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Anthony’s Fund. Dx Imaging Study Guide – MRI Simply Physics Summary 

Magnetic Resonance Imaging has at its root the chemical technique known as Nuclear Magnetic Resonance. As every 
chemist knows, the use of the word “nuclear” has nothing to do with radioactivity, but instead, when combined with 
the word Magnetic, deals with the properties of the nucleus of atoms. In our case, we are primarily concerned with the 
nucleus of a hydrogen atom, a single proton. Since the general population is not composed of mostly chemists, the 
medical community has dropped the emotion laden word to become, simply, MRI. 

After completing this module, the student should have a basic understanding of the physical principles of MRI, 
including: 

• the production of the NMR signal; T1 recovery; T2 decay; T2* decay; Spin echo formation 

A moving electric charge, be it positive or negative, produces a magnetic field. The faster it moves of the larger the 
charge, the larger the magnetic field. Some of the basic properties of a simple proton include mass, a positive electric 
charge and spin. Granted, a proton does not have a very large electric charge, but it does spin very fast and, therefore, 
does produce a small, but noticeable, magnetic field. Water is the biggest source of protons in the body, followed by 
fat (how closely followed depends upon what shape you are in). Normally, the direction that these tiny magnets point 
in is randomly distributed as seen in the picture. 

Just as a compass aligns with the earth’s magnetic field, a spinning proton placed near (or within) a large external 
magnetic field (called Bo) will align with the external field.  

Unfortunately, in is not quite so simple. At the atomic level, some protons align with the field and some actually align 
against the field cancelling each other out. A slight excess will align with the field so that the net result is an alignment 
with the external field.  (More on this when we talk about the Larmor equation later). 

A complete explanation of why the protons align with and against the external magnetic field would require a study 
of quantum mechanics. Suffice it to say that both alignments are possible, but the one with the field is a lower energy 
state. The protons are continually oscillating back and forth between the two states but at any given instant, and with a 
large enough sample, there will be a very slight majority aligned at the lower energy field. The larger the external Bo 
field, the greater the difference in energy levels and the larger the excess number aligned with the field. At 1.5T there 
are 3 times as many excess protons as at 0.5T. 

At 1.5 Tesla, for every 2 million protons, there are only 9 more protons aligned with the field than there are aligned 
against the field.  

How many excess protons are there in a single voxel at 1.5T? 

• Assume a voxel is: 
o 2 x 2 x 5 mm = 0.02ml 

• Avogadro’s Number says there are 6.02 x 1023 molecules per mole. 
• 1 mole of water weights 18 grams (O16 + 2H1) has 2 moles of hydrogen and fills 18 ml, so… 

You do not need to know how to do this derivation, nor the exact result. The important lesson here is that even though 
a spinning proton is a very poor magnet, the number of excess protons that align with the field is so very large that we 
can pretty much ignore quantum mechanics and focus on the classical mechanics description. 

• 1 voxel of water has: 
o 2 x 6.02 x 1023 x 0.02/18 = 1.338 x 1021 total protons 

• The total number of excess protons = 
o 1.338 x 1021 x 9  = 6.02 x 1015 

       2 x 106 

• Or… 6 million billion! 

The # of excess protons is so large that we ignore quantum mechanics and focus just on classical mechanics. 

The total magnetic field of the excess protons is called Mo 
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Energy is proportional to frequency. 

∆E = hv 

• X-rays   v = 1019 
• Ultra-violet v = 1016 
• Visible Light v = 5 x 1014 
• Radio Waves v = 107 (MRI) 

h is Planck’s constant 

v is the symbol that is normally used with Planck’s constant to denote frequency. 

This is the only place that we use v. (Go ahead and forget it.) 

The energy levels used in X-ray and CT are in the order of a trillion times larger than those used in MRI! No ionizing 
radiation is used with MRI (which is why this guy went into MRI as his profession) 

MRI is able to make such great pictures not because of the high energy involved but because of the large number 
of protons found in the body, primarily in water and fat. 

When is a proton just like a Dreidle? When it wobbles (Also called precesses) 

If you were to take a dreidle onto the international space station, where there is virtually no gravity, and spin it, you 
would see it spin perfectly steady, just like a gyroscope.(No Gravity = No Bo)  However…  

Spin the same dreidle on the moon, where the gravity is roughly 1/6th that of the earth, you would see it slowly 
wobble.  (Small Gravity = Small Bo) 

Take it one step further and spin it on the earth, it would wobble six times as fast as on the moon.                      (Large 
Gravity = Large Bo) 

Just as a spinning top wobbles about its axis so do spinning protons wobble, or precess, about the axis of the external 
Bo field.  

The frequency of the precision is directly proportional to the strength of the magnetic field and is defined by the Larmor equation: 
Wo= yBo 

Where Wo is known as wither the Larmor, precessional, or resonance frequency. y is the gyromagnetic ratio and is a 
constant unique to every atom.  

You can now see the earlier diagram showing the spins aligned with Bo was inaccurate. The spins that align with (or 
against) Bo are slightly tilted. However, remember that they are precessing at better than 2 million times per second, 
so if you take the average position of the vectors over even a very small amount of time, they will each be aligned 
either perfectly with or perf. against the main magnetic field.  

At the magnetic field strengths used in clinical MRI systems, .05 to 3.0 Tesla, the resonance frequency of hydrogen 
ranges from 2.13 MHz to 128 MHz  

MEMORIZE THIS!     Wo = yBo 

 Wo = Omega zero    the symbol for resonance frequency 

 Y = Gamma   The Gyromagnetic ratio = 42.56 MHz / Tesla for Protons 

 Bo = Represents the main magnetic field   Measured in units of Tesla. 

RF energy is absorbed. 

An observer in the surrounding laboratory will see Mo spiral down the XY plane (or even to the –Z axis)  
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If an electromagnetic radio frequency (RF) pulse is applied at the resonance (Larmor, precession, wobble) frequency, 
then the protons can absorb that energy. At the quantum level, a single proton jumps to a higher energy state. At the 
macro or classical level, to an observer in the external laboratory frame of reference, the magnetization vector, Mo, 
(roughly 6 million billion protons) spirals down toward the XY plan. 

An observer riding on the Mo vector sees the external world rotating about him. 

If you could somehow jump aboard Mo, just like a merry-go-round, the laboratory would be rotating around you. In 
this rotating frame of reference, Mo would seem to smoothly tip down. 

Of course, trying to draw the rotating frame as shown here in this animation is rather difficult. 

Mo is then seen to tip αo towards the Y’ axis.  

To simplify things, we define a new X and Y axes called X’ (X-prime) and Y’ (Y-prime) and draw them as we would 
any stationary XY coordinate system. The understanding is that X’Y’ represents a rotating frame. Now, you can draw 
the Mo vector as tipping smoothly down towards the Y’ axis. The tip angle, α, is a function of the strength and 
duration of the RF pulse. A short and or weak RF pulse can produce a 10 degree flip angle.  

A little longer or stronger pulse could produce a 45 degree flip angle 

And a little longer and/or stronger than that could produce a 90 degree flip angle. 

Laboratory Frame: 

The view point of an observer in the laboratory. The laboratory is stationary, the protons are spinning. 

Rotating Frame: 

The viewpoint of an observer riding along on the protons. The protons appear stationary, the lab is rotating.  

Turn off the transmitter, what happens? 

• RF energy is retransmitted 
• Mz begins to recover 
• Spins (Mxy) begin to dephase 

Once the RF transmitter is turned off three things begin to happen simultaneously. 

1. The absorbed RF energy is retransmitted (at the resonance frequency). 
2. The excited spins begin to return to the original Mz orientation. (T1 recovery to thermal equilibrium) 
3. Initially in phase, the excited protons begin to diphase (T2 and T2* relaxation) 

Each of these concepts will be gone over in more detail. Read on. 

< Rotating Magnetic Vector = EM radiation> 

A vector rotating in the XY or transverse plane releases Electromagnetic radiation (radiowaves). 

Once Mz (a magnetization vector) has been tipped away from the Z axis, the vector will continue to precess around the 
external Bo field at the resonance frequency,  Wo. A rotating magnetic field produces electromagnetic radiation. Since 
Wo is in the radio frequency portion of the electromagnetic spectrum the rotating vector is said to give off RF waves.  

So, just like phosphorescent paint glows in the dark, the absorbed RF energy is now being retransmitted, thereby 
producing the NMR signal.  

<Mz Recovers Via T1 Relaxation> 

The process of giving off RF energy occurs as the spins go from high energy state to a low energy state, realigning with 
Bo and releasing a photon. 
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The Z component (Mz) recovers towards Mo as the XY component (Mxy) spirals in. 

The RF emission is the net result of the Z component (Mz) of the magnetization recovering back to Mo. Not all of the 
energy given off is detectable as an RF pulse. Some of the energy goes to heating up the surrounding tissue, referred to 
as the lattice. In a global, or rather, universal sense, this system can be divided into spins, and the rest of the universe, 
or a very large lattice. This type of spin-lattice interaction is the result of the excited system returning to thermal 
equilibrium. In the classical description, the Mz component begins to grow at the expense of the Mxy component.  

Spin-Lattice or T1 relaxation: 

 The process whereby energy absorbed by the excited protons or spins is released back into the surrounding 
lattice, reestablishing thermal equilibrium.  

<T1 Recovery Curve> 

The time course whereby the system returns to thermal equilibrium, or Mz grows to Mo, is mathematically described 
by an exponential curve. This recovery rate is characterized by the time constant T1, which is unique to every tissue. 
As will be discussed in detail later, this uniqueness in Mz recovery rates is what enables MRI to differentiate between 
different types of tissue. At a time t = T1 after the excitation pulse, 63.2% of the magnetization has recovered alignment 
with Bo.  

<Mxy Spreads Out Via T2 Relaxation>  

When the spins are first tilted down to the XY plane, they are all in phase. Think of a playground with a million 
swings. If all of the children are going up and down together, at exactly the same rate, then they are swinging in phase. 
Assuming that all the children are pumping their legs with the force and frequency, and then they will stay in phase. 
But, if one child stops pumping for a few seconds and another child pumps a little harder or a little faster, then they 
will start to get out of sync with everyone else. The same type of thing happens to the spins. For reasons that we will fo 
into soon, some protons spin a little faster while others spin a little slower. Very quickly, they get out of phase relative 
to some reference, usually the spins at the center of the magnet).  

<T2 Decay & Loss of Phase> 

MARY HAD A LITTLE LAMB… see animation 

Question: What’s the result of this loss of phase or dephasing? 

Answer: The signal fades away or decays. 

As another analogy, think room filled with a million (or 6 million billion) people, all of them whispering “Mary had a 
little lamb”. As long as they are all speaking in phase with each other, you hear a very load MARY HAD A LITTLE 
LAMB. But as usually happens in a room full of people where those at one end can’t hear those at the other, some 
people start speaking a little faster and others a little slower. Soon the words start to become harder to make out until 
eventually all you hear is some low, background noise. 

The same thing happens to the spins and the resulting NMR signal. 

 

<Spin-Spin Interaction> 

How fast a proton wobbles or precesses depends on the magnetic field that it experiences. An isolated proton, far from 
any other proton (or electron) only feels (is affected by) the main Bo field. As protons (or spins) move together (due to 
random motion for example), their magnetic fields begin to interact. If the field from one proton increases the field that 
the second proton feels, then the second proton will precess at a slightly faster rate. If the first field opposes the main 
field then the second proton will precess more slowly.  

The two protons on the bottom represents the spins at the reference or center frequency. Their rate hasn’t changed. As 
soon as the two interacting spins move farther apart, their fields will no longer interact and they both return to the 
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original frequency but at different phases! This type of interaction is called spin-spin interaction. These temporary, 
random interactions causes a cumulative loss of phase across the excited spins resulting in an overall loss of signal. 
Two key concepts here are that this interaction is RANDOM and that the loss of phace is PERMANENT. 

Spin-Spin of T2 Relaxation: 

The temporary and random interaction between two spins that causes a cumulative loss in phase resulting in an 
overall loss of signal. Also known as transverse relaxation. 

<T2 Decay Curve> 

Similar to T1 relaxation, the signal decay resulting from transverse or spin-spin relaxation is described mathematically 
by an exponential curve, identical in concept to radioactive decay with a half-life measured in tens of msecs. The value 
T2 is the time after excitation when the signal amplitude has been reduced to 36.8% or its original value (or has lost 
63.2% - this is oppositve of T1 where 63.2% of Mz is recovered in one T1 period.) The value of T2 is unique for every 
kind of tissue and is determined primarily by its chemical environment with little relation to field strength. In chapter 
5, we will discuss in more detail about how these unique T2 values are used to produce different types of image 
contrast. 

T2 Decay: 

Exponential loss of signal resulting from purely random spin-spin interactions in the transverse/XY plan. 

In general, T2 values are unrelated to field strengths (unlike T1 values). 

<Free Induction Decay> 

After the RF transmitter is turned off, the protons immediately begin to re-radiate the absorbed energy. If nothing is 
affecting the homogeneity of the magnetic field all of the protons will be spinning at the same resonance frequency. 
The initial amplitude of the signal is determined by the portion of the magnetization vector (Mo) that has been tipped 
onto the XY plane. This, in turn, is determined by the sine of the flip angle, �. The maximum signal is obtained when 
the flip angle is 90º. (Remember, sin (0º) = 0, sin(90º)= 1.0) The signal unaffected by any gradient is known as a Free 
Induction Decay (FID). The time constant that determines the rate of decay is called T2. An FID has no positional 
information.  

FID: Free Induction Decay. An NMR Signal in the absence of any magnetic gradients.  

An FID decays exponentially.  

At t=T2, 63.2% of the signal has been lost. The decay curve is the signal envelope. The actual signal is oscillating at the 
resonance frequency in the MHz range.  

The decay curve is the signal envelope. The actual signal is oscillating at the resonance frequency in the MHz range.  

 

<An Imperfect World – T2* Decay> 

In the real world, the NMR signal decays faster than T2 would predict. Pure T2 decay is a function of completely 
random interactions between spins. The assumption is that the main external Bo field is absolutely homogeneous. In 
reality, there are many factors creating imperfections in the homogeneity of a magnetic field. The main magnet itself 
will have flaws in its manufacture. Every tissue has a different magnetic susceptibility which distorts the field at tissue 
borders, particularly at air/tissue interfaces. Patients may have some type of metal on or in them (dental work, clips, 
staples, etc.). The sum total of all these random and fixed effects is called T2* (pronounce T – Two star) 

At the risk of repeating myself, in summary, T2 relaxation comes from random causes while T2* comes from a 
combination of both random and fixed causes. There is nothing that can be done to prevent or compensate for random 
losses in phase, but what about the fixed effects? Can anything be done about these losses? The answer is yes. 
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Consider the following race. The contestants are a turtle, a bicyclist, you in the car, and an airplane and rocket. At the 
start of the race, everyone is together (in phase). Once the race starts (at t=0), the contestants all move out, each at their 
fastest pace. Soon, there is a noticeable distance between them.  

After some time, let’s call it TE/2, a signal is given for everyone to turn around and go back. Each one turns around 
instantaneously and, assuming that everyone is still going at the same rate as before, after additional time, TE/2, they 
all arrive at the starting/finishing line together.  

<The Phase Race Ends – And It’s a Tie!> 

In MRI terms, at the time TE = TE/2 + TE/2, all the spins are back in phase, producing a large signal. This large signal 
is called a SPIN ECHO and the time TE is called the ECHO TIME.  

Echo: The reflection (mirror image) of a signal caused by some sort of reversal of direction. (Think of sound bouncing 
off of a cliff). In MRI, there are SPIN ECHOES and GRADIENT ECHOES. 

More on these to come. 

<Spin Echo Formation> 

Now let’s apply this lesson to spins that have undergone T2* dephasing. Here we present the principle of spin echo 
formation in the rotating frame: 

(a) At time t = 0, immediately after a 90o RF pulse, Mo points along the Y’ axis.  

(b) A time of TE/2 is allowed to elapse while the spins diphase. Note that T2* dephasing is faster than T2 dephasing. 

(c) At time t = TE/2, a 180o RF pulse is given which flips the dephased vectors about the X’ axis. 

(d) Another TE/2 time is allowed to pass while the vectors rephrase. At t = TE, the vectors have rephrased and an echo 
of opposite sign forms. 

<Spin Echoes and the T2 Envelope> 

As described above, a 180o pulse can be used to reverse the T2* dephasing process and thereby produce a spin echo. As 
soon as the spins all come back into phase at the echo time, they immediately start to go out of phase again. A second 
180opulse will generate a second echo. This process can be repeated many times, producing many echoes, as long as 
the pure T2 decay mechanisms have left some signal to work with. In this graph, the 180o pulses are applied at 10, 30, 
50, 70 and 90 msec after the initial 90 pulse producing echoes at 20, 40, 60, 80 and 100. In the early days of MRI, images 
were often collected at each of these echo times. Now, we are usually more interested in the earliest echo time (Proton 
Density Weighted) and a single late echo (T2 weighted). 


