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Object:

The MRI tissue characterization of vertebral bone marrow includes the measurement of proton density fat fraction (PDFF), T 1 and T 2 * relaxation times of the water and fat components (T 1W , T 1F , T 2 * W , T 2 * F ), IVIM diffusion D, perfusion fraction f and pseudo-diffusion coefficient D*. However, the measurement of these vertebral bone marrow biomarkers (VBMBs) is affected with several confounding factors.

In the current study, we investigated these confounding factors including the regional variation taking the example of variation between the anterior and posterior area in lumbar vertebrae, B 1 inhomogeneity and the effect of fat suppression on f.

Materials and Methods:

A fat suppressed diffusion-weighted sequence and two 3D gradient multi-echo sequences were used for the measurements of the seven VBMBs. A turbo flash B 1 map sequence was used to estimate B 1 inhomogeneities and thus, to correct flip angle for T 1 quantification. We introduced a correction to perfusion fraction f measured with fat suppression, namely f PDFF .

Results: A significant difference in the values of PDFF, f and f PDFF , T 1F , T 2 * W and D was observed between the anterior and posterior region. Although, little variations of flip angle were observed in this anterior-posterior direction in one vertebra but larger variations were observed in head-feet direction from L1 to L5 vertebrae.

Discussion: The regional difference in PDFF, f PDFF and T 2 * W can be ascribed to differences in the trabecular bone density and vascular network within vertebrae. The regional variation of VBMBs shows that care should be taken in reproducing the same region-of-interest location along a longitudinal study. The same attention should be taken while measuring f in fatty environment, and measuring T 1 . Furthermore, the MRI-protocol presented here allows for measurements of seven VBMBs in less than 6 minutes and is of interest for longitudinal studies of bone marrow diseases.

INTRODUCTION

In recent years, there have been many advances in the field of MR imaging of bone marrow. Among the different sites of the body where bone marrow resides, the vertebrae have particularly attracted the interest of the MRI scientific community. This is because the vertebral bone marrow is a common site of cancer [START_REF] Bourillon | Intravoxel Incoherent Motion Diffusion-weighted Imaging of Multiple Myeloma Lesions: Correlation with Whole-Body Dynamic Contrast Agentenhanced MR Imaging[END_REF], [START_REF] Takasu | Iterative Decomposition of Water and Fat with Echo Asymmetry and Least-Squares Estimation (IDEAL) Magnetic Resonance Imaging as a Biomarker for Symptomatic Multiple Myeloma[END_REF].

Furthermore, pathologies such as osteoporosis induce modifications in the vertebral bone marrow microenvironment and are the cause of vertebral fractures [START_REF] Dietrich | Diffusion imaging of the vertebral bone marrow: DIFFUSION IMAGING OF THE VERTEBRAL BONE MARROW[END_REF], [START_REF] Karampinos | Quantitative MRI and spectroscopy of bone marrow: Quantitative MR of Bone Marrow[END_REF]. In general, these tissue microstructural changes -caused by myeloma, osteoporosis or other pathologies-can be detected with T 1 -, T 2 -and T 2 *-weighted MR imaging with significant sensitivity [START_REF] Nouh | Magnetic resonance imaging of the spinal marrow: Basic understanding of the normal marrow pattern and its variant[END_REF]- [START_REF] Ergen | Fat Fraction Estimation of the Vertebrae in Females Using the T2*-IDEAL Technique in Detection of Reduced Bone Mineralization Level: Comparison With Bone Mineral Densitometry[END_REF].

In addition to relaxation-weighted imaging, several studies, mainly presented in the recent review by Karampinos et al. [START_REF] Karampinos | Quantitative MRI and spectroscopy of bone marrow: Quantitative MR of Bone Marrow[END_REF], have been dedicated to quantify T 1 , T 2 and T 2 * relaxation times as well as other vertebral bone marrow biomarkers (VBMBs) Journal Pre-proof ACCEPTED MANUSCRIPT / CLEAN COPY such as the proton density fat fraction (PDFF) and the IVIM diffusion and perfusion parameters, namely the diffusion coefficient (D), the pseudo-diffusion coefficient (D*) and the perfusion fraction (f). All these biomarkers are particularly interesting considering myeloma patients follow up [START_REF] Messiou | Assessing response of myeloma bone disease with diffusion-weighted MRI[END_REF]- [START_REF] Dutoit | Combined evaluation of conventional MRI, dynamic contrast-enhanced MRI and diffusion weighted imaging for response evaluation of patients with multiple myeloma[END_REF]. In addition, since the IVIM perfusion fraction is correlated with enhanced contrast perfusion MRI [START_REF] Bourillon | Intravoxel Incoherent Motion Diffusion-weighted Imaging of Multiple Myeloma Lesions: Correlation with Whole-Body Dynamic Contrast Agentenhanced MR Imaging[END_REF], [START_REF] Lin | Multiple Myeloma Treatment Response Assessment with Whole-Body Dynamic Contrast-enhanced MR Imaging[END_REF], the use of this biomarker may limit the contrast agents injections.

When quantifying VBMBs, and in general bone marrow biomarkers, an important characteristic of this tissue has to be taken into account. Specifically, the bone marrow differs from other tissues of the human body since it contains two major components (water and fat) that are present in comparable proportions, in addition of trabecular bones. This feature has two main consequences on the assessment of MRI biomarkers such as the relaxation times, the diffusion coefficients and the perfusion fraction. First, for an improved tissue characterization of bone marrow, the separate assessment of the relaxation times of water and fat is necessary [START_REF] Barber | Aspects of spinal bone marrow fat to water quantification with magnetic resonance spectroscopy at 3 T[END_REF]- [START_REF] Ster | A fast method for the quantification of fat fraction and relaxation times: Comparison of five sites of bone marrow[END_REF].

Secondly, with respect to the quantification of diffusion and perfusion, an efficient fat suppression is necessary to minimize the confounding effects originating from the lipid signal [START_REF] Leitão | Fat deposition decreases diffusion parameters at MRI: a study in phantoms and patients with liver steatosis[END_REF]- [START_REF] Lasbleiz | Measurements of Diffusion and Perfusion in Vertebral Bone Marrow Using Intravoxel Incoherent Motion (IVIM) With Multishot, Readout-Segmented (RESOLVE) Echo-Planar Imaging: IVIM-MRI of Bone Marrow With RESOLVE[END_REF]. But, this fat suppression bring a confounding effect, this time on the perfusion fraction [START_REF] Lasbleiz | Measurements of Diffusion and Perfusion in Vertebral Bone Marrow Using Intravoxel Incoherent Motion (IVIM) With Multishot, Readout-Segmented (RESOLVE) Echo-Planar Imaging: IVIM-MRI of Bone Marrow With RESOLVE[END_REF].

In the last few years, a number of studies have been conducted to investigate and tackle the two aforementioned points. First, the separate quantification of the T 1 of water (T 1W ), the T 1 of fat (T 1F ), the T 2 * of water (T 2 * W ), the T 2 * of fat (T 2 * F ) and PDFF was achieved using a 3D gradient multi-echo VIBE-Dixon sequence, in two breathhold acquisitions with two different flip angles [START_REF] Ster | A fast method for the quantification of fat fraction and relaxation times: Comparison of five sites of bone marrow[END_REF], [START_REF] Bydder | Relaxation effects in the quantification of fat using gradient echo imaging[END_REF], [START_REF] Ster | Breath-hold MR measurements of fat fraction, T 1 , and T 2 * of water and fat in vertebral bone marrow: Bone Marrow Fat Fraction, T 1 and T 2 *[END_REF]. Regarding the second aforementioned point, in a very recent study [START_REF] Lasbleiz | Measurements of Diffusion and Perfusion in Vertebral Bone Marrow Using Intravoxel Incoherent Motion (IVIM) With Multishot, Readout-Segmented (RESOLVE) Echo-Planar Imaging: IVIM-MRI of Bone Marrow With RESOLVE[END_REF] the effects of the lipid signal and Journal Pre-proof ACCEPTED MANUSCRIPT / CLEAN COPY different fat suppression techniques on the quantification of the IVIM diffusion and perfusion parameters were assessed using the RESOLVE (read-out segmentation of long variable echo train) sequence. In comparison to the single-shot EPI sequence, typically employed in vertebral bone marrow IVIM studies [START_REF] Bourillon | Intravoxel Incoherent Motion Diffusion-weighted Imaging of Multiple Myeloma Lesions: Correlation with Whole-Body Dynamic Contrast Agentenhanced MR Imaging[END_REF], [START_REF] Niu | Intravoxel incoherent motion diffusion-weighted imaging of bone marrow in patients with acute myeloid leukemia: a pilot study of prognostic value: Journal Pre-proof ACCEPTED MANUSCRIPT / CLEAN COPY IVIM Parameters in Evaluating Prognosis in AML Patients[END_REF], [START_REF] Porter | High resolution diffusion-weighted imaging using readout-segmented echo-planar imaging, parallel imaging and a twodimensional navigator-based reacquisition[END_REF]- [START_REF] Yoon | Intravoxel incoherent motion (IVIM) analysis of vertebral bone marrow changes after radiation exposure from diagnostic imaging and interventional procedures[END_REF], the RESOLVE sequence allows for the acquisition of images with an improved spatial resolution and reduced distortions [START_REF] Porter | High resolution diffusion-weighted imaging using readout-segmented echo-planar imaging, parallel imaging and a twodimensional navigator-based reacquisition[END_REF].

Despite these recent progresses and the growing number of MRI studies on VBMBs quantification, little attention, in general, has been paid to the regional variations of VBMBs within a single vertebra. In particular, little is known regarding 1) the VBMBs spatial heterogeneity in a vertebra and 2) the potential of current quantitative MRI methods to assess, when present, this spatial heterogeneity.

In the current study we sought i) to provide a comprehensive MRI protocol for the measurement of VBMBs and ii) to investigate confounding factors when measuring VBMBs. Two regions of interest, the anterior and posterior area of lumbar vertebrae, were chosen for investigation in young volunteers. Measurements of the PDFF, the relaxation times T 1W , T 1F , T 2 * W , T 2 * F as well as the IVIM diffusion and perfusion parameters D, D* and f were carried out and the values of VBMBs obtained in the anterior area were compared to those in the posterior area.

MATERIALS & METHODS

MR Imaging

All experiments were conducted on a group of 14 healthy volunteers (7 women 

Data Analysis

Regions-of-interest (ROIs) were drawn in the anterior and posterior region of the five lumbar vertebrae for each volunteer with ImageJ (NIH, Bethesda, MD, http://imagej.nih.gov/ij/). Each ROI had an area of 21 voxels for the images acquired with the RESOLVE sequence, 177 voxels for the VIBE-Dixon. An additional ROI, which included the whole vertebral body, was also drawn to simulate typical ROI analyses performed in previous studies [START_REF] Ergen | Fat Fraction Estimation of the Vertebrae in Females Using the T2*-IDEAL Technique in Detection of Reduced Bone Mineralization Level: Comparison With Bone Mineral Densitometry[END_REF], [START_REF] Marchand | MRI quantification of diffusion and perfusion in bone marrow by intravoxel incoherent motion (IVIM) and non-negative least square (NNLS) analysis[END_REF], [START_REF] Baum | Anatomical Variation of Age-Related Changes in Vertebral Bone Marrow Composition Using Chemical Shift Encoding-Based Water-Fat Magnetic Resonance Imaging[END_REF], [START_REF] Biffar | Quantitative Analysis of the Diffusion-Weighted Steady-State Free Precession Signal in Vertebral Bone Marrow Lesions[END_REF].

The original B 1 map obtained from TurboFLASH B 1 -Mapping sequence while assumed to vary smoothly showed some dependence to the underlying tissue characteristics Thus, after a data normalization to the expected flip angle from original B 1 map, a morphological mask was applied to remove the unwanted background noise. Afterward, a 3 rd order 3D polynomial was fitted to these data, giving a smooth flip angle map (FA-map). This fitting was done with a weighted LinearModelFit function in Mathematica (Wolfram Research, Champaign, IL, USA), the weights being used in order to avoid outliers during the fitting. This method is similar to a published method for a variable flip angle T 1 -map correction [START_REF] Van Schie | Feasibility of a fast method for B1-inhomogeneity correction for FSPGR sequences[END_REF].

The values of PDFF, T 1W , T 1F , T 2 * W and T 2 * F were obtained by fitting the signal of the multi-echo VIBE-Dixon to a model described in previously published study [START_REF] Ster | Breath-hold MR measurements of fat fraction, T 1 , and T 2 * of water and fat in vertebral bone marrow: Bone Marrow Fat Fraction, T 1 and T 2 *[END_REF]. In this study, it was shown that 2 angles and 4 echo times was the optimal choice to extract the biomarkers in only two breath holds. For the same reason the fat peak at 5.3 ppm was not taken into account in this study.

The values of T 1W and T 1F were corrected with the actual flip angles provided by the previously described FA-map.

Journal Pre-proof

ACCEPTED MANUSCRIPT / CLEAN COPY

To extract the IVIM diffusion and perfusion parameters, a two-step segmented algorithm was used [START_REF] Barbieri | Impact of the calculation algorithm on biexponential fitting of diffusion-weighted MRI in upper abdominal organs: Impact of the Calculation Algorithm on IVIM Parameters in Upper Abdominal Organs[END_REF]. The diffusion coefficient D was first fitted to a monoexponential function using the 4 higher b-values: 200, 400, 800, 1000 s/mm². In the second step, using all the b-values and the fixed D value obtained in the first step, the IVIM bi-exponential model was used to extract the f and D* values. Considering the 3 components volume model, given in Lasbleiz et al. [START_REF] Lasbleiz | Measurements of Diffusion and Perfusion in Vertebral Bone Marrow Using Intravoxel Incoherent Motion (IVIM) With Multishot, Readout-Segmented (RESOLVE) Echo-Planar Imaging: IVIM-MRI of Bone Marrow With RESOLVE[END_REF], the PDFF-corrected perfusion fraction f PDFF is given by .

Data fitting of both RESOLVE and VIBE-Dixon data was performed using the constrained NonlinearModelFit function in Mathematica.

Statistical analysis

The values of the VBMBs (PDFF, f, f PDFF , T 1W , T 1F , T 2 * W , T 2 * F , D and D*) measured in anterior region were compared to those measured in the posterior region, with the Wilcoxon signed-rank test which is a robust statistical test without a priori about the normality of the data distribution. The statistical analysis was performed using the SignedRankTest function in Mathematica. A threshold of p<0.01 was used to define statistical significance. The T 2 * of water measured in the current study is in good agreement with two previous studies [START_REF] Ster | Breath-hold MR measurements of fat fraction, T 1 , and T 2 * of water and fat in vertebral bone marrow: Bone Marrow Fat Fraction, T 1 and T 2 *[END_REF], [START_REF] Ster | A fast method for the quantification of fat fraction and relaxation times: Comparison of five sites of bone marrow[END_REF] (13.7 ± 2.9 ms and 12.7± 5.3 ms, in the anterior region), where the same quantification method was applied. Similarly, the T 2 * of fat are close to the measurements from those two previous studies [START_REF] Ster | Breath-hold MR measurements of fat fraction, T 1 , and T 2 * of water and fat in vertebral bone marrow: Bone Marrow Fat Fraction, T 1 and T 2 *[END_REF], [START_REF] Ster | A fast method for the quantification of fat fraction and relaxation times: Comparison of five sites of bone marrow[END_REF] (11.4 ± 2.7ms and 15.9 ± 3.8 ms, in the anterior region).

RESULTS
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T1 relaxation times of water and fat, B 1 inhomogeneity

The B 1 inhomogeneity correction is advisable when using variable flip angle method to calculate T 1 [START_REF] Fram | Rapid calculation of T1 using variable flip angle gradient refocused imaging[END_REF]. In a previous study [START_REF] Ster | Breath-hold MR measurements of fat fraction, T 1 , and T 2 * of water and fat in vertebral bone marrow: Bone Marrow Fat Fraction, T 1 and T 2 *[END_REF], where a similar quantification method was Furthermore, T 1 s values previously measured by Träber et al. [START_REF] Träber | Determination of H relaxation times of water in human bone marrow by fat-suppressed turbo spin echo in comparison to MR spectroscopic methods[END_REF] (T 1W = 882 ± 33 ms and T 1F = 266 ± 2 ms) and Biffar et al. [START_REF] Biffar | Multiparameter MRI assessment of normal-appearing and diseased vertebral bone marrow[END_REF] (T 1W = 872 ± 129 ms and T 1F = 324 ± 81 ms) in the whole vertebral body and with a different acquisition method are comparable to the values observed in the current study.

IVIM diffusion and pseudo diffusion coefficients

Regarding the other two IVIM parameters, namely D and D*, a robust IVIM fitting method was applied with fixed D method [START_REF] Barbieri | Impact of the calculation algorithm on biexponential fitting of diffusion-weighted MRI in upper abdominal organs: Impact of the Calculation Algorithm on IVIM Parameters in Upper Abdominal Organs[END_REF].
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  and 7 men, age 24 ± 3 years), according to the procedures approved by the local Institutional Review Board, thus informed consent was obtained from all individual Journal Pre-proof ACCEPTED MANUSCRIPT / CLEAN COPY participants included in the study. MRI acquisitions were carried out at 1.5 T (MAGNETOM Aera, Siemens Healthcare, Germany) on the lumbar spine of the volunteers, with the dedicated 32 channels spine coils. The MRI protocol was performed in sagittal orientation and included two sequences: the RESOLVE diffusion-weighted sequence for the measurements of the IVIM parameters and the VIBE-Dixon sequence (3D gradient-echo volumetric interpolated breath-hold examination) acquired at two different flip angles, for the measurements of PDFF, T 1W , T 1F , T 2 * W and T 2 * F . In order to assess the reproducibility of the technique, for each volunteer, both the VIBE-Dixon and the RESOLVE sequence were performed twice. The RESOLVE sequence was acquired with the SPAIR (Spectral Attenuated Inversion Recovery) fat suppression module and with the following parameters: TR/TE 2400/58 ms; bandwidth 1330 Hz/Px; FOV 400 x 400 mm²; matrix 188 x 188; 10 slices of 6 mm; iPAT 3; 3 segments in the readout direction; 2 averages; b-values = [0, 50, 100, 150, 400, 800, 1000 s/mm²]. The acquisition time was 4min 41sec. The VIBE-Dixon sequence was acquired with a TR of 8.2 ms, four echo times: 1.2, 2.4, 4.4 and 6.8 ms, bandwidth 1220 Hz/Px, FOV 325 x 400 mm², matrix 179 x 256, partial fourier 6/8, 72 slices of 4 mm and CAIPIRINHA (Controlled Aliasing In Volumetric parallel imaging results in higher acceleration) total acceleration factor of 4 (2 in phase direction and 2 in slice encoding direction). The VIBE-Dixon acquisition was performed at two flip angles, 5° and 15°, with each acquisition in breath hold lasting 16 seconds. In order to correct the T 1 measurements, each VIBE-Dixon was followed by a TurboFLASH B 1 -Mapping sequence with the following parameters: TR/TE 2000/1.5 ms, flip angles 5° and 15°, bandwidth 490 Hz/Px, FOV 400 x 400 mm², matrix 64 x 64, and 7 slices of 8 mm, for an acquisition time of 4 seconds. Journal Pre-proof ACCEPTED MANUSCRIPT / CLEAN COPY

Figure 1 (

 1 Figure 1 (Fig.1) shows two MR images (RESOLVE, left and VIBE-Dixon, right) of the

Figure 4 (

 4 Figure 4 (Fig.4) shows the sagittal FA-map fitted from the overlaid raw data (not

Figure 5 ( 14 ± 6 %

 5146 Figure 5 (Fig.5) represents an explicative scheme of the corrected perfusion fraction

The B 1

 1 variation remains small in the anterior-posterior direction at the short scale of a single vertebra (~1°). On the other hand, this variation is significant through the spine (from 16° at the isocenter to 13° at the lower border of the field of view). The correction must be applied to calculate the mean T 1 value of vertebrae or compare vertebra at different locations more accurately. The T 1 of water displayed no significant difference between the anterior and posterior region. On the other hand, the T 1 of fat was significantly longer in the posterior region. In a previous study, Hu and Nayak [42] investigated the T 1 of water and fat in phantoms and observed a decrease of the T 1 of fat with increased proton density fat fraction. In the current study, we observed a longer T 1 of fat in the posterior region, which displays a higher proton density fat fraction (34% vs 30% on average) than the anterior region. There is no clear explanation for these findings. It should be pointed out that our experiment was performed in vivo on vertebral bone marrow, which is a tissue more complex than the water-fat phantoms Journal Pre-proof ACCEPTED MANUSCRIPT / CLEAN COPY employed by Hu and Nayak. As a matter of fact, the bone marrow includes additional tissue components such as the trabecular bone, which substantially affects the tissue microenvironment.

used, it was

  observed a T 1W = 701 ± 151 ms and a T 1F = 334 ± 113 ms in the anterior region of lumbar vertebrae. These values are slightly different than those observed in the current study. It should be noted that in the current study we performed an additional acquisition, that is, the B 1 mapping. The additional information regarding the flip angle was here used to correct the T 1 measurement. This newly applied correction could explain the T 1 differences between the previous and the current study.

Fig. 1

 1 Fig.1 Sagittal MR Images of the spine acquired with the RESOLVE sequence (left),

Fig. 2

 2 Fig.2 Signal intensity for the anterior region (cyan square) and posterior region

Fig. 3

 3 Fig.3 Signal intensity for the 5° (lighter filled circle) and 15° (darker cross) native flip

Fig. 4 Flip

 4 Fig.4 Flip Angle map overlaid by masked original sagittal B1-map. Plot profiles (white

Fig. 5

 5 Fig.5 Scheme illustrating the perfusion fraction measurement and its correction f PDFF
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	D (×10 -3 mm²/s)	0.39 ± 0.12 0.44 ± 0.26 0.42 ± 0.12 0.49 ± 0.20 2.7 10 -3 * 6.7 10 -5 *
	D* (×10 -3 mm²/s)	18 ± 12	18 ± 10	23 ± 15	26 ± 17	0.01	4.7 10 -4 *
		Anterior	Posterior	p-value
		R 1	R 2	R 1	R 2	R 1	R 2
	PDFF (%)	30 ± 10	30 ± 8	34 ± 10	34 ± 10	2.1 10 -6 * 2.5 10 -7 *
	f (%)	14 ± 9 310 ± 6 16 ± 10 22 ± 12 21 ± 10 11 ± 6 14 ± 7 13 ± 6 1.5 10 -5 *	8.7 10 -3 *
	T 1W (ms)	780 ± 190	785 ± 176	768 ± 189	761 ± 189	0.18	0.11
	T 1F (ms)	295 ± 92	308 ± 87	336 ± 99	338 ± 86	2.9 10 -4 * 3.8 10 -3 *
	T 2 * W (ms)	13 ± 4	13 ± 4	12 ± 5	12 ± 4	4.0 10 -3 * 8.5 10 -7 *
	T 2 * F (ms)	13 ± 20	10 ± 5	11 ± 7	12 ± 7	0.51	0.13
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The value of D in the anterior region was significantly smaller than in the posterior region. The magnitude of the difference, however, was small and at this stage, its origin is not clear.

With the respect to the D value measured in healthy volunteers in previous IVIM studies, Lasbleiz et al. [START_REF] Lasbleiz | Measurements of Diffusion and Perfusion in Vertebral Bone Marrow Using Intravoxel Incoherent Motion (IVIM) With Multishot, Readout-Segmented (RESOLVE) Echo-Planar Imaging: IVIM-MRI of Bone Marrow With RESOLVE[END_REF] reported a value of 0.42 ± 0.07 × 10 -3 mm²/s, using the RESOLVE sequence with the same bvalues as the current study; Marchand et al. [START_REF] Marchand | MRI quantification of diffusion and perfusion in bone marrow by intravoxel incoherent motion (IVIM) and non-negative least square (NNLS) analysis[END_REF] mm²/s, Lasbleiz et al. [START_REF] Lasbleiz | Measurements of Diffusion and Perfusion in Vertebral Bone Marrow Using Intravoxel Incoherent Motion (IVIM) With Multishot, Readout-Segmented (RESOLVE) Echo-Planar Imaging: IVIM-MRI of Bone Marrow With RESOLVE[END_REF]; 28 ± 9 × 10 -3 mm²/s, Marchand et al. [START_REF] Marchand | MRI quantification of diffusion and perfusion in bone marrow by intravoxel incoherent motion (IVIM) and non-negative least square (NNLS) analysis[END_REF]).

Lastly, it should be noted that the measurement of regional variations in the IVIM parameters was feasible thanks to the RESOLVE sequence, which allows for a higher spatial resolution when compared to the single shot EPI sequence.

ROI positioning in vertebral bone marrow studies

In the current study, we have investigated regional variations of VBMBs and observed a spatial heterogeneity between the anterior and posterior regions in number of biomarkers. In other words, the values of VMBMs change with the ROI positioning. Furthermore, we observed a significant difference between the values of VMBMs measured in the whole vertebral body and those measured in the anterior and posterior regions. It should be pointed out that quantitative analyses are often performed on ROIs including the whole vertebra volume [START_REF] Ergen | Fat Fraction Estimation of the Vertebrae in Females Using the T2*-IDEAL Technique in Detection of Reduced Bone Mineralization Level: Comparison With Bone Mineral Densitometry[END_REF], [START_REF] Marchand | MRI quantification of diffusion and perfusion in bone marrow by intravoxel incoherent motion (IVIM) and non-negative least square (NNLS) analysis[END_REF], [START_REF] Baum | Anatomical Variation of Age-Related Changes in Vertebral Bone Marrow Composition Using Chemical Shift Encoding-Based Water-Fat Magnetic Resonance Imaging[END_REF], [START_REF] Biffar | Quantitative Analysis of the Diffusion-Weighted Steady-State Free Precession Signal in Vertebral Bone Marrow Lesions[END_REF]. 

Thus, in longitudinal studies

Limitations

This study has numbers of limitations. First, a small number of volunteers was examined. Thus, no investigation of gender specific differences was conducted. Secondly, the T 2 relaxation time quantification was not quantified. A more complete protocol would include this biomarker, for a complete characterization of vertebral bone marrow.

CONCLUSION

In the current study, we investigate confounding factors while measuring vertebral bone marrow biomarkers in healthy volunteers. We showed the complementarity of the IVIM perfusion fraction and the proton density fat fraction measurements in fatty Journal Pre-proof ACCEPTED MANUSCRIPT / CLEAN COPY medium. We measured a significant difference in proton density fat fraction, perfusion fraction, T 1 of fat, T 2 * of water and diffusion coefficient between the anterior and posterior region of lumbar vertebrae in young volunteers. This result highlights the importance of knowledge of confounding factors in the measurement of biomarkers in bone marrow, and this is even more important in the case of longitudinal studies. The quantitative protocol presented in this study takes less than 6 minutes and uses clinically available MRI sequences. Thus, it can be applied in both research and clinical settings. 
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