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ABSTRACT 

 

Many studies have been carried out to produce magnetic resonance imaging (MRI) 

phantom which is inexpensive, non-hazardous, easy to produce, mimic human tissue 

and has good SNR homogeneity. Among those that were studied were poly(vinyl) 

alcohol (PVA) slime phantoms. The characteristics of PVA slime phantom chosen for 

this study include naturally flexible, tough and has relaxation times close to human 

tissue. The objectives of this study were to investigate the T1 and T2 characteristics of 

the PVA slime phantom with different relaxation modifier (gadolinium (III) oxide, 

Gd2O3) concentrations and to determine its suitability as alternative to agarose gel 

phantom. Five PVA slime phantoms were prepared by mixing PVA and borax solution 

at a fixed ratio but with the addition of different quantity of Gd2O3. The T1 (fixed echo 

time (TE) and different repetition time (TR)) and T2 (fixed TR and different TE) 

weighted images of all phantoms including distilled water were acquired using 

SIEMENS Magnetom Verio 3-tesla MRI system at the Radiology Department, Hospital 

Canselor Tuanku Muhriz (HCTM) via spin echo (SE) and turbo spin echo (TSE) 

sequences respectively. The signal-to-noise ratio (SNR) of all phantoms was calculated 

using Image-J software (The National Institutes of Health, NIH) by implementing the 

region of interest (ROI) analysis. The SNR vs TR and SNR vs TE curves were fitted to 

the exponential equations for T1 and T2 relaxation using MATLAB® R2018b (The 

Math Works, Inc., Natick) to determine the T1, T2 and saturation (SNRo). For all 

phantoms, T1 curves demonstrated that the SNR increases exponentially with 

increasing TR (constant TE) while T2 curves showed that the SNR decreases 

exponentially with increasing TE (constant TR). Gd was found to affect the T1 but not 
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the T2 curves. SNRo, T1 and T2 relaxation times decrease with increasing Gd2O3 

concentration. It can be concluded that with a systematic increase in the quantity of 

relaxation modifier, the T1 and T2 relaxation times decrease in a systematic manner. 

Further studies are necessary to investigate the stability of the PVA slime phantom over 

a long period of time.  

 

Keywords: Poly(vinyl) alcohol, sodium tetraborate; gadolinium oxide; TR; longitudinal 

magnetization; TE; transverse magnetization 

 

INTRODUCTION 

 

Magnetic resonance imaging (MRI), formerly known as nuclear magnetic resonance 

(NMR) operates based on the interaction between the nucleus spin and magnetic field. It 

works around the change in the longitudinal and transversal magnetizations of tissues. 

Due to its high spatial and temporal resolutions and unique ability to distinguish 

between different types of soft tissues without using ionizing radiation, its demand in 

the medical field increases each year. With MRI scanners being extensively used in 

clinical and research settings, they are prone to technical and image quality problems. 

Thus, quality control (QC) is important and necessary in order to maintain good 

diagnostic quality of MRI images produced [1].  

 

MRI phantom is an important apparatus in QC of MRI. The development of a 

multipurpose phantom is advantageous in MRI QC especially in the testing of 

instrument performances and evaluating new imaging techniques and sequences.  The 

multipurpose phantom would also allow system comparisons to be made [2]. It is also 

very useful in the development of new pulse sequences, adjustment of operational 

conditions, technical training of operators, delineating specific organs and evaluation of 

safety [3 & 4]. A good MRI phantom should have relaxation times and dielectric 

properties equivalent to human tissues, homogenous relaxation times and dielectric 

properties throughout the phantom, sufficient strength to fabricate a torso without the 

use of physical reinforcements, allowing fabrication in the shape of human organs, the 

ease of handling and chemical and physical stability over an extended period of time 

[5]. Furthermore, the materials used for MRI phantom should be toxic-free as the 

phantom might be broken during shipping and would lead to contamination of MRI 

instrument, staff and researchers [6].  

 

Over the decades, many materials that mimic human tissues have been studied and 

proposed [7 – 9]. The materials should fulfil characteristics such as inexpensive, non-

toxic, easy to handle, easily prepared, stable over a long period of time and should 

possess properties of tissues. Thus it is essential to determine the most ideal material for 

the MRI phantom. Agarose gel has been commonly used as phantom materials in 

previous studies [3 – 9]. The main concern of using agarose gel as phantom material is 

that it is produced naturally, which can be considered as an advantage but its relaxation 

properties differ between different batches of production [3]. Additionally, in terms of 

long-term stability, agarose gel phantom tends to deteriorate over time. Water loss from 
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the gel phantom will cause the breakdown of the phantom at the same time causing a 

change in the relaxation times [9, 10]. On the other hand, synthetic polymers such as 

PVA are standardized thus they do not differ in the relaxation properties [3]. Therefore, 

this study is carried out to explore the potential of other materials such as poly(vinyl) 

alcohol (PVA) slime as MRI phantom.  

 

PVA is a non-toxic, hydrophilic, synthetic polymer recently introduced in tissue 

engineering for biocompatibility [11]. It is generally safe to be used as MRI phantom 

materials. Previous study [12] found that PVA gel can be used to construct MRI 

phantom because of its suitable characteristics and properties including compatibility 

with other substances, homogenous, shape retaining capability and having values of T1 

and T2 similar to human soft tissues. In another study [13] using PVA cryogel as MRI 

phantom material, a near ideal material for distensible phantoms was successfully 

fabricated. Its homogenous signal intensity, relaxation times close to human tissue and 

inherently flexible and tough made it a near ideal phantom material. Although studies 

have shown that PVA gel was a good substitute for MRI phantom material, its long-

term stability remains unknown. 

 

Borax, also known as sodium tetraborate with a chemical formula of [Na2B4O7·10H2O] 

is a strong alkaline that can be hydrolyze in water to produce boric acid-borate buffer 

having approximately a pH of 9 [14]. It works together with PVA glue to form slime 

which will be used as the phantom materials for this study. One of the most common 

way to produce slime is by adding saturated solution of sodium tetraborate (borax) to a 

solution of white glue and water. As a result of the crosslinking between the protein 

molecules of the white glue and the borate ions (B(OH)4
-
) of the borax solution, a 

highly viscos slime is formed. Alternatively, an aqueous PVA can be used in 

replacement of white glue.  

 

In many cases, the magnetic properties of the phantom can be adjusted by using various 

additives such as graphite and paramagnetic ions [5]. The T1 and T2 relaxation times 

and conductivity of the phantom can be independently changed by modifying the 

concentration of the paramagnetic ions and the concentration of the gelling agent. 

Paramagnetic ions such as CuSO4, NiCl2, MnCl2 or GdCl3 have been commonly used as 

T1 modifiers. In this study Gd2O3 was used as the relaxation modifier. Gadolinium 

based chelates and iron oxide nanoparticles are often used as MRI contrast agent. They 

act as positive contrast agents because they will reduce the T1 relaxation time which 

leads to the increase in signal intensity when measured using the same repetition time 

(TR). Therefore, by modifying the concentration of paramagnetic ions such as GdCl3, 

relaxation time and conductivity of the phantom can be altered which in turn allow the 

development of phantoms with a wide range of relaxation time to resemble different 

human tissues and organs. This is further supported by studies done by [8, 10] where 

the T1 value decreases with the increases of GdCl3 concentration.  

 

The objectives of this study were to determine the T1 and T2 characteristics of the PVA 

slime phantom with different relaxation modifier concentration and to determine the 
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possibility of PVA slime phantom to be used as an alternative to agarose gel phantom. 

The purpose of having different relaxation modifier concentration in this study was to 

investigate the characteristics of the optimum Gd concentration. By comparing and 

analysing the T1 and T2 values of the water phantom and the PVA slime phantom with 

different relaxation modifier concentrations, we can determine how close the 

characteristics of the PVA slime phantom are to human tissues. On top of that, adding 

relaxation modifier to the PVA slime phantom will alter the T1 and T2 relaxation times 

thus promoting the development of experimentally well-characterized tissues equivalent 

MRI phantom. It is hypothesized that with a systematic increase in the quantity of the 

relaxation modifier, the T1 and T2 relaxation times will decrease in a systematic 

manner. 

 

EXPERIMENTAL  

Chemicals and Apparatus 

The chemicals used in this study are as follows: poly (vinyl) alcohol, (C4H6O2)n 

(Chemiz (M) Sdn. Bhd), sodium tetraborate [Na2B4O7·10H2O] (Chemiz (M) Sdn. 

Bhd), gadolinium (III) xide, Gd2O3 (HmbG® Chemicals), hydrochloric acid, HCl 37% 

(Fisher Scientific (M) Sdn. Bhd). The apparati used in this study include digital 

weighing scale (OHAUS
®

 Pioneer PA 210C), magnetic stirrer with hotplate, steriled 

plastic container, beaker and 5-ml pipette. The MRI system used was a 3-T Siemens 

Magnetom Verio. 

 

Preparation of PVA slime phantom 

Five PVA slime phantoms with different Gd2O3 concentration (0 mgml
-1

, 0.016 mgml
-1

, 

0.049 mgml
-1

, 0.085 mgml
-1

, 0.124 mgml
-1

) were prepared. Different masses of Gd2O3 

powder (m = 1, 3, 5 and 7 mg) were firstly weighed using the electronic weighing scale 

and were separately placed into four different beakers. Due to Gd2O3 insolubility in 

water, HCl acid (5 ml) was added into the four beakers. The beakers were gently stirred 

and set aside for approximately 15 minutes for the Gd2O3 powder to completely 

dissolve.  

 

At the same time, 0.04% of PVA and borax solution were prepared. 16 g PVA powder 

was weighed using the electronic weighing scale and was slowly added to 400 ml 

distilled water at a temperature of 80 °C – 90 °C. The solution was stirred using 

magnetic stirrer with hot plate for about an hour. The appearance of the solution 

changed from murky to crystal clear indicates that the PVA powder is completely 

dissolved and the solution is in a uniform distribution state. The PVA solution was then 

left to cool down to room temperature. An amount of 1.6 g borax powder was weighed 

using the electronic weighing scale and was added to 40 ml of distilled water. The 

solution was stirred gently using glass rod until the borax powder was completely 

dissolved. The PVA, borax and Gd2O3 solutions were mixed together in a sterile plastic 

container using 50- and 20-ml syringe simultaneously. The slime was formed when the 

borax solution has completely reacted with the PVA solution. The container lid was air-

tight closed. All the prepared phantoms were stored at room temperature in a desiccator 

for two days due to the busy schedule of MRI machine in the hospital. The details about 
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the quantity of the ingredients used were given in Table 1.  

 

Table 1: PVA slime phantom mass and volume measurements 

 

Sample 

Volume of 

PVA 

solution/ml 

Concentra-

tion of 

PVA/gml
-1 

Volume of 

Borax 

solution/ml 

Concentrati-

on of 

Borax/gml
-1 

Mass of 

Gd2O3/mg 

Concentration 

of Gd2O3/ 

mgml
-1 

1 70 0.04 7 0.04 0 0 

2 65 0.04 6.5 0.04 1 0.016 

3 65 0.04 6.5 0.04 3 0.049 

4 65 0.04 6.5 0.04 5 0.085 

5 65 0.04 6.5 0.04 7 0.124 

 

Data Acquisition and Analyses 

The MRI data were acquired using Siemens Magnetom Verio 3-Tesla MRI system at 

the Department of Radiology, Hospital Canselor Tuanku Muhriz. The plastic container 

containing PVA slime phantoms and distilled water were inspected for leakage and any 

presence of air bubbles and foreign particles before being scanned. Examples of the 

prepared phantoms are shown in Figure 1(a). They were then positioned horizontally in 

the 32-channel head coil by using a home-made sample holder (Figure 1(b)) at the iso-

centre of the magnet bore. All the six phantoms were scanned simultaneously. The spin 

echo (SE) and turbo spin echo (TSE) sequences were applied to obtain the axial T1 and 

T2 weighted images respectively. T1 weighted images were obtained using a constant 

TE = 15 ms and TR = 100, 150, 200, 300, 600, 800, 1000, 1200, 1800, 2400, 3600, 

4800, 5600, 6400 and 8000 ms. The T2 weighted images were obtained using a constant 

TR = 4970 ms and TE = 69, 82, 96, 110, 123, 137, 151, 165, 178, 192, 206, 220, 233, 

247 and 261 ms. Other imaging parameters include slice thickness = 3.0 mm, matrix 

size = 64  64, field of view (FOV) = 230  230  mm and voxel size = 0.6 0.4  3.0 

mm. All the images acquired were stored in a CD-ROM in DICOM format. 

 
Figure 1: shows the example of phantoms prepared in the plastic container (a) and the 

orientation of the phantoms inside the sample holder (b) 
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Image-J software (The National Institutes of Health, NIH) was used to measure the 

signal-to-noise ratio (SNR) for all phantoms. The middle slice from each volume 

measurement of the phantoms was chosen for SNR evaluation. The image selected was 

visually ensured to have a spatially homogenous distribution of signal intensity [15]. 

From the acquired images, the mean signal intensity of the phantom (Ip), signal intensity 

of the background noise (Ib) and standard deviation of the background noise (σb) were 

computed. Three circularly shaped ROIs with the size of 5 mm
2
 were specified on the 

phantom images and Ip were obtained and averaged. Another circularly shaped ROI 

with the size of 40 cm
2
 was drawn at the background, outside of the phantom images in 

order to obtain Ib and σb. The SNR value for each phantom across all TEs and TRs were 

then calculated using the formula SNR = (Ip -Ib)/σb.  

 

T1, T2, SNRo, 1/T1 and 1/T2 Determination 

The T1 and T2 values of the phantoms were determined based on the SNR vs TR plot 

(T1 curve) with the equation of SNR    1 – e
-TR/T1

 and SNR vs TE plot (T2 curve) with 

the equation of SNR   e
-TE/T2

 respectively. The experimental data were fitted to both 

the equations using MATLAB® R2018b (The Math Works, Inc., Natick) curve fitting 

toolbox. The T1 and T2 values were obtained upon achieving the minimum sum of 

squared difference between the observed and fitted data. Likewise, by referring to the 

fitted T1 curve, the saturation value (SNRo) was also determined. The 95% confidence 

interval (CI), standard sum of errors (SSE) and the R
2
 of fit were also computed. The R-

square of fit is the correlation coefficient between the observed and fitted data and the 

ideal value of R-square is 1. The T1 and T2 curves in this study were fitted in such way 

that the R
2
 of fit is maximized and the SSE is minimized.  

 

Consequently, the inverse of T1 and T2 relaxation times were calculated and curve 

fitted using the same toolbox to obtain the relaxation rates, r1 (1/T1) and r2 (1/T2). The 

effects of different Gd2O3 concentration on T1, T2, SNRo, r1 and r2 were evaluated and 

studied.  

 

RESULTS 

 

Figure 2 (a) and (b) are the examples of spin echo T1 weighted images at TR = 1800 

ms, TE = 15 ms and turbo spin echo T2 weighted images at TE = 123 ms, TR = 4970 

ms for all six phantoms. A is the image of distilled water, B is the image of pure PVA 

slime phantom without addition of Gd2O3, C is the image of PVA slime phantom with 

0.016 mgml
-1 

of Gd2O3, D is the image of PVA slime phantom with 0.049 mgml
-1 

Gd2O3, E is the image of PVA slime phantom with 0.085 mgml
-1

 Gd2O3 and finally F is 

the image of PVA slime phantom with 0.124 mgml
-1

 Gd2O3. The SNR obtained from 

the acquired T1 and T2 weighted images are summarized in Tables 2 and 3 

respectively. 
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Figure 2: (a) T1 weighted images for all phantoms, TR = 1800 ms, TE = 15 ms; (b) T2 

weighted images for all phantoms, TE = 123 ms, TR = 4970 ms. Images A – F belong 

to different phantoms as mentioned in the text 

 

It can be seen from Figure 2 that the intensity of all images and background is 

homogenous. For both distilled water (A) and pure PVA slime phantom (B) the 

intensity of the T2 weighted images is higher than the T1 weighted images. For T1 

weighted images, the signal intensity of the phantoms decreases with the addition of 

Gd2O3. Similarly, for the T2 weighted images, the signal intensity decreases with the 

addition of Gd2O3. It was also found that the intensity of the images obtained from each 

particular sample changes for different combination of TR and TE values. Those images 

are not shown but the corresponding SNR data are given in the following tables. 



 

 

Solid State Science and Technology, Vol. 27, No 1 & 2 (2019) 105-121 

ISSN 0128-7389 |  http://myjms.moe.gov.my/index.php/masshp 

 

 

112 

 
 

 
Figure 3 (a) SNR vs TR, TE = 15ms; (b) SNR vs TE, TR = 4970ms curves for distilled 

water phantom 
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Distilled water phantom 

Figure 3 (a) and (b) show the results obtained from the measurement of SNR as a 

function of TR and TE respectively for the distilled water phantom. The exponential 

model was fitted to the experimental data using MATLAB® R2018b (The Math Works, 

Inc., Natick) curve fitting toolbox to obtain the fitted T1 and T2 curves. The symbol + 

represents the experimental data while the line is the fitted curve. It can be clearly 

observed that the data obtained fulfilled the exponential behaviour of the form SNR  1 

– e
-TR/T1

 for T1 curve and of SNR  e
-TE/T2

 for T2 curve. By using non-linear least 

square fitting method, the T1 and T2 relaxation times of the distilled water phantom 

obtained was 5051 ms and 246 ms respectively. When compared to the T1 and T2 

values of standard MRI water phantom which are 2612 ms and 212 ms respectively, the 

distilled water phantom has longer T1 and T2 relaxation times and the difference is 

larger for T1. This might be due to the presence of NiSO4 in the standard MRI water 

phantom that acts as relaxation modifier and increased the T1 relaxation rate (1/T1) 

significantly.  

 

The results obtained from the distilled water phantom therefore verify the exponential 

increase of T1 with increasing TR and exponential decrease of T2 with increasing TE. 

The T1 of the distilled water obtained from this study is about 20 times longer than T2. 

This further validates the methods used for this study on PVA slime phantom.  

 

Effect of Gd2O3 on the relaxation, saturation and relaxation rate of PVA Slime Phantom 

The SNR values for all phantoms at fixed TE (15 ms) and different TR are tabulated in 

Table 2 while the SNR values for all phantoms at fixed TR (4970 ms) and different TE 

are tabulated in Table 3. Figure 4 (a) and (b) are the T1 and T2 relaxation curves for 

different Gd2O3 concentrations plotted using the SNR data shown in Table 2 and 3.  

 

 
 

Table 4: (a) T1 values, 95% confidence interval (CI), standard sum of error (SSE), R-

square of fit (correlation coefficient between observed and fitted data), saturation 

(SNRo), and relaxation rate for all phantoms, (b) similar data for T2 
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Figure 4: (a) SNR vs TR, TE = 15 ms; (b) SNR vs TE, TR = 4970 ms curves for all 

phantoms containing different Gd2O3 concentrations; 0 mgml
-1

 (○), 0.016 mgml
-1

 (□), 

0.049 mgml
-1

 (☆), 0.0085mgml
-1

 (◇) and 0.124 mgml
-1

 (×). Solid lines are the fitted 

curves 
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(a) 

 

T1 curve fitting parameters 

Sample T1/ms 
95% CI for 

T1/ms 

SSE for 

T1 

R-square of 

fit 
SNRo r1/s

-1 

Distilled 

water 
5051.0 4242.0, 5861.0 574.7 0.998 547.2 0.198 

1 3948.0 3395.0, 4496.0 790.8 0.998 552.8 0.253 

2 626.9 474.8, 778.9 2371.0 0.979 276.1 1.595 

3 476.6 414.8, 53.3 1358.0 0.986 262.0 2.098 

4 328.7 290.0, 366.5 832.6 0.986 236.6 3.042 

5 177.5 118.5, 236.6 631.1 0.968 197.1 5.634 

 

(b) 

T2 curve fitting parameters 

Sample T2/ms 95% CI for T2/ms SSE for T2 R-square of fit r2/s
-1 

Distilled water 246.0 231.4, 260.6 26.9 0.991 4.065 

1 197.3 179.1, 215.5 209.4 0.979 5.068 

2 187.7 171.6, 203.7 101.9 0.983 5.328 

3 169.2 159.7, 178.7 97.5 0.992 5.910 

4 141.2 133.9, 148.4 88.6 0.994 7.082 

5 97.5 86.7, 108.3 19.6 0.998 10.257 

 

The T1 curve for the pure PVA slime phantom increases exponentially as TR increases 

when TE was fixed at 15 ms. The curve is obviously different when compared with the 

curves for PVA slime phantom containing Gd2O3 from which it can be seen that the 

increase in SNR is gradual when TR increases with no sign of saturation in the range of 

TR used. For the Gd2O3-containing phantoms, the increase in SNR is rapid with a sign 

of decreasing T1 relaxation time with increasing Gd2O3 concentration for TR < 1000 ms 

and the curves indicate saturation when TR > 1000 ms. Furthermore, pure PVA slime 

phantom shows the highest SNRo but for the Gd2O3 containing phantoms, SNRo seems 

to decrease with increasing Gd2O3 concentration. In Figure 4(b), an exponential 

decrease in SNR can be observed for all phantoms when TE is increased (TR fixed at 
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4970 ms). The pattern looks similar for all phantoms with a sign of constant T2 

relaxation time. It is however obvious that the SNR at any TE values decreases with 

increasing Gd2O3 concentration. The results indicate a larger influence of Gd2O3 

concentration on T1 relaxation as compared to its influence on T2 relaxation.  

 

The T1 and T2 values for all phantoms obtain from curve fitting method are shown in 

Table 4 together with the curve fitting statistics. T1 was found to decreases from 3948 

ms to 177.5 ms with the increase in Gd2O3 concentration from 0 mgml
-1 

to 0.124 mgml
-1

 

while T2 decreases from 197.3 ms to 97.49 ms with the increase in Gd2O3 concentration 

from 0 mgml
-1 

to 0.124 mgml
-1

. The decrease in T1 is larger than the decrease in T2 

with the increase in Gd2O3 concentration. The results indicate a larger effect of Gd2O3 

concentration on T1 as compared to its effect on T2. 

 

The saturation (SNRo) values for all phantoms obtained from curve fitting method are 

tabulated in Table 4. The SNRo for distilled water is also provided for comparison. The 

SNRo values decreases from 552.8 to 197.1 with the increase in Gd2O3 concentration 

from 0 mgml
-1

 to 0.124 mgml
-1

. The SNRo values for the phantoms demonstrate a 

similar trend as the T1 values from which the SNRo decreases gradually with the 

increase of Gd2O3 concentration. The change can be visualized in Figure 5. Note an 

initial rapid drop in the T1 and SNRo as the Gd2O3 is gradually increased. 

 
Figure 5: Saturation (SNRo) vs different Gd2O3 concentration obtained from T1 curve 

 

The change in r1 and r2 of the PVA slime phantom as a function of Gd2O3 concentration 

are shown in Figure 6 together with the fitted line. The individual data can be found in 

Table 4. Both the r1 and r2 show a linear relationship with Gd2O3 concentration with r2 

higher than r1 for all Gd2O3 concentrations. The gradient of the slopes as determined 

from the fitted line are 38.5 mM
-1

s
-1

 and 39.5 mM
-1

s
-1

 for r1 and r2 respectively.  
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Figure 6 Inverse of relaxation times (: 1/T1 = r1 and : 1/T2 = r2) (also known as 

relaxation rate: how fast magnetisation/SNR change in one second) vs.  

different Gd2O3 concentration 

 

 

DISCUSSION 

 

The PVA slime phantom used in this study demonstrated similar relaxation properties 

as shown by distilled water phantom hence human tissue because human tissue contains 

a lot of water. The exponential increase of SNR value as a function of TR for distilled 

water phantom and PVA slime phantom is the manifestation of the gradual increase of 

longitudinal magnetization with time. This typical T1 relaxation phenomenon resemble 

spin-lattice energy transfer in which the net magnetization in z direction returns to its 

initial maximum value parallel to the magnetic field after being resonated into the 

transverse plane by a 90° radiofrequency (RF) pulse. The magnetization behaviour is 

represented by the T1 curve. If TR is sufficiently long, the magnetization in the z 

direction has more time to regain its magnitude and reaches the saturation (indicated as 

SNRo) which can be clearly seen for all phantoms that contain Gd2O3 (Figure 4(a)). The 

SNRo for these phantoms can be determined precisely from the plots but for the sake of 

precision, they were also obtained from the fitting method implemented in this study. 

The distilled water phantom and pure PVA slime phantom showed a higher SNRo value 

(547.2 and 552.8 respectively) as compared to Gd2O3 – contained PVA slime phantom 

as they contain a higher density of hydrogen protons. For the Gd2O3 contained 

phantoms, the SNRo is lower despite the existence of magnetic element (Gd) in the 

lattice. 

 

The addition of Gd2O3 into the lattice has two main effects on the T1 curves. First, it 

decreases the saturation of the curve and second it shortened the relaxation of the spins 

and shifted the curve to the left for TR values less than 1000 ms. Gd2O3 is chemically 
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stable with two Gd
3+

 ions being attached to three O
2-

 ions. At room temperature, Gd2O3 

formed a cubic structure, electrostatically neutral but possesses magnetic susceptibility 

of about 53.2 × 10
-6

 cm
3
/mol. For the first effect, by increasing the number of Gd2O3 

molecules in the PVA slime phantoms while keeping the weight of the phantom 

constant, the number of water molecules was reduced. This will cause a reduction in the 

SNRo because SNRo is largely influenced by the density of water in the PVA slime 

phantom. For the pure PVA slime phantom, the SNRo is highest because the water 

molecules were not replaced with the Gd2O3 molecules. For the Gd2O3 added PVA 

slime phantoms, the SNRo decreases systematically with increasing Gd2O3 

concentration, see Figure 5. A marked drop in SNRo from pure PVA slime phantom to 

the first Gd2O3 added phantom, followed by a small change in SNRo for the subsequent 

addition of Gd2O3 indicates that the addition of Gd2O3 only has a significant effect on 

SNRo only when a small quantity of Gd2O3 is used. Further increase in Gd2O3 will only 

cause a small change in the SNRo. 

 

For the second effect, the theory of magnetic dipole-dipole interaction can be used to 

explain the change in the T1 relaxation of the PVA slime phantoms. Dipole-dipole 

interaction is the most important mechanism for magnetic relaxation in biological 

tissues. Spins (or spin angular momentums) in the distilled water, pure PVA and Gd2O3 

– contained PVA slime phantoms can be thought of as tiny magnets with north and 

south poles, each of which produces magnetic fields. As the spins precess, their 

magnetic fields interact with one another and with the magnetic fields of the lattice 

causing changes magnetic field inhomogeneity. Without the presence of Gd2O3, the T1 

relaxation takes longer time as shown by distilled water and pure PVA slime phantom 

(Figs. 3(a) and 4(a)). T1 value for water is approximately 4000 ms at 1.5T [16]. A 

higher T1 value obtained for distilled water from this study (5051 ms) was due to a 

higher precession of the spins in water surrounding at higher field (3 T) making it more 

difficult for energy to be transferred from the spins to the lattice as compared to a lower 

field (1.5 T) in which the precession is slower and the energy transfer is more efficient. 

The surrounding water molecules is said to have created a homogenous magnetic 

environment for the spins. For the pure PVA slime phantom, the T1 measured was 3948 

ms, which is shorter than that of distilled water. The spins in the PVA slime phantom 

can be considered as being in a restricted (bound) state and the precession is slowed 

down much closer to the Larmor frequency, hence an easier energy transfer took place. 

In addition, the magnetic field is less homogenous in the surrounding molecules thus 

enabling more spin-lattice interaction. As longer T1 relaxation time means that the 

oscillation frequency of the spins in the surrounding molecules is much slower or faster 

than the Larmor frequency of the spins, there exist two extreme cases which are the ice 

at one end and free water at the other end. Thus, the distilled water and the PVA slime 

phantoms fabricated in this study should lie between these two extremes. 

 

The addition of Gd2O3 into the matrix of the PVA slime phantom seemed to change the 

local magnetic field inhomogeneity of the surrounding as indicated by the reduction in 

the SNRo value and the decrease in the T1 relaxation time. The local magnetic field 

inhomogeneity was suspected to increase with Gd2O3 addition which causes the 
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precession of the spins in the lattice occurs with a frequency that is near to the Larmor 

frequency of the spins, hence a shorter T1 relaxation process and T1 values as depicted 

in Table 4(a). 

 

The exponential decrease in SNR value as a function of TE of distilled water and PVA 

slime phantom is related to the gradual decrease of transversal magnetization with time. 

Similar pattern is also observed for all Gd2O3-added phantoms. This typical T2 

relaxation phenomenon resembles spin-spin interactions which gave rise to the decay of 

the magnetization in the x-y plane. In Figure 3(b) and 4(b), as TE increases, more 

signals are lost due to the decay process of transversal magnetization. Transversal 

magnetization is an unstable condition where it decays quickly after the termination of 

RF pulse. Distilled water and PVA slime phantoms show similar trend of decrease in 

SNR with increasing TE. The T2 relaxation time for distilled water and PVA slime 

phantoms were 246 ms and 197 ms respectively while the T2 relaxation time in Gd2O3-

added phantoms decreases systematically with Gd2O3 concentration in the range of 197 

ms to 97 ms (Table 4(b)). These values indicate that the change in T2 values is not as 

large as the change in T1 values with increasing Gd2O3 concentration. Thus, the 

relaxation modifier used in this study has a relatively small influence on T2 relaxation 

process. T2 relaxation process can also be explained on the basis of dipole-dipole 

interaction, predominantly the interaction between spins. The precession of a spin 

depends on the magnetic field, according to the Larmor equation [16]. When multiple 

spins are presence in a tissue, each spin’s magnetic field will be superimposed on to the 

main magnetic field, which in turn affected the precession frequency of the others spins 

in the neighbourhood. For distilled water phantom, the molecules are quite mobile. For 

molecule that has properties similar to free water such as distilled water in this case, the 

difference in the precession frequencies between spins is small because the 

homogeneity of the magnetic field in which they are in is relatively high. The average 

effect is that the spins stay in precession state (minimal relaxation) longer resulting in a 

longer T2 (Figure 3(b)). For the pure PVA slime phantom, with the change in the 

molecular structure, magnetic field inhomogeneity increases, thus decreasing the 

duration in which the spins stay in phase. For Gd2O3-added phantoms, magnetic field 

inhomogeneity increases a bit more, reducing the T2 with further increase in Gd2O3 

concentration (Figure 4(b)). 

 

The relaxation rates for T1 and T2, (r1 and r2 respectively), shown in Figure 6 are 

usually used to measure the enhanced efficiency of the contrast agent [17]. From the 

observation made on T1 and T2 values for all the PVA slime phantoms, the plots of r1 

and r2 vs. Gd2O3 concentration should show a positive linear relationship [17, 18], 

elucidating the increase in the rate of relaxation with increasing relaxation modifier 

concentration in the phantoms. Due to its slow respond in relaxation process, r2 is 

always larger than r1 at any Gd2O3 concentration. As discussed above, the presence of 

paramagnetic ions slowed down the precession of the spins by creating magnetic field 

inhomogeneity in the environment [19]. With the increase in Gd2O3 concentration in the 

PVA slime phantom, more Gd ions are present to interact with the spins thus increasing 

r1 and r2. To summarize, qualitatively the Gd2O3 added PVA slime phantom has several 
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potentials to be developed as MRI phantom. An extensive review about the quantitative 

treatment on MRI phantom can be found elsewhere [20]. 

 

CONCLUSION 

 

In conclusion, the PVA slime phantoms fabricated in this study do have several 

potentials to be used as an alternative to the standard MRI water phantom as it 

demonstrates T1 and T2 characteristics that are similar to human tissues. When 

compared with distilled water phantom, pure PVA slime phantom has T1 and T2 

relaxation times differ to that of  the distilled water. By means of curve fitting method, 

all the phantoms displayed exponential behaviour from which the SNR value increases 

exponentially with TR (T1 curve) and decreases exponentially with TE (T2 curve). 

Furthermore, by adding the relaxation modifier (Gd2O3), the T1 and T2 characteristics 

of the PVA slime phantoms can be modified. With the systematic increase in Gd2O3 

concentration, the SNR value decreases accordingly which further shortens the T1 and 

T2 relaxation times in a systematic manner. With this, a range of different T1 and T2 

values can be obtained. The signal intensity of all the PVA slime phantoms with 

different Gd2O3 concentration is comparable. However, the results of this research are 

not conclusive as the number of phantoms that contained different Gd2O3 

concentrations is limited. No information is gained on the reproducibility of the results 

and the stability of the phantoms. Therefore, a further research on a wider range of 

Gd2O3 concentrations as well as on the phantoms’ stability and homogeneity over a 

long period of time are necessary.  
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