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Abstract 
This study aims to investigate the effect of fat contamination and fat suppression (FS) on in vivo T2 

mapping of knee articular cartilage. T2 mapping is a technique used in magnetic resonance 

imaging (MRI) and it has advantages over radiography techniques, such as no ionizing radiation 

and T2 maps give information about cartilage content and structure. Knee articular cartilage has 

high water concentration and near the cartilage, there is fat tissue, i.e. bone marrow and 

subcutaneous fat. Fat causes chemical shift artifact and can contaminate T2 values of T2 maps. To 

minimize chemical shift artifacts, FS is needed to suppress the fat signal. 

Four volunteers were imaged on a 3 Tesla MRI clinical scanner and T2 values were calculated in 

several regions of tibiofemoral cartilage using a multi-echo spin-echo sequence (MSME) with and 

without FS (NoFS). Two frequency encoding directions, superior-inferior (SI) and inferior-superior 

(IS), were used to evaluate the effects of FS on chemical shift artifact.  

Sagittal slices of the knee were manually segmented to 18 region of interests (ROIs) and then 

T2 maps were calculated with MATLAB based scripts. The repeatability of segmentation was 

evaluated, which was achieved by segmenting same slices multiple times. 

Differences between NoFS T2-SI and NoFS T2-IS ranged widely and in 11 out of 18 ROIs the 

differences were high, suggesting that the chemical shift artifact affects most of the cartilage 

regions. Particularly affected were the superficial and deep femoral cartilage and deep tibia. 

Differences between FS T2-SI and FS T2-IS values were low to moderate in most of the ROIs, with 

the highest differences observed in deep parts of anterior and central femur. Comparing NoFS T2 

and FS T2 values with the same frequency encoding direction, differences were on average higher 

using SI direction than IS direction, and the deep ROIs were the most affected.  

Repeatability of segmentation was great in eight ROIs without FS and six ROIs with FS and the 

average differences were low for both NoFS and FS T2 mapping. For NoFS T2 mapping, 

segmentation repeatability was high in deep tibial cartilage. On the contrary, FS T2 mapping 

showed that the repeatability of the segmentation was low to moderate in superficial parts of 

posterior femur and deep parts of posterior tibia. 

The use of FS improved slightly repeatability of the cartilage segmentation in several regions 

and reduced the chemical shift artifacts. However, the regional heterogeneity in FS sequence 

introduced further uncertainties in T2 measurements. 
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List of Abbreviations and Symbols 
AC  articular cartilage 
ACL  anterior cruciate ligament 
B0  magnetic field strength of an MRI machine 
B1  RF pulse magnetic field  
CHESS  chemical shift selective 
CNR  contrast-to-noise ratio 
CT  computed tomography 
CVRMS  root mean square coefficients of variation 
ECM  extracellular matrix 
ETL  echo train length 
Fat-Sat  fat saturation 
FOV  field of view 
FS  fat suppression 
IS  inferior-superior 
m  magnetic quantum number 
MR  magnetic resonance 
MRI  magnetic resonance imaging 
MSME  multi-echo spin-echo 
Mxy  transverse magnetization vector 
Mz  longitudinal magnetization vector 
N  number of subjects 
NMR  nuclear magnetic resonance 
NoFS  no fat suppression 
OA  osteoarthritis 
ppm  parts per million 
RF  radiofrequency 
ROI  region of interest 
S  spin quantum number 
SAR  specific absorption rate 
SD  standard deviation 
SE  spin echo 
SI  superior-inferior 
SNR  signal-to-noise ratio 
SPAIR  spectral adiabatic inversion recovery 
SPIR  spectral presaturation with inversion recovery 
STIR  short inversion time inversion recovery 
T1  spin-lattice (or longitudinal) relaxation time constant 
T2   spin-spin (or transverse) relaxation time constant 
TE  echo time 
TI  inversion time 
TR  repetition time 
x̅  mean of the T2 values 
γ  gyromagnetic ratio 
δ  chemical shift 
μ  magnetic dipole moment vector 
ω  Larmor frequency 
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1 Introduction 
Osteoarthritis (OA) is a degenerative disease of synovial joints and affects millions of people 

worldwide. In the United States alone, OA affects over 27 million adults (1) and 6.6 million in 

England (2). The exact mechanism of OA remains unknown. OA affects mostly elderly people, 

although obesity and joint injuries are well-known risk factors. 

Currently there is no treatment able to recover the lost articular cartilage or heal the late stage 

OA (3). Therefore, for the best treatment outcome, OA must be diagnosed as early as possible. 

However, in early stages, OA may be completely asymptomatic. When typical symptoms appear, 

such as pain or stiffness of the joint, the disease has usually advanced into too severe stages for 

any therapy. 

OA is commonly diagnosed with conventional radiography by measuring the decrease in the 

joint space width. However, this method is not sensitive to the subtle changes in the cartilage in 

the early stages of OA. Hence, it can take years for OA to be found and diagnosed. (4) 

Magnetic resonance imaging (MRI) is a noninvasive technique that does not use ionizing 

radiation and is a promising method to diagnose OA. T2 relaxation time mapping is a well-

established MRI technique to assess collagen structure and water content in articular cartilage. 

However, the presence of fat signal in the knee MRI results in chemical shift artifacts affecting the 

accuracy of T2 quantitation in the cartilage. Chemical shift artifacts occur, when water (i.e. 

cartilage) and fat (i.e. bone marrow or other fatty tissue) are adjacent. 

By using fat suppressions (FS), it is possible to decrease the fat signal thus reducing chemical 

shift artifact. FS may improve the T2 maps, but it might as well introduce new kind of errors to the 

T2 maps. The effects of FS on T2 maps have been studied in vitro (5), but not in vivo. 

The aim of this preliminary study is to investigate the effect of fat contamination and fat 

suppression on in vivo T2 mapping of knee articular cartilage and study the effect of FS on 

chemical shift artifact. 
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2 Articular Cartilage 
2.1 Composition, Structure and Function of Articular Cartilage 
Articular cartilage (AC) is highly specialized connective tissue and its function is to provide smooth, 

lubricated and elastic surface in joints. It also helps with the transmission of loads. AC has limited 

ability to heal and repair itself, so it is important to preserve the health of the cartilage and 

intervene with a problem, such as injury or osteoarthritis, as early as possible. (6) 

There are three types of cartilage: elastic, hyaline and fibrous cartilage. The type in AC is hyaline 

cartilage and the thickness of the AC is between 2-4 mm (6). The AC is made of collagen fibers and 

a dense extracellular matrix (ECM) with a sparse distribution of chondrocytes. The ECM is mainly 

consisting of water, collagen and proteoglycans. (6) 

 

Chondrocytes are one the most common cell type in AC and form about 2% of the total volume of 

the AC (6,7). They are highly specialized, come in various sizes and shapes and have big part in 

development, maintenance and repair of the ECM. (6) 

Chondrocytes are protected from biomechanical forces by the ECM and form 

microenvironments with ECMs. Chondrocytes rarely have direct cell-to-cell contacts to other cells, 

in addition they do respond stimuli, such as growth factors, mechanical loads, piezoelectric forces 

and hydrostatic pressures. (6) 

Even though the chondrocytes are active cells, the AC does not have blood vessels, lymphatics 

or nerves, therefore the chondrocytes depend primarily on anaerobic metabolism. However, there 

is some water flow through the cartilage that transport nutrients to chondrocytes. Chondrocytes 

have restricted capability to replicate, thus healing capacity of cartilage is limited. (6) 

Collagen is one of the most important structural macromolecule in the ECM and it form 

approximately 60% of the dry weight of the AC (6). There are multiple different types of collagen 

found in cartilage, such as types I, II, IV, V, VI, IX and XI, but the type II represents 90-95% of the 

collagen in ECM (6). Collagens consist multiple polypeptide chains and the triple helix structure of 

the polypeptide chains give many of the properties of the cartilage, e.g. shear and tensile 

properties. (6) 
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Figure 1: Schematic of the crosscut of the articular cartilage. The diagram on the left shows arrangement of 
the chondrocytes and the diagram on the right shows the arrangement of the collagen fibers. Own figure 
based on Buckwalter et al. (55). 

In AC, there are multiple different type of proteins. Most abundant protein type is the 

proteoglycans and they form 10-15% of the wet weight (6). They are composed well over 100 

monosaccharides and are essential for normal function of the AC. (6) 

 

The structure of the AC is composed of four layers or zones: superficial zone, middle zone, deep 

zone and calcified zone (Figure 1). Starting from the surface of the AC the first zone is the 

superficial zone, which is a thin zone that is about 10-20% of the whole thickness of the AC (6). It 

protects the other layers from shear stress and has tensile properties. In the superficial zone, the 

tightly packed collagen fibers are aligned to parallel to the surface of the AC. The chondrocytes are 

also relatively high in numbers and they are flattened. (6) 

Under the superficial zone is the middle zone. It is a transitional zone between superficial and 

deep zones. It has resistance properties against compressive forces and it represents 40-60% of 

the thickness of the AC (6). It contains proteoglycans, thicker collagen fibrils and lower number of 

chondrocytes. The collagen fibrils are arranged less parallel to the surface than in superficial zone 

and chondrocytes are spherical. (6) 

The next zone is the deep zone, which represents about 30% of the AC (6). It has the greatest 

resistance to compressive forces. The collagen fibrils are thickest in the deep zone and arranged 
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perpendicular to the surface. Consequently, it has the lowest water concentration and the highest 

proteoglycan content, which are arranged in columns parallel to collagen fibrils. (6) 

The last zone before bone is the calcified zone. Between calcified and deep zones, there is a 

visible tide mark. The calcified zone does not contain much cells and chondrocytes are 

hypertrophic. Its function is to secure the AC to the bone and anchor the collagen fibrils of the 

deep zone. (6) 

 

In addition to these zones, there are three regions found in the ECM: pericellular, territorial and 

interterritorial regions. (6) 

The pericellular region of ECM, or the pericellular matrix, is a thin layer that surrounds 

chondrocyte and contains proteoglycans and other proteins. The pericellular matrix might function 

as initiator of signal transduction. (6,8) 

The thicker territorial matrix surrounds the pericellular matrix and contains mostly fine collagen 

fibrils in basketlike network (6,9). The function of the territorial matrix is to protect the cells from 

mechanical stress and may help with the resiliency of AC. (6) 

The largest matrix of the three is the interterritorial matrix. It consists bundles of large collagen 

fibrils and lots of proteoglycans. Most of the biomechanical properties of the AC is due to the 

interterritorial matrix. (6,10) 

 

Normal healthy AC has a fluid phase and a solid phase. The fluid phase is between 65-80% of the 

total weight of the AC. About 80% of the wet weight is water and approximately 30% of the water 

is within the collagen fibrils (6,11). Most of the dry weight is collagens and proteoglycans, and the 

solid phase is characterized by the porous and permeable ECM (6,12,13) 

Much of the water in the interfibrillar space appears to be in gel form and when pressure is 

applied, the water/gel may move through the ECM. The AC has low permeability, so it slows down 

the flow of water. After the pressure is removed, the fluids flow back to the tissue. (6) 

 

Over time, the properties of the AC change as the consist of the ECM and organization of the 

chondrocytes change (6,14). The amount of water in the ECM decreases and this makes the 
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cartilage less elastic. Similarly, there are less chondrocytes in the superficial zone and more in the 

deeper layers, thus the total amount of the chondrocytes remains the same. (6) 

Proteoglycan inside the ECM grow smaller and the ratio of keratin sulfate to chondroitin sulfate 

increases as the cartilage ages. Consequently, the amount of hyaluronan in the cartilage increases 

due to increase of partially degraded hyaluronan, not due to increased synthesis. (6,15,16) 

 

2.2 Osteoarthritis 
Osteoarthritis (OA) is a degenerative synovial joint disease and most common form of arthritis. It 

affects 19% of the adult population in the United States (17) and about 12% of population of 

England (2). The mechanism and the source of origination of the OA is still under dispute, but 

there are several risk factors that are associated with OA (2). These are among other things: 

genetics, ageing, obesity, mechanical instability, inflammation, diabetes and joint injuries (2,4). 

The stages of OA can be categorized as normal state, initiation state, early progression state 

and late progression state (2). In normal state, before the OA starts to form in the joint, 

prevention therapy can be used. In the initiation state, when the OA has started to form, detecting 

the OA is important, thus blocking the progression is possible. If the OA is not detected in the 

initiation state, the progression is hard to block and therefore slowing the rate of the progression 

and repairing the AC becomes important. In the late states of progression, the AC is compromised 

and there are only remains left. In this state total joint replacement may be the only option left. 

(2) 

 One main challenge with OA is the early disease identification and fast reaction to it. The OA 

and loss of AC is detected mainly by measuring the joint space width from radiography. In clinical 

practice, the OA is diagnosed when there are already signs of pain or even loss of mobility. In this 

state, the OA progression in the joint is already advanced and the AC is most likely to be damaged 

definitively. (4) 

One way to detect the OA in the early state is to screen regularly the patients in high risk, but 

majority of patients enrolled to such trials do not progress radiographically during the 2-3 years 

that these kinds of trials last (4). Some patients do not even progress in over five years, or the 

changes are difficult to quantify with radiography techniques (4). 
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The joint can be also damaged by injury and this can lead to OA and damaged AC, even though 

the AC might not be damaged in the injury. One of the most common musculoskeletal traumatic 

injuries is disruption of the anterior cruciate ligament (ACL) (17). Frobell, R.B. et al. (18) have 

reported that there were 0.81 ACL injuries per 1000 inhabitants between the ages of 10-64 (18) 

and in another study by Lohmander, L.S. et al. (19), they have reported that approximately 50% of 

all the ACL injury cases, had post-traumatic OA in 10-20 years after the injury. 

The mechanism of OA and pain related to OA are not completely understood and it is most 

likely to involve multiple interrelated pathways. Loss of AC is the prime characterization of OA, but 

it involves the whole joint as well as synovium, menisci, ligaments, bones, muscles and tendons. 

The OA is believed to be result of an imbalance between catabolic and anabolic activities in the 

joint tissue. (3,20) 

In the early stages of cartilage degeneration, the cartilage matrix loses some of its proteoglycan 

components (21). Since proteoglycans exhibit a net negative charge, they attract sodium and other 

small positive ions in to the solution. Increasing ion concentration increases the osmotic pressure 

and more water flows into the cartilage matrix, which increases the positive pressure inside of the 

cartilage. This helps the AC to resist forces, like compressive loading forces. Disturbance in 

proteoglycans may lead to swelling and loss of cartilage volume. This and the degradation of the 

cartilage matrix are hypothesized to be one of the initiating events leading to OA. (22) 

Even though OA is a common disease, there are not currently feasible therapies to cure the OA 

or stop the progression, however there are some treatments that can help to ease the pain and 

maintain the joint function. For example, nonpharmacologic treatments include physical therapy, 

bracing the joint, shoe insoles, massage, acupuncture and weight loss, if possible (3,23). 

Pharmacologic treatments include pain killers, nonsteroidal anti-inflammatory drugs, 

acetaminophen or injections with steroid or hyaluronic acid (3,23). 

One of the commonly used terminal options are surgical interventions, which includes 

osteochondral fragment pinning or grafting, microfracture, chondrocyte transplantation, 

unicondylar knee arthroplasty or total knee arthroplasty (3,23). 
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3 Magnetic Resonance Imaging 
3.1 The NMR Phenomenon 
NMR means Nuclear Magnetic Resonance. The main idea of NMR is based on the interaction of a 

nuclear spins with radiofrequency (RF) pulses in an external magnetic field. (24) 

The most used nucleus in NMR is the hydrogen nucleus (1H), but also carbon-13 (13C), oxygen-

17 (17O), sodium-23 (23Na) and many others can be used. In this chapter, we concentrate on 

hydrogen nucleus and its interactions with other nuclide and magnetic fields. 

Spin represents a nucleus, e.g. a proton, as a rotating sphere. It is physical property of a nucleus 

and like nucleus, the spin has an electric charge. As it is spinning, it possesses a loop of electric 

current and a small magnetic field. This magnetic field is represented with magnetic dipole 

moment μ, and this vector shows the direction of the spin. (24) 

In an external magnetic field B0, the magnetic moment μ starts the precession movement. The 

precession is caused by the external field that exerts a torque τ on the magnetic moment (Figure 

2). This torque τ can be express with following equation: 

[1] 

흉 = 흁 ×푩 , 

 

where μ is the magnetic moment and B is external magnetic field, e.g. the main magnetic field B0. 

(24) 

The overall spin is determined by numbers of the protons and neutrons in the nucleus, which is 

called the spin quantum number S. If the amount of both the protons and neutrons are even, then 

the spin quantum number is zero. If the spin quantum number is non-zero, the gyromagnetic ratio 

γ is non-zero. All nuclei, which are used in NMR, must have non-zero gyromagnetic ratio, as 

otherwise the magnetic field would not affect the nucleus. The gyromagnetic ratio γ is calculated 

by following equation: 

[2] 

훾 =
푒

2푚푔 , 
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where e is the elementary charge, m is the rest mass of the nucleus and g is the g-factor of the 

nucleus. The g-factor is related to the magnetic moment and therefore its magnitude and sign 

depends on the nucleus. The gyromagnetic ratio of a proton is approximately 42.577 MHz. (24) 

The gyromagnetic ratio γ is the ratio of a nucleus’ magnetic moment to its angular momentum 

(Equation [2]), which is the momentum the spin has as a rotating object. For example, spinning 

gyroscope can keep itself upright position as a result of angular momentum. The gyromagnetic 

ratio can be positive or negative and it designates the direction of the precession (positive 

gyromagnetic ratio causes precession in clockwise direction and negative in counterclockwise 

direction). The higher the gyromagnetic ratio is, the higher the precession frequency (Equation 

[3]). (24) 

The frequency of the precession is equal to the Larmor frequency, which depends on the 

gyromagnetic ratio and magnitude of the external magnetic field: 

[3] 
휔 = −훾퐵 , 

 

Figure 2: Spin and precession. In presence of an external magnetic field B0, the magnetic moment of the 
spin μ experience magnetic torque τ and precess around the axis parallel to the magnetic field (Equation 
[1]. The precession frequency is called Larmor frequency and it can be calculated (Equation [3]). 
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where ω is the Larmor frequency, γ is the gyromagnetic ratio and B is magnitude of the external 

magnetic field, e.g. the main magnetic field B0. The Larmor frequency of a proton is approximately 

127.732 MHz, when the magnitude of the main magnetic field is 3 T. (24) 

 

Without external magnetic field, the population of spins do not have any preferred direction in 

space and are randomly orientated, while in external magnetic field the population of spins, e.g. 

the hydrogen nucleus, can be split into two magnetic quantum number (m) values, spin-up (m = ½) 

and spin-down (m = -½). The magnetic quantum number in NMR means quantum state of a spin 

and direction of the magnetic moment vector. These populations follow the Boltzmann 

distribution and the lower energetic state is generally more populated due to its greater stability. 

(24) 

In other words, the spins have one energy state and introduced external magnetic field causes 

the energy state to split into two energy states, spin-up and spin-down. Commonly the spin-up 

points in the same direction as the external magnetic field (if the gyromagnetic ratio is positive) 

and the spin-down points opposite direction and therefore the spin-down state has bit higher 

energy, which depends on the strength of the magnetic field: 

[4] 

퐸 = −흁 ∙ 푩ퟎ = −휇 퐵  , 

 

where E is the energy of the magnetic moment μ, B0 is the external magnetic field vector. Since 

the external magnetic field B0 is commonly chosen to be along z-axis, the equation can be 

simplified where the components of the z-axis are multiplied together. (24) 

This splitting of the energy state is called the Zeeman effect. The difference between the old 

energy state and spin-up state is equal to the difference between the old energy state and the 

spin-down state (Equation [5]). The spin-up state has lower energy state than spin-down and thus 

there are a bit more spins in this group. The difference of energy between the levels is given by: 

[5] 

∆퐸 = 퐸 ½ − 퐸½ = 훾ℏ퐵  , 
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where E½ is the energy of spin-up state, E-½ is the energy of spin-down state, γ is the gyromagnetic 

ratio, ħ is the reduced Planck constant and B0 is the magnitude of the external magnetic field. (24) 

In presence of a strong magnetic field B0, the spins align themselves so that the slight majority of 

the spins are pointing overall direction of the magnetic field B0, i.e. most of the spins are in spin-up 

state (in case of hydrogen nucleus). This is causing the net magnetization M of the spins to point 

same direction as the magnetic field B0. (24) 

The net magnetization M can be then manipulated with another magnetic field B1, which is 

created by a coil (or multiple coils) near the spins. By using a RF pulse that has frequency close to 

the Larmor frequency of the spins, it is possible to create a fluctuating magnetic field B1 with the 

coil. This fluctuating B1 field causes a torque (Equation [1]) that revolves in the same pace as the 

spins, and in revolving frame of the spins, the constant outward torque tips the spins towards the 

transverse plane and -z -direction (Figure 3). This is how B1 field can tip the net magnetization 

vector M, for example, to the transverse plane and “excite” the spins. This kind of pulse can be 

called as a 90° excitation pulse. After the manipulation, the spins and the net magnetization M will 

return to the equilibrium in spiral motion. This process is called a relaxation and with a coil, it is 

Figure 3: The B1 magnetic field and manipulation of the spins. In initial state magnetization vector M is 
parallel with B0 magnetic field (in equilibrium) and the coil is turned off. When radiofrequency (RF) pulse, 
which has the frequency close to the Larmor frequency of the spins, is conducted to the coil, the coil emits a 
fluctuating magnetic field B1 (in this figure: in direction of x-axis). This causes a torque τ to the spins 
(Equation [1]) and magnetization vector M. Thus, the frequency of the B1 field is close to the Larmor 
frequency of the spins, the torque τ vector revolves in the same pace as the magnetization vector M and 
gradually turns the spins and the magnetization. If the RF pulse is long enough, the magnetization vector M
can be flipped to the transverse plane. When the RF pulse is turned off, the spinning magnetization vector 
M will slowly return to the equilibrium and this induces current to the coil, which can be acquired with 
equipment connected to the coil. 
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possible to acquire a signal due to spinning magnetization vector, which induces a current to the 

coil. (25) 

 

When imaging an object that contain fat and water, the fat protons experience a slightly weaker 

local magnetic field due to the shielding effect caused by electrons around nucleus. This local 

magnetic field makes the fat protons’ resonance frequency slightly lower than water protons’ 

resonance frequency. This is called chemical shift. The chemical shift δ can be expressed in parts 

per million (ppm) by frequency by using following equation:  

[6] 

훿 =
휐 − 휐

휐  , 

 

where resonance frequency of the sample is υsample and υreference is the resonance frequency of 

reference compound (e.g. water or tetramethylsilane) (25). 

If the chemical shift is known, the frequency difference Δυ between reference and sample 

frequencies can be calculated: 

[7] 

∆휐 = 훿 ∗ 휐  

 

The chemical shift in pixels can be calculated when the bandwidth is known: 

[8] 

∆푝푥 =
∆휐
퐵푊  , 

 

where Δpx is the amount of shift in pixels, Δυ is the fat-water frequency difference and BW is the 

bandwidth, which is a parameter in Siemens’ scanners that is defined by receive bandwidth 

divided by frequency matrix. 

The chemical shift value between fat and water is approximately 3.5 ppm (25), which at 3 T 

magnetic field means approximately 447 Hz difference in frequencies between fat and water 

protons (see Equation [7]). This causes the fat and water signal to overlap slightly (this forms signal 

void on the other side of the fat-water borderline), because the fat signal, or the “fat-image”, 
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moves a bit to the opposite direction of frequency encoding direction (Figure 7). The amount of 

movement, or overlapping, depends on the bandwidth parameter of the MRI scanner, e.g. if 

bandwidth is set to 110 Hz/pixel, the “fat-image” moves about 4 pixels (Equation [8]). 

 

3.2 MRI In Clinical Use 
MRI, or Magnetic Resonance Imaging, is a non-invasive and non-ionizing imaging method based on 

the NMR phenomenon. It uses tomographic imaging technique to produce images. Since the signal 

used to format the image comes from the object, MRI is basically a form of emission tomography 

(26). 

MRI gives large amount of information about the imaging object and has great soft tissue 

resolution properties compared to computed tomography (CT), though the imaging times are 

relatively long in MRI. Some prosthesis, non-removable metal objects or even patient’s 

claustrophobic tendencies might cause problems or make the imaging impossible, but very flexible 

and variable imaging sequences and neglectable side-effects makes the MRI excellent tool in 

medical diagnostics and in research. 

 

To spatially know what the source of the signal is, the main magnetic field B0 has a gradient in the 

strength of the magnetic field, which is controlled by dedicated coils. The magnetic field is slightly 

stronger in one end of the chosen axis (generally z-axis) and slightly weaker in the opposite end. 

This will result in a slight difference in the resonance frequency of the spins, and thus the applied 

gradient is known, it is possible to differentiate the spins from each other in direction of z-axis. 

This method is called as a frequency encoding. (25) 

There are some limitations to the frequency encoding, for example, it is not possible to assign 

different frequency for each pixel/voxel (without time depended oscillating gradients), so another 

encoding method is needed. One method of spatial encoding is phase encoding. In this method 

the spins are in different phases, which is caused by RF pulses. With combination of frequency and 

phase encoding, it is possible to locate the signal source of different spins in 3D space. (25) 

The image data is stored in k-space, which is spatial frequency representation of the MR image. 

The k-space is an arbitrary 2D space, where the data of the image is stored in arbitrary x and y 

trajectories containing information about frequency and phase-encoding gradients, respectively. 
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Each data point in the k-space has information about every pixel in the image. The middle part of 

the k-space, near the origin, contains low frequencies and information about shape and basic 

contrasts of the MR image. The surrounding periphery contains high frequencies and information 

about fine details of the MR image, such as edges of the shapes. The MR image is composed from 

this data by using Fourier transform. (25) 

 

The clinical MRI scanner is a large device, usually shaped as a cylinder with a horizontal bore inside 

of it. The main components are the main magnet (creates the B0 -field), the magnetic field 

gradient system (helps with encoding and keeping the homogeneity of the B0 -field) and the RF 

system (coil or coils, creates the B1 -field and receives the signal). The main magnet is commonly a 

superconducting magnet, as resistive or permanent magnets are not strong enough (less than 0.5 

T) and the magnetic field positioned so that it goes through the bore. (26) 

The scanner is built in a special room that acts as a big Faraday cage and insulates the external 

radiofrequencies and other electromagnetic radiation from interfering with the MRI. The scanner 

has a table that can move the patient in and out of the bore. The coils are embedded inside the 

scanner table and in the walls of the bore. Thus, it is possible to use extra external coils, for 

instance knee coils. 

In clinical scanners the magnetic field strength is usually 1.5 T, but 3 T MRI scanners are 

nowadays quite common in big hospitals. The most used nucleus is hydrogen nucleus, since 

human body consist approximately 50% of water (27), hence there are lots of hydrogen nuclei 

available. Likewise, fat has lots of hydrogen nuclei and there is relatively large amount of fat in 

human body, approximately 30% (27). Therefore, both fat and water give quite strong signals. 

Specific absorption rate, or SAR, is the rate at which object, e.g. tissue, absorbs energy. It is 

commonly used to measure power absorbed from RF fields, which can be found in mobile phones, 

wireless devices or MRI scanners. All the energy absorbed by the tissue, heats the tissue and large 

amount of heat can damage the tissue. Thus, there are regulations for maximum SAR values for 

MRI scans and during normal scans the SAR levels are under the set limits. 
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3.3 Relaxation 
If spins are tipped out of equilibrium, 

the spins will return back to 

equilibrium and this process is called 

relaxation. The time it takes to return 

to the equilibrium is called relaxation 

time and it is one of the essential 

values of MRI. The state, where the 

populations of the energy levels are 

the same predicted by the Boltzmann 

distribution and there is no 

transverse magnetization, is called 

equilibrium. (28) 

Longitudinal relaxation time or spin-lattice relaxation time is characterized by a time constant 

T1 and therefore it is many times called T1 relaxation. The T1 time constant characterizes the time 

at which the longitudinal magnetization component Mz recovers to 63% of its maximum value 

after 90° excitation RF pulse:  

[9] 

푀 (푡) = 푀 (0)푒 ⁄ + 푀 1 − 푒 ⁄  , 

 

where Mz is the net magnetization in z-axis, M0 is the equilibrium value, t is time and T1 is the 

spin-lattice time constant. (24) 

 

Transverse relaxation time, known as spin-spin relaxation time and T2-relaxation, is characterized 

by a time constant T2, which characterizes the time it takes for the magnetic resonance signal to 

decay to 37% of its initial value (Figure 4) (29): 

[10] 

푀 (푡) = 푀 (0)푒 ⁄  , 

 

Figure 4: T1-relaxation. After excitation the magnetization 
vector M starts to return to the equilibrium and this causes the 
longitudinal magnetization vector MZ to increase. Own figure 
based on (54). 
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where Mxy is the net magnetization in transverse plane, t is time and T2 is the spin-spin time 

constant. (24) The term spin-lattice relaxation refers to that the excited spin transfers its energy to 

the surrounding lattice. The name spin-spin relaxation comes from the fact that the energy of an 

excited spin is transferred to other spins nearby. (29) 

The T2 relaxation can be 

observed by exciting the 

spins with 90° RF pulse and 

then, since some spins lose 

their phase coherence, the 

transverse magnetization 

component Mxy starts to 

decay (Figure 5). After a 

short period of time t, a 

180° RF pulse in y-axis can 

be used to flip the spins and 

they start to gather back to 

initial state (Figure 6). 

Exactly after the same period 

t, a strong signal, called spin 

echo (SE), can be detected. After this, the signal starts to decay again. The time from center of the 

RF pulse to center of the SE is called an echo time (TE). There can be multiple TEs and from the 

center of the first RF pulse to center of another is called repetition time (TR). The number of 

repetitions can be specified with echo train length (ETL). (29) 

It is possible to continue to detect these echoes by using 180° RF pulses multiple times, but the 

echo is weaker every time due to inhomogeneities of the magnetic field and other disturbances in 

the environment of the spin. When the peaks of the echoes are fitted in a curve (see Equation 

[10]), the curve has exponential decrease in values and when the curve has decreased to 37% of 

the first peak, this is the T2 value (Figure 5). The images that are based on T2 data, are called T2-

weighted images. 

Figure 5: T2-relaxation. After tipping the spins to transverse plane, the 
spins start to move out of phase and this causes the magnetization vector 
MXY to decrease. The grey line is the theoretical T2-signal decay and the 
red line is the actual T2-signal decay (T2*) caused by inhomogeneities in 
the main magnetic field. Own figure based on Ridgway (56). 
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When the T2 value is measured, the “real” T2 value from measurements is shorter than the 

theoretical T2 value. This actual decay value is sometimes marked as T2* to differentiate it from 

the theoretical T2 value (Figure 5). (29) 

[11] 

1
푇2∗ =

1
푇2 +

1
푇2  , 

 

where T2 is the theoretical value of the time constant, T2* is the decayed T2 time constant value 

and T2’ is the decay time. (24) 

 

Figure 6: Spin echo 
(SE). First, the 
magnetization vector M 
is flipped clockwise to 
the transverse plane 
with a 90° pulse along 
the x-axis. Second, the 
spins dephase. Third, 
the spins are turned 
anticlockwise with a 
180° pulse along the y-
axis. Fourth, the spins 
rephase and echo 
occurs. 
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3.4 Fat Suppression 
The main source of MR signal in human body are the hydrogen nuclei found in fat and water 

molecules. Other molecules containing hydrogen nuclei do also give a signal, but it is neglectable, 

thus the rapid decay or relatively small abundance. (30) 

Even in case of isotopes of the same nuclide, the resonance frequency of these nuclei can be a 

little bit different. This is caused by shielding effect of surrounding electrons. Electrons have a 

magnetic field opposite to the magnetic field of the nucleus, which is reduced by this shielding 

effect, and thus it shifts the resonance frequency of the nuclei. This shift is called chemical shift, 

and the effect increases surrounding electron density. 

If there are two strong sources of fat and water signals near each other (e.g. boundary of bone 

marrow and cartilage), the chemical shift artifact will have effect on the image. This artifact causes 

some overlapping of the signal areas on one side and void of the signal on other side (Figure 7). To 

minimize this artifact, the fat signal is suppressed as much as possible, with minimal effect on the 

water signal. In addition to removing artifacts, fat suppression (FS) can enhance tissue contrast 

and determine tissue lipid content. (30,31) 

The strong presence of fat signal makes the chemical shift artifact strong. The magnitude of the 

chemical shift depends on the frequency difference of fat and water protons and bandwidth of the 

MRI scanner. 

Figure 7: Chemical shift artifact and shifting of the “fat-image”. The chemical shift causes the “fat-image” 
(the image composed only from the fat signal) to shift in the opposite direction than frequency encoding. 
This causes overlapping (yellow arrows) and voiding (red arrows) of the signal in some areas of the image. 
The frequency encoding direction is inferior-superior (IS) in the T2-weighted image. Own figure based on 
(57). 
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There are multiple FS techniques, which take advantage of fat-water resonance frequency 

difference or short T1 time of fat or both. Techniques based on the former are CHESS (chemical 

shift selective), water excitation and Dixon method. (30,31) 

 

3.4.1 CHESS Technique 
In the CHESS technique (sometimes Fat-Sat or fat saturation or spectral fat saturation), only the fat 

is excited with a 90° RF pulse with a narrow bandwidth containing resonance frequency of fat. This 

only flips the magnetic vector of fat to transverse plane. A spoiler gradient is then applied to 

dephase the magnetization in the transverse plane. This causes the fat signal to fade away and the 

data can be acquired with preferred sequence without fat signal. (30,32-34) 

The CHESS technique is commonly used in musculoskeletal MRI, for example when imaging 

joints, such as the knee. It works best with strong magnetic fields, e.g. with 3T MRI scanners, 

because the higher the magnetic field, the bigger the gap between resonance frequencies of fat 

and water. CHESS has good fat selectivity, high signal-to-noise ratio (SNR) and relatively fast 

examination time, although it is sensitive to B0 and B1 -field heterogeneities. (30,31,35,36) 

 

3.4.2 Water Excitation Technique 
The water excitation technique uses binomial RF pulses, which are composite pulses used to 

selectively excite water signal. For example, fat and water signals are first excited with a 45° pulse. 

Then fat and water signals start to dephase because they have different resonance frequencies 

and when they are approximately 180° out of phase, another 45° pulse is used to tip the water 

signal to the transverse plane and the fat signal is flipped back to the equilibrium state. 

Consequently, only water spins are excited and signal from water can be acquired using normal 

imaging protocols. (30,31,35,37) 

The benefits of water excitation technique are high SNR and contrast-to-noise ratio (CNR), the 

relatively fast examination time and insensitivity to B1 -field heterogeneity. It is commonly used for 

evaluation of cartilage due to these benefits. The water excitation technique also benefits from 

stronger magnetic field, like 3T MRI scanners, because of the wider gap between fat and water 

signals, but it requires stronger gradients and shorter RF pulses, which increases the SAR. 

(30,31,34) 
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3.4.3 Dixon Techniques 
The Dixon techniques are named after Dixon W.T. who made an article (38) in 1984 about fat-

water separation method that was based on two-point method, which means that two images are 

acquired with different echo times (TE) and then the fat signal is decomposed from the water 

signal. (30,31,38,39) 

Basically, one image is acquired when fat and water spins are in phase and another when the 

spins are out of phase. When the strength of the magnetic field is known, it is possible to calculate 

the resonance frequency of fat and water spins and then how long it takes for the spins to be out 

of phase and then again in phase. Hence, the fat signal can be removed from the image and pure 

“water-image” is obtained. Vice versa, it is possible to remove the water signal from the image and 

get the pure “fat-image”. (30,31,34,39,40) 

The Dixon techniques are robust, SNR-efficient and insensitive to B1 -field heterogeneity. 

However, they are sensitive to B0 -field heterogeneity. This can be compensated with three or 

even four-point Dixon method, meaning that three or four images are acquired instead of two. 

The Dixon techniques therefore offer a way to use fat suppression with metallic implants or other 

difficult anatomic regions. (30,31,40-42) 

The biggest limitation is the imaging time, because of the need to acquire multiple images of 

the same slice, although today there are better algorithms and parallel imaging methods to 

shorten the imaging time. (30,31) 

 

3.4.4 STIR Technique 
The STIR (short inversion time recovery) is a technique that takes the advantage of short T1 

relaxation time of fat. In this technique, a 180° RF pulse is applied and since fat spins have shorter 

T1 relaxation time, the fat signal recovers faster than the water signal. After the inversion time 

(TI), the fat signal reaches zero and a 90° RF pulse can be applied, which excites the water spins. 

(30,31,35,36,43-46) 

STIR technique has good fat suppression capabilities, e.g. it is possible to change the level of fat 

suppression by leaving some fat signal during the inversion recovery, and it is commonly used in 

musculoskeletal imaging. It is also insensitive to B0 and B1 -field heterogeneities or to metal 

prosthesis and multiple air tissue interfaces or the use of large fields of view (FOV) are not a 

problem. (30,31) 
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There are some limitations with STIR techniques, including low SNR, high SAR and relatively 

long imaging time. However, some of these can be compensated. For example, SNR can be 

improved with shorter TE, but on other hand that reduces T2-weighting. Since STIR is not fat signal 

specific, but relays on the short T1, it as well suppresses other type of tissues that have short T1, 

such as methemoglobin, mucoid tissue, proteinaceous material and melanin (47). Thereby, some 

contrast agents are not suitable with STIR techniques. (30,31,36) 

 

3.4.5 Hybrid Techniques 
There are also hybrid techniques that are combination of CHESS and STIR techniques. One of these 

is the spectral presaturation with inversion recovery (SPIR). It uses spectrally selective inversion 

pulse to flip fat spins 180° and after TI, an excitation pulse is used. The benefits are that SPIR has 

high SNR and only suppress the specific spectral bandwidth, nevertheless it is sensitive to B0 and 

B1 -field heterogeneities, relatively long imaging times and high SAR. (30,31) 

Spectral adiabatic inversion recovery (SPAIR) is closely related to SPIR. In SPIR technique 

inversion is achieved by single pulse, but in SPAIR technique inversion is achieved by sweeping 

through a certain frequency range, which excites the fat spins. The advantages and disadvantages 

with SPAIR techniques are same as in SPIR, nonetheless SPAIR is insensitive to B1 -field 

heterogeneity, because of the adiabatic pulse. (30,31,35) 

The B0 -field heterogeneity sensitivity, in SPIR and SPAIR, causes heterogeneous fat 

suppression, especially if the FOV is too large. This can be compensated by using Dixon techniques 

or with STIR, however these may lower SNR. (30,31) 
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3.5 MRI of the Knee Articular Cartilage 
T2-weighted images are commonly used in clinical MRI of the knee AC. This provides better 

contrast between the higher signal from water and the lower signal from fat as compared to T1. 

(22) 

T2 is sensitive to tissue hydration and changes in collagen content (22). It offers excellent soft 

tissue contrast and with T2, it is possible to acquire morphological and biochemical data, like bone 

marrow lesions, joint fluid changes, ligamentous and meniscal damage, osteophyte formation and 

morphological and macromolecular changes (3).  

The T2 mapping is a technique that gives information, such as structural integrity, organization 

and water content, about the AC in form of T2 values (17). The T2 values are calculated by 

acquiring multiple TEs and then evaluating the decay time constant by curve fitting (17). 

The T2 values are short in the superficial zone, longer in the middle zone and become short 

again in the deep and calcified zone, because in superficial and deep zone the collagen fibrils are 

more tightly packed than in middle zone, where collagen fibril orientation is more random, and 

this permits more proton mobility (17).  

MRI of the knee AC is made challenging by the surrounding tissues. The AC contains lots of 

water, so the water signal is strong, and in addition there are multiple fatty areas. For example, 

there are femur and tibia, which contain bone marrow. There is also fat under the skin, which can 

give a strong fat signal, especially if the patient is overweight. 

The effects of the chemical shift artifact can be minimized by choosing the frequency encoding 

direction, so that the chemical shift happens in places where it does not interfere with region of 

interest (ROI). In case of knee, the AC is curved, so it is hard to avoid effects of the chemical shift 

artifact. The fat signal can be suppressed by using fat suppression techniques and decrease the 

amount of chemical shift, but this might introduce new kind of errors to the T2 values of the AC. 
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4 Methods 
Four young asymptomatic 

volunteers, aged 22-28 

years, underwent 3 T MRI 

(Siemens Skyra) with a 

dedicated 15-channel 

knee coil. Slice thickness 

was 3 mm and together 

18 slices (nine lateral and 

nine medial slices) were 

acquired. The subjects 

were imaged in supine 

position. 

The T2 mapping was 

performed using a multi-

echo spin-echo sequence 

repeated with fat 

suppression (FS) and 

without fat suppression (NoFS), each time using two frequency encoding directions: superior-

inferior (SI) and inferior-superior (IS). Tibiofemoral cartilage from single sagittal slice positioned in 

the lateral condyle was manually segmented. T2 values were computed offline by fitting a two-

parameter mono-exponential function to T2 data pixel-by-pixel using in-house written MATLAB 

scripts. 

The parameters used for T2 mapping were as follows: repetition time (TR) was 1680 ms, echo 

times (TE) were 13.8 ms, 27.6 ms, 41.4 ms, 55.2 ms and 69 ms, echo train length (ETL) was 5, field 

of view (FOV) was 160x160 mm2, matrix was 384x384 and bandwidth was 200 Hz/pixel. With the 

bandwidth of 200 Hz/pixel, the fat-water shift is 2.2 pixels in the MR images (Equation [8]). The FS 

technique was CHESS based technique. 

The articular cartilage in femur and tibia was manually segmented into nine different regions of 

interest (ROIs), six ROIs in femoral side and three ROIs in tibial side. These ROIs were further split 

Figure 8: Representative sagittal T2-weighted image of the knee (superior-
inferior frequency encoding direction without fat suppression) articular 
cartilage region of interests (ROIs): anterior part of anterior femur (aAF), 
posterior part of anterior femur (pAF), anterior part of central femur (aCF), 
posterior part of central femur (pCF), anterior part of posterior femur (aPF), 
posterior part of posterior femur (pPF), anterior tibia (aT), central tibia (cT) 
and posterior tibia (pT). The green lines separate the ROIs, while the red lines 
mark the segmented cartilage. The additional mid line splits the cartilage 
into superficial and deep layers. 
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into two halves, superficial and deep layers, making it altogether 18 ROIs (Figure 8). The individual 

ROIs are: anterior part of anterior femur (aAF), posterior part of anterior femur (pAF), anterior 

part of central femur (aCF), posterior part of central femur (pCF), anterior part of posterior femur 

(aPF), posterior part of posterior femur (pPF), anterior tibia (AT), central tibia (CT) and posterior 

tibia (PT). Each ROI was further split to the superficial and the deep layer. 

Root-mean-square coefficients of variation (CVRMS) between the different measurements were 

calculated for each ROI as: 

[12] 

퐶푉 =
∑ 푆퐷

푥̅
푁  , 

 

where SD is standard deviation, x̅ is the mean of the T2 values between subjects and N is the 

number of the subjects. 

Segmentation repeatability of the cartilage in NoFS T2 and FS T2 was evaluated by determining 

the CVRMS of three separate segmentations in each evaluated subject, with 2-3 weeks intervals 

between two repeated segmentations. The manual segmentations were done by the same person 

through the study. 
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5 Results 
The differences of T2 values for different ROIs and the repeatability values for the three 

independent segmentations, are collected to Table 1 as CVRMS values and in Figure 9 shows T2-

weighted images and T2 maps of one of the subjects. The Figure 10 and Figure 11 report the mean 

T2 values of superficial and deep cartilage from each of the subjects, respectively. 

 

5.1 Conventional T2 Mapping 
In conventional T2 mapping without FS, differences between SI and IS ranged from 4-40% and 

exceeded 10% in 11 out of 18 ROIs. Particularly affected were the superficial and deep femoral 

cartilage, with six ROIs having CVRMS value over 15% and the highest value of 40% in dpAF. The 

deep tibia had also high CVRMS values, which were over 30% in daT and dpT. The superficial tibia 

was overall the least affected. 

 

 

Figure 9: T2-weighted knee images (a - d) and T2 maps of these images (e - h), with blue arrows pointing to 
direction of the frequency encoding. Without fat suppression (NoFS) and superior-inferior (SI) frequency 
encoding direction (a and e), NoFS and inferior-superior (IS) frequency encoding direction (b and f), with fat 
suppression (FS) and SI frequency encoding direction (c and g) and FS and IS frequency encoding direction (d 
and h). 
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5.2 Fat Suppressed T2 Mapping 
Differences between FS T2-SI and FS T2-IS values were below 10% in most of the ROIs and only 

three ROIs were over the 10% mark: daAF, dpAF and daCF, 11%, 15% and 19% respectively. There 

were also five regions under 5%: saAF, spCF, dpPF, scT and spT. 

The most affected ROIs were in deep femoral region and the least affected ROIs were in 

superficial tibial and femoral regions, but overall CVRMS values were much lower when compared 

to NoFS values of the same ROIs.  

 

Figure 10: Mean T2 values of the superficial knee articular cartilage region of interests (ROIs). NoFS 
indicates conventional T2 mapping without fat suppressions (FS) and FS indicates T2 mapping with fat 
suppression. SI and IS indicates superior-inferior and inferior-superior frequency encoding directions, 
respectively. ROIs are: superficial anterior part of anterior femur (saAF), superficial posterior part of 
anterior femur (spAF), superficial anterior part of central femur (saCF), superficial posterior part of central 
femur (spCF), superficial anterior part of posterior femur (saPF), superficial posterior part of posterior 
femur (spPF), superficial anterior tibia (saT), superficial central tibia (scT) and superficial posterior tibia 
(spT). 
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5.3 Conventional T2 Mapping vs Fat Suppressed T2 Mapping 
When comparing the values of different frequency encoding directions, differences between NoFS 

and FS T2 were on average slightly higher using IS direction, but there were three ROIs, which had 

under 5% CVRMS value compared to just two ROIs using SI direction. 

The superficial femoral and tibial cartilages were lower on average when using IS direction. 

Overall, the deep ROIs were the most affected in both cases, SI frequency encoding direction 

having mainly marginally lower values in these regions, except in deep tibial cartilage, where on 

average CVRMS values were noticeable lower. 

 

Figure 11: Mean T2 values of the deep knee articular cartilage region of interests (ROIs). NoFS indicates 
conventional T2 mapping without fat suppression (FS) and FS indicates T2 mapping with fat suppression. SI 
and IS indicates superior-inferior and inferior-superior frequency encoding directions, respectively. ROIs are: 
deep anterior part of anterior femur (daAF), deep posterior part of anterior femur (dpAF), deep anterior 
part of central femur (daCF), deep posterior part of central femur (dpCF), deep anterior part of posterior 
femur (daPF), deep posterior part of posterior femur (dpPF), deep anterior tibia (daT), deep central tibia 
(dcT) and deep posterior tibia (dpT). 
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5.4 Segmentation Repeatability 
The repeatability of the segmentation was very good (CVRMS lower than 5%) in eight ROIs without 

FS and in six ROIs with FS. For NoFS T2 mapping, segmentation repeatability exceeded 10% in deep 

tibial cartilage, in daT and dpT. On the contrary, FS T2 mapping showed segmentation 

repeatability over 10% in spPF and dPT. The overall repeatability was on average 6.40% for the 

NoFS and 6.32% for the FS segmentations and the differences between NoFS and FS repeatability 

were low, with a few exceptions. 

ROI   NoFS-SI vs. 
NoFS-IS 

FS-SI vs. 
FS-IS 

NoFS-SI vs. 
FS-SI 

NoFS-IS vs. 
FS-IS 

 Repeatability 
   NoFS-SI FS-SI 
FEMUR superficial saAF 6,76 % 3,77 % 7,18 % 7,76 %  4,19 % 4,44 % 

 
spAF 18,15 % 5,71 % 10,82 % 13,76 %  2,19 % 2,37 % 

 
saCF 22,03 % 7,91 % 21,56 % 6,50 %  6,84 % 5,65 % 

 
spCF 7,08 % 4,08 % 6,52 % 3,59 %  6,52 % 3,22 % 

 
saPF 13,10 % 6,50 % 8,88 % 6,11 %  3,45 % 2,18 % 

 
spPF 17,84 % 6,78 % 8,37 % 15,71 %  6,85 % 12,69 % 

 
deep daAF 19,41 % 10,79 % 11,22 % 15,54 %  5,88 % 8,32 % 

 
dpAF 40,04 % 15,01 % 22,02 % 29,69 %  3,27 % 9,81 % 

 
daCF 26,97 % 19,00 % 24,51 % 19,88 %  8,39 % 8,97 % 

 
dpCF 12,28 % 5,63 % 16,33 % 6,06 %  8,27 % 6,11 % 

 
daPF 8,29 % 9,85 % 11,02 % 22,51 %  3,23 % 5,09 % 

  dpPF 7,19 % 4,63 % 6,37 % 7,64 %  5,46 % 1,85 % 
TIBIA superficial saT 12,56 % 7,97 % 5,57 % 11,13 %  9,19 % 5,24 % 

scT 5,16 % 2,39 % 3,70 % 2,97 %  3,33 % 1,66 % 
  spT 4,14 % 4,24 % 9,28 % 2,77 %  3,44 % 8,37 % 
deep daT 30,89 % 9,53 % 13,47 % 25,52 %  16,63 % 8,85 % 

dcT 4,62 % 6,89 % 3,82 % 9,35 %  3,68 % 6,08 % 
dpT 32,56 % 5,09 % 19,52 % 20,95 %  14,31 % 12,90 % 

 
Region of interests (ROIs): superficial anterior part of anterior femur (saAF), superficial posterior part of 
anterior femur (spAF), superficial anterior part of central femur (saCF), superficial posterior part of central 
femur (spCF), superficial anterior part of posterior femur (saPF), superficial posterior part of posterior femur 
(spPF), superficial anterior tibia (saT), superficial central tibia (scT), superficial posterior tibia (spT), deep 
anterior part of anterior femur (daAF), deep posterior part of anterior femur (dpAF), deep anterior part of 
central femur (daCF), deep posterior part of central femur (dpCF), deep anterior part of posterior femur 
(daPF), deep posterior part of posterior femur (dpPF), deep anterior tibia (daT), deep central tibia (dcT) and 
deep posterior tibia (dpT). 

Table 1: Differences (CVRMS) between mean T2 values calculated with (FS) and without fat suppression 
(NoFS) and with superior-inferior (SI) and inferior-superior (IS) frequency encoding directions; and intra-
reader repeatability of T2 with and without FS. Green color indicated CVRMS less than 5%, yellow color 
indicates CVRMS between 5-10%, red color indicates CVRMS over 10%. 
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6 Discussion 
The effect of FS in the knee articular cartilage T2 mapping has been previously investigated in vitro 

with porcine knee joints (5). In this study, the effect of FS in cartilage T2 mapping was evaluated in 

vivo with four young volunteers. A literature search in PubMed database yields no articles 

comparing the effects fat-contamination and chemical shift artifact on T2 maps with and without 

FS in vivo. Some articles cover the topic of T2 mapping (22,48-51) and FS (52), but do not use 

quantitative methods to compare the differences between FS and NoFS.  

Large differences were found between T2 values measured with and without FS. The greatest 

differences were observed in the ROIs with most of the cartilage surface perpendicular to the 

direction of the chemical shift artifact, such as pAF, aCF, pCF and cT. 

In the study by Ryu, Y.J. et al. (5), it has been reported chemical shift artifact was weakest in the 

central horizontal and the posterior vertical cartilage regions. In the present study, the posterior 

part was also reported to have slightly lower chemical shift artifacts, but the central horizontal 

part did have significant amount of chemical shift artifact. Ryu, Y.J. et al. (5) have similarly 

reported that their young porcine samples might have insufficient fat deposition within the bone 

marrow, which could explain the low amount of the chemical shift artifact found in e.g. the central 

horizontal part. 

In case of FS, changing the direction of the frequency encoding direction to opposite direction 

slightly changed the T2 values, nevertheless in most of the ROIs the differences were less than 

10%. This demonstrates the contribution of fat-contamination on different ROIs. 

The deep cartilage layers were the most affected, most likely due to the fat-contamination from 

bone marrow via the chemical shift artifact. Among the superficial cartilage layers, the ROIs next 

to fatty tissue were the most affected. The differences were also dependent on the orientation 

and the shape of the ROIs. 

The results acquired from NoFS T2 suggest that the chemical shift artifact affects most of the 

cartilage regions, especially deep femoral and tibial cartilage, when not using FS. The FS T2 results 

suggest that when using FS, the chemical shift artifact is smaller and has less impact on the 

images. 

In most of the cases, FS resulted in shorter T2 values, probably due to reduction of the 

contamination from long T2 relaxation times of fat. The lowering of T2 values with FS was also 
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found by Ryu, Y.J. et al. (5). However, in some cases, FS produced longer T2 values compared to 

NoFS T2 mapping and differences were higher than those attributable to segmentation errors. It is 

possible that the water signal was partially saturated by the FS pulse resulting in apparent 

relaxation. 

The FS technique was the same and the scanner was also made by Siemens in the study by Ryu, 

Y.J. et al. as in the current study, though the used parameters are slightly different. Differences 

can be found in as follows: TR was shorter (1200 ms for conventional T2 and 1360 ms for FS T2), 

FOV (140x140 mm2) and bandwidth (150 Hz/pixel) was smaller. Therefore, these might explain 

some differences in the results. For example, in their study, the chemical shift is 3 pixels in the T2 

maps (about 1 pixel more than the current study), however the smaller FOV gives better 

resolution. 

In the study by Ryu, Y.J. et al. (5), it has been reported higher repeatability of FS T2 mapping 

compared to conventional T2 mapping. This is consistent with the results of this study, which 

found slightly improved repeatability of the segmentation using FS. The FS improved repeatability 

in half of the ROIs. However, for some ROIs, such as spPF, dpAF and spT, repeatability was lower 

compared to NoFS T2 mapping. 

In the study by Hall, M.E. et al. (53), it has been studied T2 and T2* relaxation times in knee AC 

with four healthy volunteers. The used FS technique was the same as in the current study, 

although the used scanner was made by GE Healthcare and there can be venture specific 

differences in the FS technique even when it is based on same method. The used parameters were 

close to the current study, but slight differences include: slightly shorter TR (1600 ms) and TEs (7.3, 

14.6, 22, 29.3, 36.6, 43.9, 51.2 and 58.6 ms) and smaller matrix (256x256). The smaller matrix 

decreases resolution but increases SNR. 

In the study by Hall, M.E. et al. (53), they have been reported that on average T2 values 

increased with FS by 0.2±0.5 ms, which is not statistically significant, but was not in line with the 

current study. A possible explanation could be partial saturations of water signal and consequently 

decreased SNR. 

The findings of this study showed that FS reduced the chemical shift artifact, although most 

likely it introduced new inaccuracies to the T2 maps through partial saturation of the water signal. 
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This affects the relaxation values and alter the contrast in the T2-weighted images, which in turn 

change the cartilage appearance and may result in segmentation discrepancies. 

 

There are some limitations in this study. First, the number of subjects was small and in the future 

studies, larger sampling would improve the results. Some of the contradictory results may result 

from the small sample size. Second, the segmentation of the cartilage was done manually, and 

automatic segmentation could be more reliable and improve the uniformity of the segmentations. 

Third, the magic angle effect was not considered in this study. Each measurement was done as a 

single imaging session and the leg was kept in the exact same position, which should minimize the 

effect of magic angle artifact on the results. Fourth, the reproducibility of the measurements with 

and without FS was not investigated. 

Future studies will investigate different methods to reduce the chemical shift artifact, including 

increasing the readout bandwidth or using alternative techniques for achieving FS. 

 

 

 

7 Conclusions 
The findings of this preliminary study suggest significant contamination from the fat signal on in 

vivo T2 mapping of the knee articular cartilage, which could be reduced using FS. Moreover, with 

FS the T2 maps are more reliable than without FS. Nonetheless, FS appears to decrease the 

segmentation repeatability in some cartilage regions and to introduce additional variability into 

the T2 quantitation, which should be considered when estimating the effect sizes. 
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