
Nuclear Magnetic Resonance Applied for Medicine 
 

Introduction 
 

 Nuclear Magnetic Resonance (NMR) was discovered in 1938 by American physicist Isidor 

Rabi, who was earned the Nobel Prize for Physics in 1944 for his discovery — only for strictly 

theoretical reasons — but now has many applications. It is therefore one of the most significant 

stakes of today’s and tomorrow’s physics. 
 

NMR — How does it work? 
 

 The principle of NMR is fairly simple. Some atoms, like 1H and 13C, that have an odd 

number of protons and/or neutrons, have an intrinsic magnetic momentum, called the spin: they are 

like little magnets. However, the theory of quantum mechanics has shown that for a given sample 

for say, hydrogen, the spin is not continuously distributed within the sample but can only take a 

given number of values, two in the case of hydrogen: +ħ/2 or -ħ/2, where ħ is the reduced Planck 

constant. It is quantified. As a result, when the sample is plunged into a magnetic field, the little 

magnets align with its direction, in one sense or the other: an energy difference appears between the 

atoms that have a different value of spin, that is directly proportional to the magnetic field. In the 

case of 1H, this difference is ΔE = γħB0, where γ is a constant called the gyromagnetic ratio (which 

depends on the atom itself) and B0 the magnetic field. The application of a second, orthogonal 

magnetic field in the form of an electromagnetic radio pulse of a given frequency ν0, results in the 

absorption of the photon at the resonance value ΔE = hν0, that is to say when ν0 = γB0/2π. This 

value is called the Larmor frequency. The photon absorption causes the magnetization of the proton, 

which deviates from its initial direction 𝐵0
⃗⃗⃗⃗ . The spin can be tipped sideways (90° impulsion) or 

even reversed (180° impulsion) depending on the length of the radio pulse. The proton then relaxes 

back along the 𝐵0
⃗⃗⃗⃗ direction, much like a wheel under the effect of gravity, while rotating around the 

z axis. The longitudinal relaxation follows an exponential dynamic: Mz (t) = Mz (0)(1 - exp(-t/T1))   

where Mz (t) is the magnetization of the proton along the 𝐵0
⃗⃗⃗⃗ direction. T1 is defined as the time that 

the proton takes to recover 63% of its initial direction and is a characteristic of the propagation 

medium. Furthermore, the rotation of different spins tends to become incoherent over time (spins 

tend not to remain in the same direction and the overall spin becomes zero), because their rotation 

frequency deviates from the theoretical Larmor frequency due to the thermal agitation and 

interactions between spins, that modify the local magnetic field, which is no longer equal to the 

resonance value. It results in a diminution of the transverse magnetization, also exponentially:     

Mxy (t) = M0 exp(-t/T2), where T2 is defined in the same way T1 is and also is a characteristic of the 

medium. When the radio pulse is turned off, the rotation of the spin (as shown below, the black 

arrow stands for the spin vector) around the z axis induces a small current according to Faraday’s 

law in a coil placed in the detector. The duration of this current corresponds to the time the proton is 

magnetized along x and y, i.e. to T2. T1 (around 1s) is always higher or equal to T2 (from 1ms to 1s). 



NMR in medicine 
 

 Magnetic resonance imaging (MRI) is one of the most brilliant and promising applications 

of NMR. Different tissues have different T1 and T2, since the ability for the proton to relax highly 

depends on the mobility of the tissue (a rigid tissue such as a bone has a high T1). However, if the 

proton’s environment is too mobile (like water), i.e. the collision frequency between molecules is 

too high, the collisions hinder the relaxation and T1 is long. Actually, T1 is shortest when the 

collision frequency equals the Larmor frequency ν0. Transverse relaxation, on the other hand, is the 

result of spin-spin interactions between hydrogen atoms from different molecules, and depends on 

the distance between these molecules. These spin-spin interactions tend to keep the phase coherence 

of the spins. Since hydrogen bonds exist in water, T2 is longer for water than for fat, for instance. 

Hydrogen atoms exist naturally in people, especially in water and fat — 63% of the human body’s 

atoms are hydrogen — and an MRI scanner uses a space-depending magnetic field rather than 

homogeneous to locate them, thanks to gradient coils along each direction which make a position 

correspond to a specific value of the magnetic field and vice versa. For example, if the patient’s 

liver needs to be examined, the scanner knows the specific value Bliver of the magnetic field in the 

place of the patient’s liver. If hydrogen is searched for, the value of γ is also known. Then, the 

scanner the ν frequency of the radio pulse until it detects a signal. If a signal is detected for the 

value ν = γBliver/2π, it means that there is hydrogen in the patient’s liver. T1 and/or T2 are then 

measured and the nature of the tissue can be determined. MRI basically maps the human body by 

varying the frequency ν of the radio pulse and can expose an agglomeration of living tissue inside a 

body, that is to say a tumor or an edema. For instance, if a T1-weighted scan is performed (the 

measure of T1 is used to differentiate tissues), low-T1 environments like fat, melanin and slowly 

flowing blood will appear white whereas high-T1 environments like water, edemas, tumors, 

inflammation, bone and air will appear black. A T2-weighted scan will use acquisition time 

parameters that will suppress T1 effects and display only T2 discrepancies within the body. In that 

case, tumors and edemas appear white and fat, bone and air appear black on the image. Combined, 

those two types of scans allow a very precise mapping of the human body; today’s MRI scans reach 

a one-millimeter spatial resolution for 2D images, using powerful magnetic fields (around 1.5 T, 

almost 100,000 times the Earth’s magnetic field intensity), very precise gradient coils to obtain a 

good spatial resolution, and contrast agents to enhance the image quality and emphasize a certain 

organ — if an artery scan is required, for example, a gadolinium (a paramagnetic element that will 

appear on the scan) injection may be performed on the patient to detect lesions and hemorrhages. 
 

 

 

 
An artery MRI scan 



 NMR is also widely employed in brain imaging, since it provides a neat contrast between 

white and gray matter, two key substances of our brain playing different parts in our neurological 

system, and is therefore the investigative tool of choice for neurological cancers and other brain 

conditions such as dementia, epilepsy, meningitis and cerebrovascular diseases. Moreover, it is used  

to display cerebral activity of certain brain areas; an increased activity of a specific area is due to 

the consumption of a little more oxygen by neurons, largely compensated by an increased blood 

flow, conveying oxygenated hemoglobin (Hb). This phenomenon goes along with a lower 

deoxygenated hemoglobin (dHb) concentration, and since dHb is a lot more magnetic than Hb, this 

variation of magnetism is detectable by an MRI scanner. 

 

A ground-breaking technology 
 

 The global market of MRI imaging is expected to reach USD 7.19 billion by 2021 from 

USD 5.61 billion in 2016, at a CAGR (Compound Annual Growth Rate) of 6.2%. Ever since the 

first images in the late 1970s, MRI has not ceased to develop thanks to numerous advantages it has 

over other imaging technologies. Unlike CT (Computed Tomography), particularly PET (Positron 

Emission Tomography), and X-ray imaging in general, it is a totally non-invasive technique. Indeed, 

there is no need to give the patient a radioactive tracer, and the rays (radio waves) are totally 

inoffensive for the patient whereas X-rays may cause cancer and DNA anomalies in the long term. 

Besides, since gradients are used in the three directions, 2D and 3D images can be computed, and 

conditions may be detected not only in the surface, but also deeper into tissues, which is crucial 

especially in brain imaging. Its spatial resolution is excellent — up to 15 mm3 for 3D images while 

the average resolution for TEP is around 500 mm3 — and time resolution is also excellent. MRI is 

the investigation of choice for the diagnosis, the staging and the follow-up of numerous cancers, 

and a promising technology for, in the long term, emotions and thoughts reading by probing our 

brain and its ten billion neurons. The latter is a huge stake since it would allow disabled, paralytic 

and mute people to communicate again. So far, simple things can be read in people’s minds, but the 

experiments are very encouraging regarding the future of this technique. In 2012, researchers from 

the Maastricht University in the Netherlands managed to read all the letters from the alphabet with 

an 82% success rate in volunteers’ minds, who spelled words by stimulating a given area of their 

brain during a given time. Ethical committees are becoming worried since the Pentagon has recently 

invested more than two hundred million dollars for brain imaging research, but the current 

technology is far away from the fantasies and movie clichés of mind-reading. 
 However, MRI scanners are extremely expensive because of the powerful and very precise 

magnets. Today, an MRI scanner costs more than one million dollars, and almost as much in power 

supply and maintenance. The exam is fairly uncomfortable for the patient, who has to stay 

immobile for thirty minutes to one hour in a tube. The machine is also quite noisy because of the 

magnets and the devices that produce electromagnetic waves at a high pace. Obese and 

claustrophobic people sometimes can’t have an MRI exam because of the tube. There are also 

contraindications for people having a pacemaker, a metallic prosthesis and ear implants as they are 

sensitive to the magnetic field. Physical movement within a static magnetic field in which the 

strength changes by more than 2T in a given direction (magnetic field gradient) can induce 

sensations of vertigo and nausea, and sometimes a metallic taste in the mouth and perceptions of 

light flashes. Although only temporary, such effects may be a safety concern for workers executing 

delicate procedures such as surgeons performing operations using MRI, but no long-term effects 

have been shown for both patients and surgeons. 
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Conclusion 
 

 NMR, that was in the first place only developed for theoretical motivations — measuring the 

gyromagnetic ratio γ for the proton —, is now a ground-breaking technology for oncology and 

tumor detection, and brain imaging, leading to better comprehension of physic-chemical 

mechanisms associated with thoughts and emotions. Several Nobel prizes are led to MRI in 

different subjects (medicine, physics and chemistry): linked to quantum physics, it is one of the 

most brilliant medical discoveries of the late 20th century and probably one of the major fields for 

medical and physical research for the decades to come. 
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