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Target audience: Scientists interested in MRS of bone marrow and clinical researchers 
interested in biomarkers of bone health 
Purpose: The MRS-based vertebral bone marrow fat fraction (BMFF) has been emerging as a 
useful biomarker in the investigation of the relationship between bone marrow adiposity and 
bone health [1,2] and in the study of the connection between bone marrow adiposity and 
metabolic syndrome [3]. The most important technical consideration towards establishing the 
MRS-based vertebral fat fraction (FF) as a standardized bone marrow biomarker is that the 
measured property should be equal to the proton density fat fraction (PDFF), independent of any 
confounding effects. Bone marrow contains water and fat components with different T2 
relaxation times and is surrounded by the trabecular bone matrix. Trabecular bone broadens the 
linewidths of all peaks in the bone marrow spectrum, complicating the robust extraction of the 
water peak next to the neighboring fat peaks [4]. Moreover, previous studies investigating the 
association of BMFF with age performed measurements at only one single TE and did not 
correct for T2 decay effects [5]. Therefore, the present study aims (i) to characterize the fat 
spectrum of vertebral bone marrow fat in order to robustly extract the water peak from the 
overlapping fat peaks in the spectrum, and (ii) to perform a T2-correction of the MRS data in 
order to remove T2 decay effects and demonstrate the importance of the consideration of T2 
decay effects in bone marrow fat quantification in the context of the analysis of the bone marrow 
fat fraction age dependence. 
Methods: Fat spectrum characterization: The bone marrow fat spectrum was considered to be 
composed of the following peaks: A (methyl at 0.90 ppm), B (superposition of methylene at 
1.30, β-carboxyl at 1.60 ppm), C (superposition of α-olefinic at 2.02 ppm, α-carboxyl at 2.24 
ppm), D (diacyl at 2.75 ppm), E (glycerol at 4.20), F (superposition of glycerol at 5.19 ppm, 
olefinic at 5.29 ppm) and water (at 4.70 ppm). In order to reliably extract the water peak from 
the overlaying fat peaks E and F (Fig. 1a), the bone marrow fat spectrum was first characterized 
based on the area of measureable fat peaks (between 0 and 3 ppm) and an a priori knowledge of 
the chemical triglyceride structure [4, 6]. The ratios between the measured fat peak areas were 
investigated using a linear regression analysis (Fig. 1b, 1c), in order to determine the parameters 
of the triglyceride model and derive the peak area ratios E/(A+B) and F/(A+B). 
In-vivo measurements: The L5 vertebral body of 69 healthy volunteers (44 females, age = 44.2 ± 
14.5 and 25 males, age = 35.8 ± 15.0) was scanned using a STEAM single-voxel MRS sequence 
(TR = 6000 ms, TM = 16 ms, VOI = 15x15x15 mm3, 8 averages per TE) at four different echo 
times (TE = 11/15/20/25 ms). All measurements were performed on an Ingenia 3.0T scanner 
(Philips Healthcare, Best, Netherlands) using the built-in 12-channel posterior coil.  
Quantification: Peak fitting was performed by constraining the areas of peaks E and F at a given 
ratio of peaks A+B, determined as described in the fat spectrum characterization step. To 
determine T2-weighted FFs peak fitting was performed individually at each TE and the FF was 
calculated as the sum of all fat peaks divided by the sum of all peaks. The PDFF was calculated 
as the T2-corrected sum of all fat peaks divided by the sum of the T2-corrected water peak and 
the T2-corrected fat peaks using a joint fitting for all TEs and fitting for T2 times of water and fat. 
A common T2 for all fat peaks was assumed. 
Results: Fat spectrum characterization: The ratio of area of peak C to area of peaks A+B was 
determined equal to 0.212 (Fig. 1b). The ratio of area of peak D to area of peak C was 
determined equal to 0.172 (Fig. 1c). Assuming a chain length (CL) of 17.3, the number of double 
bonds (ndb) and the number of methylene-interrupted double bonds (nmidb) were computed 
equal to 3.4 and 1.3, respectively. Using the triglyceride model [6], the area of peaks E and F 
relative to the area of peaks A+B were then determined equal to 5.75% and 11.39% respectively. 
In-vivo measurements: T2-weighted FF and PDFF values were positively correlated with age in 
the female subjects (Figs 2 and 3). The rate of age dependent increase of the measured T2-
weighted FF increased significantly with the employed TE (Fig. 2). The age-dependent rate of 
increase was more than 10% overestimated when considering the T2-weighted FF at the shortest 
TE (TE=11 ms) (Fig. 2a) compared to the PDFF (Fig. 3a). The PDFF was also reported to have a 
negative association with the T2 of water (T2w) (R2 = 0.224; p = 0.001). 
Discussion & Conclusion: The present analysis showed that BMFF could be significantly 
overestimated if no correction of T2 decay effects is performed, particularly when forming a 
reference database for the age dependence of BMFF. The negative association between PDFF 
and T2w in female subjects not only verifies preliminary results of a previous study [7], but also 
suggests that differences in water-fat composition might be also associated with changes in water 
composition. In conclusion, vertebral bone marrow fat quantification using single-voxel MRS 
should be based on a multi-TE MRS measurement and should be aiming at the quantification of 
both PDFF and T2w. The extraction of bone marrow PDFF, instead of a T2-weighted FF, is 
essential in order to standardize MRS-based bone marrow fat quantification, but it can also 
simultaneously provide the T2 of water, which might be considered as an additional parameter potentially sensitive to the composition of the water compartment. 
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Fig. 1: Fat spectrum characterization: peaks E and F were extracted 
from the water peak (a) using a priori knowledge and data of the 
measureable peaks A-D, i.e. relationship between peak areas of 
peaks A+B and C (b) and between peak areas of peaks C and D (c) 

 
Fig. 2: Relationship in female subjects between age and T2-weighted 
FF at TE of 11 ms (y = 0.742x + 13.1, R2 = 0.49) (a) and 
25 ms (y = 0.804x + 19.5, R2 = 0.46) (b). 

Fig. 3: Relationship in female subjects between age and PDFF,  
(y = 0.659x + 9.4, R2 = 0.50) (a), T2w and PDFF (b).  
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