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A two-compartment (bi-exponential) T2 phantom with appropriate fat-proton density correction for validation 
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Introduction: Multi-exponential relaxation methods have gained increasing popularity among noninvasive diagnostic MR-imaging tools for better characterization of 
diseases (degeneration, inflammation in the CNS, oncology), disorders (OCD, dyslexia, depression), tissue damage (cartilage, muscle), diagnosis (fat fraction, water 
content) and to comprehensively address fundamental research questions. Nevertheless there are still a number of challenges to overcome for enabling its entry into 
common clinical practice and its use for multi-site, multi-vendor patient studies. By far the biggest problem is the usually long acquisition times for whole brain 
coverage and B1-inhomogenies of high field systems (≥3T), respectively, causing contamination of the signal decay by stimulated echoes. A number of competing 
approaches and proposed solutions for improvements have been suggested. For all these purposes a quantitative validation of method and/or sequence is a common 
requirement. We introduce the use of a simple to obtain fat-water phantom that can be used 1. to validate and address the accuracy of multi-exponential analysis 
techniques (data acquisition and analysis) and 2. to validate fat-water quantification methods.  
 

Methods: Our concept is based on work by Jones et al. [1] which introduced diary cream (DC) as an excellent bi-exponential T2-model with similar relaxation times to 
those find in white matter. Only a few other published papers describe bi-exp. phantoms based on partial volume averaging between adjacent compartments that 
contain doped water with different T2-relaxation times. For various reasons these last type of phantoms are inferiour to DC [1]. Additionally we like to introduce the 
idea of using such phantoms together with the appropriate MRI-sequence for validation purposes of quantitative fat-water imaging that find diagnostic need for a 
variety of applications in clinical diagnostic and research.  
A complication of the DC-method for validation purposes that was previously not taken into consideration by [1] poses the different proton densities of milk fat and 
water. Depending on the milk-fat composition, their content of triacylglycerides (98% of milk fat) with various acyl chain length, double bounds, and molar weights MW 
[2], the proton density which is proportional to the measured MR-signal per volume, can be significantly different from that of water and therefore needs to be taken 
into account and corrected for in the estimation of the short T2-fraction (sT2) from the T2-distribution. Following the definition of fat-water fraction for in-vivo 
quantification with MR by Reeder et al. [3], we can establish that the signal from fat and respectively water depends on the density of both components and their 
number of protons per molecule. It can be shown that the following equations yield: 

the mass-fat fraction and: the volume fat-fraction. 

MW are the molar weights (g/mol) of fat and water, λ the number of protons per molecule, ρ the densities (g/ml) and S the respective MR signal amplitudes for the
separated fat and water signals due to their inherently different T2 (cf. fig.2). 

DC-Phantom: standard food graded full-cream (35% fat content per weight) diluted with distilled water to five desired fat-content emulsions of 2%, 5%, 10% 20% and 
30% fat content and sealed in Eppendorf plastic tubes. The temperature of all tubes was controlled to be in the range between 20-21°C. The following physical 
parameters for the diary cream were used according to [2,3]: MWf=675 g/mol, MWw=18g/mol, ρf=0.915g/ml, ρw=0.993g/ml, λf=85.2, λw=2. 
MR-Imaging: A multi-echo modified 3D-GRASE sequence was used for data acquisition as previously described [4,5]. The sequence was used as a 32 echo and 64 echo 
version with 7.5ms echo spacing and TR=1500ms.  
Analysis: The T2-decay data were deconvoluted into a T2-distribution with a regularized NNLS algorithm using basis functions of 101 logarithmically spaced T2-grid 
functions. The short-T2 fraction (also defined as the myelin-water fraction MWF in CNS, or in our case the fat fraction F

Vη ) is defined as the area under the short T2-
peak divided by the total area of the T2-distribution (cf. fig.2) [6]. The signal correction factor cV (volume fraction) as well as cM (mass fraction) is defined as the ratios of 
the corresponding fat fractions and their normalized signal amplitudes, respectively: i i

V V ic Sη=  and i i
M M ic Sη= . 

 

Results: Fig.1 summarizes correction factors for various sT2-fractions in dependence of MW and fat volume fraction F
Vη . The linear trend between cV and 1/MW is 

depicted in the graph underneath. Only for average fat MW of about 500g/mol no signal correction is required - water and fat proton densities are essentially 
equivalent for any given imaging volume. Conventional Jersey or Holstein Cow milk fat has a MW of about 600-700g/mol, adipose fat tissue even 840-860g/mol. 
Depending on fat-MW and fat fraction, the errors introduced by not correcting for the different proton densities can be as large as 10-20%. Re-analyzing the data from 
[1] with the appropriate correction yields an almost perfect identity between measured and nominal milk fat (slope=1.019, R2=0.995) (cf. fig.3). 
 
 

1. correction factor cV in dependence of MW and 
various fat fractions 

 2. 64-spin echo decay and corresponding T2-
distribution with a short T2 (fat) and an intermediate
medium T2-peak (water) from full whipped cream (35%)

3. Data from [1] without (red line) and with fat proton density 
correction. The accuracy increased in terms of slope identity from 
1.103 to 1.019 (10%) and R2-correlation (0.993 to 0.995).

MW (g/mol) F
Vη :  0.1 0.2 0.5 

400 1.046 1.041 1.025 
500 1.002 1.002 1.001 
600 0.975 0.977 0.986 
675 0.960 0.965 0.977 
700 0.956 0.961 0.975 
800 0.943 0.948 0.967 
900 0.932 0.939 0.961 

1000 0.924 0.932 0.956  

 

 

 

  

 

Conclusion: Diary cream can be used as a stable, accurate and reproducible bi-exponential phantom for verification of multi-exponential methods as well as for fat-
fraction measures and analysis. Fortunately, using common dairy products exhibiting the range of MW between 600-700 g/mol requires only small corrections of the 
proton density but for most accurate purposes it seems imperative to take it into consideration. Especially for validation purposes of multi-exponential relaxation 
measures in brain, muscle and cartilage as well as for relaxation based fat-water quantification the gain in accuracy can be as large as 10-20%. 
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