, increasing the amount of oxygenated hemoglobin (haemoglobin) relative to
deoxygenated hemoglobin.

Because deoxygenated hemoglobin attenuates the MR signal, the vascular response leads to a signal increase that
is related to the neural activity. The precise nature of the relationship between neural activity and the BOLD signal
is a subject of current research. The BOLD effect also allows for the generation of high resolution 3D maps of the
venous vasculature within neural tissue. While BOLD signal is the most common method employed for
neuroscience studies in human subjects, the flexible nature of MR imaging provides means to sensitize the signal to
other aspects of the blood supply. Alternative techniques employ arterial spin labeling (ASL) or weight the MRI
signal by cerebral blood flow (CBF) and cerebral blood volume (CBV). The CBV method requires injection of a class
of MRI contrast agents that are now in human clinical trials.

Principles

Modern 3 Tesla clinical MRI scanner. Medical MRI most frequently relies on the relaxation properties of excited
hydrogen nuclei in water and lipids. When the object to be imaged is placed in a powerful, uniform magnetic field,
the spins of atomic nuclei with a resulting non-zero spin have to arrange in a particular manner with the applied
magnetic field according to quantum mechanics. Nuclei of hydrogen atoms (protons) have a simple spin 1/2 and
therefore align either parallel or antiparallel to the magnetic field

The spin polarization determines the basic MRI signal strength. For protons, it refers to the population difference of
the two energy states that are associated with the parallel and antiparallel alignment of the proton spins in the
magnetic field and governed by Boltzmann statistics. In a 1.5 T magnetic field (at room temperature) this
difference refers to only about one in a million nuclei since the thermal energy far exceeds the energy difference
between the parallel and antiparallel states. Yet the vast quantity of nuclei in a small volume sum to produce a
detectable change in field. Most basic explanations of MRI will say that the nuclei align parallel or anti-parallel with
the static magnetic field; however, because of quantum mechanical reasons, the individual nuclei are actually set
off at an angle from the direction of the static magnetic field. The bulk collection of nuclei can be partitioned into a
set whose sum spin are aligned parallel and a set whose sum spin are anti-parallel.

The magnetic dipole moment of the nuclei then precesses around the axial field. While the proportion is nearly
equal, slightly more are oriented at the low energy angle. The frequency with which the dipole moments precess is
called the Larmor frequency. The tissue is then briefly exposed to pulses of electromagnetic energy (RF pulses) in a
plane perpendicular to the magnetic field, causing some of the magnetically aligned hydrogen nuclei to assume a
temporary non-aligned high-energy state. Or in other words, the steady-state equilibrium established in the static
magnetic field becomes perturbed and the population difference of the two energy levels is altered. The frequency
of the pulses is governed by the Larmor equation to match the required energy difference between the two spin
states.

Applications

Clinical practice, MRI is used to distinguish pathologic tissue (such as a brain tumor) from normal tissue. One
advantage of an MRI scan is that it is thought to be harmless to the patient. It uses strong magnetic fields and non-
ionizing radiation in the radio frequency range. Compare this to CT scans and traditional X-rays which involve doses
of ionizing radiation and may increase the risk of malignancy, especially in a fetus.



While CT provides good spatial resolution (the ability to distinguish two structures an arbitrarily small distance from
each other as separate), MRI provides comparable resolution with far better contrast resolution (the ability to
distinguish the differences between two arbitrarily similar but not identical tissues). The basis of this ability is the
complex library of pulse sequences that the modern medical MRI scanner includes, each of which is optimized to

provide image contrast based on the chemical sensitivity of MRI.

For example, with particular values of the echo time (TE) and the repetition time (TR), which are basic parameters

of image acquisition, a sequence will take on the property of T2-weighting.
On a T2-weighted scan, fat-, water- and fluid-containing tissues are bright
(most modern T2 sequences are actually fast T2 sequences). Damaged
tissue tends to develop edema, which makes a T2-weighted sequence
sensitive for pathology, and generally able to distinguish pathologic tissue
from normal tissue. With the addition of an additional radio frequency
pulse and additional manipulation of the magnetic gradients, a T2-
weighted sequence can be converted to a FLAIR sequence, in which free
water is now dark, but edematous tissues remain bright. This sequence in
particular is currently the most sensitive way to evaluate the brain for
demyelinating diseases, such as multiple sclerosis.

The typical MRI examination consists of 5-20 sequences, each of which are
chosen to provide a particular type of information about the subject
tissues. This information is then synthesized by the interpreting physician.
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