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Quantitative approaches in clinical Magnetic Resonance Imaging (MRI) benefit from the availability of adequate phantoms. Ideally, the phantom material should reflect the complexity of signals encountered in vivo. In the present study we validate and characterize clusters consisting of sodium-polyacrylate embedded in an alginate matrix that are unloaded or loaded with iron for Quantitative Susceptibility Mapping (QSM), yielding a non-uniform iron distribution and tissue-mimicking MRI properties. Vibrating sample magnetometry (VSM) was used to characterize the phantom material and verify the accuracy of previous MRI-based observations of the QSM-based molar susceptibility ([image: image]). MRI at 14.1 T with high resolution acquisitions was used to determine the size of hydrogel clusters and to further investigate the suitability of the phantom material as a model system for QSM at high field. VSM demonstrated that the iron-solution used for manufacturing the phantoms consisted of ferric iron. The [image: image] of clusters with a constant iron-to-polyacrylate-ratio (8.3 μg/mg) observed with VSM was 50.7 ± 8.0 ppb mM−1 but showed a tendency towards saturation at total iron concentrations >1 mM. On unwrapped and background corrected phase-images obtained with gradient-echo MRI and an isotropic voxel size of 37 μm at 14.1T, the iron-free clusters had a roundish shape and blurry border with an equivalent sphere diameter of 276 ± 230 µm and a QSM of 7 ± 7 ppb. Iron-loading led to strong phase wrapping, necessitating the use of short echo times, or short inter-echo delays below 10 ms at 14.1 T. The equivalent sphere diameter of the iron-loaded clusters was estimated to 400–500 µm as verified using different MRI modalities (spin-echo, inversion recovery, and gradient echo MRI). With a constant iron-to-polyacrylate ratio, the cluster density was 10 mm−3 mM−1 iron. In agreement with previous observations, [image: image] of samples with a constant amount of polyacrylate was 50.6 ± 11.4 ppb mM−1 at 3 T while samples containing clusters with a constant iron-to-polyacrylate-ratio yielded [image: image] = 56.1 ± 6.3 ppb mM−1 at 3T and 55.6 ± 0.7 ppb mM−1 at 14.1 T. In conclusion we found that the molar susceptibility of the proposed model system corresponds to that predicted for ferritin in vivo loaded with 3000 iron atoms. The reproducibility was within 12% across MR scanners, batches, and phantom types and compared well with results obtained with vibrating sample magnetometry.
Keywords: magnetic susceptibility, iron–oxide, phantom, quantitative MRI, quality control
INTRODUCTION
Magnetic susceptibility is a fundamental property in MRI and is useful to characterize the microstructure of tissue in quantitative terms. Indeed, quantitative susceptibility mapping (QSM) has been used to measure calcifications, venous oxygen saturation and iron content [1–9]. QSM has also recently been proposed as a tool to estimate the plaque load in patients with Alzheimer’s disease (AD) [10].
An important advantage of QSM is that its quantitative values do not depend on the strength of the static magnetic field at which the measurements are carried out, unlike other MRI properties. Therefore, QSM lends itself to multi-center studies and widens the applicability and comparability of MRI results between sites compared to other quantitative parameters. On the other hand, the quality of the QSM results depends on and can be influenced by the image acquisition itself and the many different processing steps that are required to quantify susceptibility. Therefore, novel procedures that can be used to ascertain a correct quantification, not only in terms of reproducibility but also accuracy, is a requirement. To verify different post-processing algorithms, suitable data sets in form of actual in vivo acquisitions [11] or realistic simulations [12] have been made available.
Development of QSM phantoms suitable to assess the many factors influencing quantification are underway, and contain single susceptibility sources [13, 14] or mixtures [15] aimed to capture more of the complexity encountered in vivo. Indeed, iron, which is the most abundant susceptibility source in the brain is not homogeneously distributed in the tissue with reported iron concentrations of 0.56 mM in the cytoplasm and 0.96 mM in the nucleolus of neurons and up to 3.05 mM on average in oligodendrocytes [16].
We recently developed a phantom consisting of iron which is clustered in hydrogels [17]. QSM was measured at 3 T (two different vendors), 7T and 9.4 T for a phantom containing vials with different iron concentrations (12.5–100 μg/mL aqueous solution) corresponding to about half of those typically found for non-haeme iron in brain tissue in vivo (25–223 μg/mL brain) [18].
In healthy subjects, the reported QSM contrast related to non-heme iron in healthy subjects falls within a range of 0.52–1.34 ppb per µg iron per g tissue [19–22]. These values translate into 1700–4300 iron atoms per ferritin molecule, assuming a susceptibility of 520 ppm for fully loaded (4300 iron atoms) ferritin [23]. In the parietal cortex of ex vivo brain, a load of 1500 iron atoms has been observed [24]. QSM contrast can also be defined in terms of molar susceptibility, [image: image] (which we have previously termed “QSM-relaxivity”, in analogy with the longitudinal and transverse relaxation parameters [17]) to quantify the iron concentration that changes the magnetic susceptibility by 1 ppm, or perhaps rather 1 ppb, which more reflects the subtle field effects observed in human brain tissue. Assuming ferritin with an iron load of 4300, [image: image] is 72 ppb mM−1 iron, while a load of 1700 corresponds to 28 ppb mM−1, considering a brain tissue density of 1.04 g/mL [25] and taking into account the difference in the fraction of macromolecules between brain regions.
The proposed clustered Iron phantom yielded a molar susceptibility, that is, within the range of that expected for ferritin, being 54 ± 13 ppm mM−1 as an average value observed across four different scanners at three sites. However, validation of the observed QSM values through magnetometry measurements were lacking. Therefore, in the present study, we performed vibrating sample magnetometry, MRI-assessments at 3 T with the protocol established previously, complemented by MRI at 14.1 T using high resolution acquisition with voxel sizes between 0.037 and 0.2 mm.
METHODS
Sample preparation
As described previously (cfr Figure 1 in Ref. 17), the samples consisted of iron solutions at four different concentrations (0.2, 0.4, 0.8, and 1.6 mM) placed in 4 mL cylindrical scintillation counting vials (high density polyethylene, # HEE8.1 Carl Roth, Germany, height: 53 mm, diameter: 14 mm). The samples were manufactured in two steps. In step 1, 0.04 g alginate (Alginic acid sodium salt, Carl Roth, Germany) per milliliter of water with 30 μmol/L gadoteric acid (Dotarem, Guerbet, France) added to shorten T1 were mixed overnight (>12 h), until a clear, slightly yellowish, highly viscous liquid/gel was obtained. Next, 0.0125, 0.025, 0.05, or 0.1 mg/mL free iron (single-element atomic absorption spectrometry (AAS) standard-solution, 1,000 mg/L, matrix: 2% HNO3; Carl Roth, Germany) was absorbed in sodium polyacrylate (NaPA), Spectra/Gel Absorbent, Spectrum, United States) to generate iron clusters, by stirring until the liquid was completely absorbed and homogeneously distributed in the NaPA gel. This could be recognized by the uniform distribution of the red-brown coloration (probably due to hydrolysis and formation of increasingly poorly soluble condensates of (FeOOH)x aq.) produced during mixing in the solid polyacrylate hydrogel. Either a fixed amount (120 mg in Phantom 4, which was the same as for Phantom 1 used in our previous multi-centre study [17]) or increasing amounts of NaPA were used (15, 30, 60 or 120 mg for Phantom 2 and 3, to keep the mass ratio of iron to sodium polyacrylate fixed at 8.3 µg Fe/mg NaPA). To prepare the final samples, 10 mL of the alginate/Dotarem mixture from step 1 was added and the samples mixed thoroughly. Finally, the samples were allowed to stand until all air bubbles were gone. For the MRI acquisition, the samples were then resuspended with 1 mL syringes, avoiding the formation of air bubbles, and transferred to the scintillation vials until these were completely filled. When closing the vials, any larger inclusion of air below the lid must be avoided. This thus yielded final iron concentrations of 0.2, 0.4,0.8, and 1.6 mM for both phantom types, which were kept at room temperature throughout the study. In the first type (each vial contained the same fixed amount of NaPA), samples with a varying amount of iron per cluster were obtained. In the second type, a fixed amount of iron per cluster were generated. As will be shown in the course of the present work, the second type of phantom allowed to spatially separate single clusters from each other, and in different vials with increasing amounts of iron, an increasing number of clusters could be observed (cfr Figure 12, Figure 13, Figure 14). For the magnetometry measurements, samples without any NaPA clustering agent (‘free iron’) were also manufactured.
[image: Figure 1]FIGURE 1 | Result of Vibrating Sample Magnetometry for free (P1-P4) and clustered (P5-P8) iron samples with concentrations 0.2 mM (samples P1 and P5), 0.4 mM (P2, P6), 0.8 mM (P3, P7) and 1.6 mM (P4, P8). There was an increase in magnetization with decreasing temperature at 0.2T, following the Curie-Weiss law. At a temperature of 2 K, the magnetization of the sample changed with the externally applied magnetic field H. The induced magnetization saturated when H = ±4 T and the relationship could be fitted using a Brillouin function The small reference Gadolinium signal (not shown) has been removed from each curve.
Magnetometry
Magnetometry was performed using a commercially available SQUID magnetometer (MPMS3, Quantum Design GmbH, Darmstadt, Germany). The system was operated in the vibrating sample magnetometry (VSM) mode. Measurements were performed on the samples containing free iron and the iron-clusters with a constant iron-load. The AAS standard iron solution alone was also measured at the two highest concentrations. For each sample, slightly less than 1 g was gently positioned on a thin glass-membrane positioned at mid-height of a cylindrical high purity quartz cuvette, substituting the conventional straw holder. The change in magnetization (2 s averaging) as a function of temperature was measured at 0.2 T (2000 Oerstedt). The temperature was lowered from 300 to 2 K, first at a rate of 50 K/min, and below 250 at 10 K/min. At a temperature of 2 K, the change in magnetization as a function of the applied external field µ0H between ±6 T was assessed (10 s averaging). The hysteresis curve was fitted with a Brillouin function. The results obtained from the samples total magnetization (expressed in electromagnetic units per Gram, emu/g) was converted from this CGS unit to ppm values in SI units based on the density of the samples obtained with mass-calculation and multiplication with 4π.
MRI acquisition
For scanning at 3 T (Prisma fit, Siemens Healthineers, Erlangen Germany, software: Syngo MR E11), all vials were placed inside a water-filled (0.9% NaCl) cylindrical, ca. 3.2 L plastic (consumer-grade) container (height: 160 mm, diameter: 160 mm). The 2-channel body coil was used for transmission and the 64-channel head/neck coil for image acquisition. After “standard mode” start shim and the acquisition of a localizer image, field-map shimming was performed on the field-of-view (FoV) used for multi-echo gradient-echo 3D imaging (MGRE). Magnitude and phase MGE images were acquired with echo times (TE) from 6 to 42 ms in steps of 6 ms; repetition time (TR) of 53 ms; nominal flip angle (FA) 18°; matrix size of 288 × 288 × 144; FoV of 174 × 174 × 86 mm [3]; acceleration factor (GRAPPA) of 2 and acquisition time (TA) of 14 min 41 sec. Phase images were used for QSM pipeline processing, magnitude images were used for morphological reference. Image reconstruction and coil-combination was performed using the manufacturers standard methods (“adaptive combine” and “Matrix optimization off”).
At 14.1 T (Biospec 141/30, Bruker Corporation, Billerica MA, United States, software: Paravision 360) images were acquired for each vial separately using the standard birdcage volume transmit/receive coil with a diameter of 35 mm. The scanning protocol consisted of 1) global and localized field-map shimming within a cylinder covering the center of the vial; 2) MGRE with TE from 2.5 to 15 m in steps of 2.5 m, TR = 20 m; FA = 10°. The FoV was 20 × 20 × 38.4 mm3 and the matrix (100 × 100 × 192) set to obtain voxel-sizes of 200 µm (TA = 6min24 s); 3) MGRE with an isotropic voxel size of 75 µm (FoV = 19.2 × 19.2 × 38.4 mm3, matrix = 256 × 256 × 512), TE from 3 to 23 in steps of 4 m, TR = 37 m, FA = 10° (TA = 1 h 21 min). For both MGRE sequences, the total read-out bandwidth was kept constant at BW = 100 kHz; 4) a single gradient echo with a FoV of 50 × 19 × 19 mm [3], matrix of 1340 × 512 × 512, yielding a voxel size of ca. 37 μm, acquired at a TE = 17 ms and with TR = 42.85 ms, FA = 12° (TA = 3h12 min), BW = 44.25 kHz; 5) a set of inversion recovery 3D MPRAGE images with voxel size of 200 µm and inversion times TI = 25, 100, 200, 400, 600, 800, 1,000, 1,400, 1800 ms, TR = 2000 ms, FA = 8° (each with TA = 25 min 44 s); 6) multi-slice multi-spin-echo MRI with voxel size 200 µm, TE between 6 and 120 in steps of 6 ms, TR = 1000 ms, same FoV and matrix as for the MPRAGE measurement (TA = 5h7 min); 7) multi-contrast diffusion weighted imaging with voxel size 200 µm, TE = 19 ms, TR = 500 ms and b-values of 50, 100, 300, 600, 1,000, 1500 mm2/s, applied in 6 spatial directions (TA = 3 h). The on-line calculation tool in Paravision 360 was used to generate maps for the apparent diffusion coefficient.
Image analysis
Parametric maps of the longitudinal and effective transverse relaxation rates were fitted with a steepest-descent Levenberg-Marquardt algorithm. R2* maps were generated by fitting the square of the magnitude signal. R1 maps were generated voxel-wise from the magnitude data. Fits were performed twice, after determining the TI at which the minimum signal was measured. For the first fit, all data points acquired at TI ≤ TImin were assigned a negative sign, for the second fit only datapoints below TImin were assigned a negative sign. The T1-fit that yielded the smallest coefficient-of-variance was chosen for each voxel. T2 maps were obtained using the extended phase graph modelling as described previously [26].
Quantitative susceptibility maps at 3 T were generated with MEDI+ (http://pre.weill.cornell.edu/mri/pages/qsm.html), as described previously in a multi-centre study [17]. Multi-echo MEDI results were obtained using non-linear analysis of the complex MRI values with the Fit_ppm_complex_TE function [27–29], followed by unwrapping with the region growing algorithm, and background field removal by the projection onto dipole fields (PDF) method [30] prior to application of the morphology enabled dipole inversion algorithm [31], with a lambda value of 1,000. The radius of the kernel used for spherical mean value (SMV) correction was 5.
At 14.1 T the same MEDI pipeline, but without self-referencing and with SMV = 0.5 was used to generate QSM for each separately measured vial (non-linear multi-echo combination). Multi-echo results were also combined according to a linear function, from the B0 field obtained with ROMEO [32] (linear multi-echo combination). Finally, we also evaluated QSM results from single echo images using Laplacian unwrapping followed by RESHARP [33] background removal using Tikhonov regularization with a factor of 10−3 prior to dipole inversion with the iLSQR algorithm in STI Suite v3.0 (https://people.eecs.berkeley.edu/∼chunlei.liu/software.html).
For the 3 T data, regions-of-interest were defined using the first echo of the 600 micron images and the applet “volumeSegmenter” available in Matlab version R2021b (v 9.11). For each vial, the paintbrush tool was used to define a circle placed within the vial in the bottom slice, and the active contour tool was used to define a region-of-interest covering each vial. Next, the binary file, containing one where a vial voxel is present and zeros otherwise, was smoothed with a gaussian 10 voxel smoothing kernel, and finally a 50% threshold was used. The so-called “CSF_Mask” (cerebrospinal fluid mask) used for self-referencing in MEDI+ was defined by drawing a polygon at the center of the container, just below the vial holder, followed by the active control tool and the erode tool, with a radius of 10 and 4 iterations. Mean values for the MRI parameters were extracted for each vial and used for further analysis.
For the 14.1 T data, segmentation of clusters was performed in Matlab (R2018b, The MathWorks Inc). The iron-free clusters were identified in the unwrapped and background corrected phase image acquired with a 0.037 mm voxel-size, after gaussian smoothing with sigma = 2 (using function: imgauss3filt) followed by histogram equalization (histeq) and thresholding at 0.97. For the images obtained with 0.2 mm voxels, image-modality dependent signal thresholding was carried out to identify the clusters, as described in Results.
Components of the clusters, connected in 3D, were identified with bwconncomp, considering 26 connected neighbouring voxels (voxels with a shared side or corner), followed by regionprops3 to approximate the size of each cluster by a sphere with the same volume, and obtain the equivalent sphere diameter. Mean values for the MRI parameters were extracted for the clusters and voxels classified as background. The QSM values in the background was used as a reference value for the measurements carried out at 14.1 T.
To evaluate the relationship between the measured parameters (VSM, qMRI parameters, number of clusters found) and the iron concentration in the samples, to determine the molar susceptibility [image: image], linear regression analysis was performed using fitlm, and the 95% confidence interval was evaluated with predict in Matlab version R2021a (v 9.10).
To identify voxels where static dephasing and dynamic averaging occurred, the magnitude decay data was fitted voxel-wise by a stretched exponential function [34]:
[image: image]
where TE is the echo time, S0 is the magnitude at a TE = 0, R2*,eff is the effective relaxation rate, and b is the stretching factor yielding b = 1 for a mono-exponential function and b = 2 for a Gaussian function. Voxels with b > 1.9 were segmented and assigned to the “static dephasing” category, and voxels with 0.6 < b < 1.4 to the “dynamic averaging” category.
RESULTS
Vibrating sample magnetometry
The change in magnetization with decreasing temperature followed a Curie-Weiss relationship, and the Brillouin function was used to fit the change in magnetization with the external field (Figure 1). The magnetization of free iron was markedly stronger than that of the clustered iron. The magnetization of the samples was saturated at applied magnetic fields of ±4 T.
The iron-solution, which is available as a reference standard for atomic absorption spectroscopy yielded a magnetic moment of 5 ± 0.2µB (expressed per iron atom in units of the Bohr magneton, µB = 9.274.10−24J/T) from the Brillouin function fit, which corresponds well with iron in its Fe3+ oxidation form (five electrons in shell 3 days).
The alginate embedding of the phantom material also contained small amounts of Gadolinium (30 µM), with significantly lower influence on the saturation magnetization than iron (60%–1000% lower for free iron and 6%–300% for clustered iron). It was not possible to perfectly disentangle the influence of the two and quantify the magnetic moment of each type of ion. As an estimate, the samples containing free iron had a magnetic moment in the range of about 3–4.5 µB, while in the samples containing clustered iron, lower values of ca. 1 µB were observed. The data showed a tendency towards a decrease in magnetic moment with increasing iron concentrations.
The total susceptibility in emu/g, measured at the saturation level and converted to the SI-unit ppm for each sample, was used as a global measure of magnetization of the samples containing the phantom materials (Figure 2). The total magnetization increased linearly with iron concentration for the free iron samples, yielding a molar susceptibility of 207 ± 32 ppb mM−1 iron (adjusted coefficient of determination = 0.89, p = 0.00298) and an offset, which was not significantly different from zero (46 ± 33 ppb). Exclusion of the highest iron concentration yielded 326 ± 45 ppb mM−1 iron (adjusted coefficient of determination = 0.946, p = 0.0182) and an offset of 10 ± 22 ppb. The fit for the clustered iron including all concentrations was non-significant, since the magnetization measured for the clusters with the highest iron concentration was lower than at the lower concentrations. Excluding this observation yielded a [image: image] of 50.7 ± 8.0 ppb mM−1 iron (adjusted coefficient of determination = 0.929, p = 0.0238) and an offset of 23 ± 4 ppb. One may speculate that at higher concentrations antiferromagnetic coupling occurs within the clusters, which could explain the relatively low magnetization found in the sample with clustered iron. Such a tendency could possibly also be found, since the increase in magnetization measured at the three lowest concentrations was linear, while the magnetization at the highest concentration deviated slightly from predictions based on the lowest three concentrations.
[image: Figure 2]FIGURE 2 | Validation of MRI results with vibrating sample magnetometry (VSM) and MRI. (A) VSM susceptibility values of the phantom materials increased linearly with iron concentration for the free iron samples (red), yielding a slope of 207 ± 32 ppb mM−1 iron (adjusted coefficient of determination = 0.89, p = 0.00298). The samples containing clustered iron (blue) at concentrations < 1 mM yielded a linear increase of 50.7 ± 8.0 ppb mM−1 iron (adjusted coefficient of determination = 0.929, p = 0.0238) and an offset of 23 ± 4 ppb. The 95% confidence interval of the linear fits are shown as dotted lines. (B) The results obtained with VSM are compared with the molar susceptibility determined in a multi-centre MRI study [17] where free and clustered iron samples were measured at 3T (Sm, Siemens; GE, General Electrics), 7T and 9.4T. The average across the four scanners compares favourably with the results obtained using VSM.
MRI at 3 T
R2* and QSM maps were obtained from GRE MRI acquisitions at 3 T using isotropic 0.6 mm voxel sizes and compared for different batches of clustered iron with a 1.6 mM iron concentration and the same iron load (8.3 µg Fe/mg NaPA Figure 3). Batch 1 was used previously in the multi-centre study [17], while Batch 2–4 were made for the present study. The multicentre Batch 1 had homogeneous clusters yielding R2* values that were similar across voxels (sharper histogram distributions). Batch 2–4 were manufactured after a change of personnel and relative to batch 1, the newer batches had a shift towards higher R2* and a more than threefold wider distributions of R2* values. The QSM histograms were more similar across batches, although in the present study Batch 2–4 had a ca. 30% wider distribution and a slightly lower average QSM value than Batch 1. A higher QSM value reflect a stronger coherent shift of the magnetic field within the voxel, and the wider distribution a more prominent field inhomogeneity across the vial. This suggests on the one hand that Batches 2–4 had a more heterogenous distribution of iron, both across and within voxels, and on the other hand, that the batches could be manufactured in a reproducible way.
[image: Figure 3]FIGURE 3 | Histograms showing the distribution of R2* (A) and QSM (B) values at 3T using 0.6 mm voxels in vials containing 1.6 mM iron and 120 mg sodium polyacrylate for different batches yielding an iron-load of 8.3 µg Fe/mg NaPA. Batch 1 (solid red line) was used in a previous multi-centre study [17] while the remaining three batches (green, cyan and violet solid lines, Batch 2–4) were manufactured for the present study. Batch 2–4 had similar R2* distributions that were more than three times wider than for Batch 1, while the range of QSM values was ca. 30% wider than previously.
The vials in Batch 4 had an increasing amount of iron and a fixed amount of polyacrylate (120 mg), while in Batch 2 and 3 each cluster had a fixed iron-to-polyacrylate ratio (of 8.3 µg Fe/mg NaPA). The widths of the QSM histograms were similar at the highest iron concentration while the width of Batch 4 (Figure 4A) was one-third of Batches 2 and 3 for the lowest concentration (Figure 4B). This is consistent with a more homogeneous distribution of iron in presence of large amounts of NaPA, while a non-uniform iron distribution is at hand when iron is accumulated in a few clusters in presence of a fixed iron-to-polyacrylate ratio. In both types of samples, a clear shift towards higher QSM values with increasing iron concentrations was observed (Figures 4C, D). The molar susceptibility was 50.6 ± 11.4 ppb mM−1 for Batch 4 (adjusted coefficient of determination = 0.863, p = 0.0469). This value is in agreement with results obtained previously in presence of clusters with a varying iron load in the multi-centre study, which was 54 ± 13 ppb mM−1 across scanners [17]. With a constant Fe-to-NaPA-ratio and an increasing number of clusters, similar results were obtained for the samples: [image: image] = 56.1 ± 6.3 ppb mM−1 iron (adjusted coefficient of determination = 0.963, p = 0.0122).
[image: Figure 4]FIGURE 4 | QSM histograms (A,B) and molar susceptibility, [image: image] (C,D), measured at 3 T for two types of phantoms. In Batch 4 (A,C), an increasing amount of iron and a fixed amount of polyacrylate (120 mg) was used, while in Batch 2 (B,D) a fixed iron-to-polyacrylate ratio (8.3 µg Fe/mg NaPA) was used (B,D). Results for four different iron concentrations: 0.2 mM (solid red line), 0.4 mM (yellow), 0.8 mM (green) and 1.6 mM (blue) are shown. QSM processing was performed with the MEDI + pipeline using zero-referencing to the surrounding water, and a regularization lambda factor of 1000, in agreement with a previous multi-centre study. The average QSM values and within-vial standard deviations are shown for Batch 4 with varying iron-load per cluster (C) and Batch 2 (D) with a constant iron-load. Linear regression analysis yielded a [image: image] of 50.6 ± 11.4 ppb mM−1 iron (adjusted coefficient of determination = 0.863, p = 0.0469) and 56.1 ± 6.3 ppb mM−1 iron (adjusted coefficient of determination = 0.963, p = 0.0122), respectively. The 95% confidence intervals for the linear regression analysis are shown as dotted black lines.
MRI at 14.1 T
The samples containing clusters with a constant iron-to-polyacrylate ratio were further characterized by MRI at 14.1 T using different isotropic voxel sizes between 0.037 and 0.2 mm and different qMRI methods.
At the highest resolution, only single echo images with a TE of 17 ms were available (Figure 5). At this TE, the phase images obtained with iron-filled clusters were wrapped multiple times, which could not be perfectly corrected during QSM processing. The iron free clusters stood out as local, slightly more paramagnetic entities compared to the background exhibiting a broad QSM histogram (0.007 ± 0.007 ppm higher). The equivalent sphere diameter of the iron-free clusters estimated in this image series was 276 ± 230 µm.
[image: Figure 5]FIGURE 5 | Single gradient echo phase and QSM images of samples containing clusters with 0.4 mM iron and 60 mg polyacrylate (A–C) or without iron and 120 mg polyacrylate (D–F). High-resolution (voxel size: 0.037 mm), single echo (TE = 17 ms) MRI was performed at 14.T. The raw phase (A,D), measured at this echo time is wrapped multiple times at the locations of the iron-containing clusters, while no large phase jumps are present in proximity of clusters without iron, although a large background field can be noticed. After unwrapping and background field correction, some uncorrected local field deviations can be discerned (B) resulting in inhomogeneous QSM images (C) for the iron-clusters. On the contrary, in absence of iron, Laplacian unwrapping and RESHARP background field correction reveal small local entities with deviating field (E), corresponding to the iron-free sodium polyacrylate clusters that are more paramagnetic (0.007 ± 0.007 ppm) than the surrounding voxels (F).
With larger voxels of 0.075 mm, the phase images obtained at echo times of 3 ms could be unwrapped, while at 11 ms only the phase images obtained with iron-free samples were completely unwrapped (Figure 6). QSM was obtained with different processing pipelines: single echo analysis, non-linear (MEDI) or linear (ROMEO) multi-echo combination. For the iron-loaded clusters, the unwrapped and background corrected as well as the QSM images looked less blurred at the earlier echo time compared to the later TE where phase unwrapping was incomplete. On the other hand, the weak paramagnetic effect in the iron-free clusters disappeared in the noise at the early TE, and only emerged at the later TE. Non-linear and linear echo combination resulted in QSM results that were comparable to those obtained at the first TE for the iron-loaded clusters, but with reduced noise. For the iron-free clusters, the multi-echo analysis methods yielded results that were similar to the late echo images. The images obtained with MEDI were slightly more eroded, owing to the use of spherical mean value correction.
[image: Figure 6]FIGURE 6 | Results from multi gradient echo imaging of samples containing clusters with 0.4 mM iron and 60 mg polyacrylate (A–H) or without iron and 120 mg polyacrylate (I–P) measured at 14.1 T with 0.075 mm voxels. The raw phase (A,B) and (I,J), and the phase after Laplacian unwrapping and RESHARP background field correction (c-d, k-l) are shown at TE = 3 ms (A,C,I,K) and TE = 11 ms (B,D,J,L). QSM results for single echo analysis at TE = 3 ms (E,M), and TE = 11 ms (F,N) and multi-echo analysis using nonlinear echo combination in MEDI (G,O) and linear echo-combination in ROMEO (H,P) are shown. Some issues linked with insufficient phase unwrapping in proximity of iron-loaded clusters at the later echo time yield a more blurred appearance of the clusters in the QSM images obtained with single echo analysis, compared to the early echo time and the echo combination methods. In iron-free clusters, the small paramagnetic effect that could be detected at a higher resolution (Figure 5) can still be discerned at the late echo time and after echo-combination.
Similar results were obtained with voxel sizes of 0.2 mm at echo times of 2.5 and 7.5 ms, although the QSM contrast in the iron-free clusters was less prominent even after multi-echo combination (Figure 7).
[image: Figure 7]FIGURE 7 | Results from multi gradient echo imaging of samples containing clusters with 0.4 mM iron and 60 mg polyacrylate (A–H) or without iron and 120 mg polyacrylate (I–P) measures at 14.1 T with 0.2 mm voxels. The raw phase (A,B) and (I,J), and the phase after Laplacian unwrapping and RESHARP background field correction (C,D,K,L) are shown at TE = 2.5 ms (A,C,I,K) and TE = 7.5 ms (B,D,J,L) with the corresponding QSM results for single echo analysis (E,F,M,N), non-linear MEDI (G,O) and linear ROMEO (H,O) multi-echo combination. Similar to the results obtained with 0.075 voxels (Figure 6), the QSM contrast is suppressed at the later echo time in iron-loaded clusters, while the multi-echo QSM processing pipelines yield similar contrast.
The QSM maps were zero-referenced to the median QSM value found in voxels with a R2* value below 30 s−1, that were assumed to be iron-free based on the upper bound of the 95% confidence-interval of the R2* value found for the sample containing iron-free clusters (Table 1). The QSM histograms were symmetric and narrow for MEDI (Figure 8B). With the pipelines based on the first single echo (Figure 8A) and the linear echo combination (Figure 8C) methods, a second peak appeared at high QSM-values. It was particularly prominent for the vial with the highest concentration and for acquisitions with the smaller voxel sizes yielding a larger within-vial standard deviation than with 0.2 mm voxels (Figures 8D–F), indicating that more of the heterogeneity of the phantom material could be assessed at the higher resolution, which allowed local iron clusters to be resolved. Using these 0.075 mm voxels, a QSM-based molar susceptibility of 43.0 ± 0.2 ppb mM−1 (adjusted coefficient of determination = 0.992, p < 0.00257) was obtained with MEDI, and even lower values of 21.8 ± 1.3 and 22.7 ± 1.9 ppb mM−1 with the single echo and the ROMEO-based pipelines, respectively. This discrepancy was mirrored by more well-defined QSM values with narrow distributions for MEDI (Figure 8B).
TABLE 1 | Size and qMRI values of hydrogel clusters. Clusters were identified on different imaging modalities acquired with an isotropic voxel size of 0.2 mm at 14.1 T. The cluster size (in [image: image] m) was expressed as the diameter of an equivalent sphere with the same volume as the cluster. The observed average and standard deviation (SD) relaxation rates: R2, R1, and R2* and QSM values (from the first echo) within the segmented clusters are listed for different iron concentrations. aThe iron-free clusters could only be reliably segmented in the T2-maps, therefore the global average within the vial is shown for T1 and R2* and QSM. The standard deviations (SD) for the cluster size and the qMRI values are indicated in parentheses.
[image: Table 1][image: Figure 8]FIGURE 8 | QSM histograms of results obtained at 14.1 T with 0.075 mm voxels (A–C) and molar susceptibility (D–F) for vials containing clusters with a fixed iron-to-polyacrylate ratio (8.3 µg Fe/mg NaPA) with iron concentrations of: 0.2 mM (solid red line), 0.4 mM (yellow), 0.8 mM (green) and 1.6 mM (blue). QSM processing was performed with the first single echo (A,D), non-linear MEDI (B,E) or linear ROMEO (C,F) echo combination. The average QSM values and within-vial standard deviations are shown for data acquired with a 0.075 and 0.2 mm voxel size. The [image: image] was more similar across voxel-sizes with nonlinear MEDI-based echo combination than with the other two processing pipelines.
With a voxel-size of 0.2 mm, [image: image] was more similar to the results obtained previously at 3–9.4 T: 55.6 ± 0.7 ppb mM−1 (adjusted coefficient of determination = 1, p < 0.0001) using MEDI, 56.7 ± 1.0 for the single echo approach and 56.0 ± 0.7 ppb mM−1 for the linear echo combination.
The R2* relaxivity was substantially smaller with the 0.075 mm voxels: 42.1 ± 0.7 s−1 mM−1 (adjusted coefficient of determination = 0.999, p < 0.0003) than with 0.2 mm: 100.3 ± 0.6 s−1 mM−1 (adjusted coefficient of determination = 1, p < 0.0001). Taken together, these results suggest that at the higher resolution, the within voxel field is more homogeneous. Depending on the QSM pipeline, sub-regions with different iron-concentrations can be separated. The 0.2 mm voxels are of a size similar to the clusters and may work as a matched filter that allows the combined effect of local iron inclusions within the voxel to be assessed. In this situation, comparable results were obtained across QSM-pipelines. The QSM-based [image: image] obtained with the non-linear echo combination available with MEDI was less dependent on the voxel size than the other two pipelines.
The relationship between R2* and QSM values obtained from the multi-echo gradient images with 0.075 and 0.2 mm voxel sizes (Figure 9) was further evaluated on a voxel-by-voxel basis, for different classes of voxels with specific R2* values. For this purpose, the range of R2* values between 1 and 501 s−1 were subdivided into 500 bins, and the average QSM value for each bin was extracted. These QSM values reached a plateau for voxels with R2* values above 200 s−1 regardless of voxel size and processing pipeline. In Figure 10, the high variability of R2* values within the clusters is illustrated.
[image: Figure 9]FIGURE 9 | Relation between QSM values for voxels with a defined R2* value between 1 and 501s−1, subdivided into 1 s−1 bins. The images were obtained by multi-echo GRE using 0.075 mm (A–C) and 0.2 mm (D–F) voxel sizes for samples with a fixed iron-to-polyacrylate ratio (8.3 µg Fe/mg NaPA) and a total iron concentration of 0.2 (red dots), 0.4 (green), 0.8 (yellow) or 1.6 mM (blue). QSM values were obtained through single-echo analysis at the first echo time (A,D), and by multi-echo analysis based on nonlinear echo combinations in MEDI (B,E) or by linear echo combination from the field map obtained with ROMEO (C,F). A linear relationship between QSM and R2* values between 50 and 150 s−1 and a plateau above 200–250 s−1 are found for all iron concentrations, voxel sizes and QSM processing pipelines.
[image: Figure 10]FIGURE 10 | Zoomed-in views of the R2* (A) and MEDI-QSM (B) observed with 0.075 voxels for the sample with 1.6 mM iron. The cyan iso-contour lines for a QSM value of 0.2 ppm are outlined on both images. On the R2* maps, the large variability in the local R2* values within the clusters can be noted (cfr Figure 9). Several voxels, mainly located outside the clusters, exhibit static dephasing behaviour, and others show evidence of dynamic averaging, as further evidenced in the (C) time-series showing the average magnitude signal within segmented voxels.
The QSM values at the plateau were similar across iron concentrations, reaching levels of 175–223 ppb for voxels of 0.2 mm, with similar results at 0.075 mm using MEDI. The single echo and ROMEO pipelines yielded lower average QSM values at the plateau (119–158 ppb).
Below the plateau, a linear relationship between the two qMRI parameters was found. To investigate the increase in R2* for each ppb change in QSM, voxels with a range of R2* values between 50 and 150 s−1 were selected, yielding an increase of 0.07 ± 0.01 s−1 per Tesla for each ppb of change in the measured susceptibility. This value is slightly lower than for spherical particles in the static dephasing regime for which a value of 0.11 s−1 T−1 ppb−1 iron can be predicted [23, 35]. The diffusion weighted MRI signal decreased according to a monoexponential function and the apparent diffusion coefficient was ca. 1.7 μm2/ms, corresponding to a diffusion length of 5–10 µm for echo-times between 2.5 and 10 ms. In view of the large cluster size, as shown in Figure 5 and analysed in more detail in the next paragraph, one could thus expect that effects caused by static dephasing can be observed. However, the non-uniform spatial distribution of iron within the clusters, and the large voxel-sizes used may impede observation of such effects. Along these lines of thought, we identified voxels that exhibited dynamic averaging and static dephasing effects according to (Eq. 1) (Figure 10). Of these voxels, only 14% or less were located within the clusters, as defined by a 0.2 ppm QSM cut-off value in the MEDI images. Within the clusters, QSM values were similar, while R2* varied greatly (corresponding with the results in Figure 9). This observation is consistent with an overall shift in the magnetic field, combined with a high (root-mean-squared) variation in the magnetic field within the voxels located inside the clusters. Possibly, these QSM results reflect the saturation effect observed with VSM at the highest iron concentration, caused by locally high levels of iron agglomeration.
Segmentation of clusters and qMRI results with 0.2 mm voxel size
Segmentation of clusters was performed using four different image modalities, acquired with a voxel size of 0.2 mm: quantitative T2-maps, T1-weighted MRI, and quantitative R2*-maps. Since the cluster size can depend on the cut-off used, we chose various cut-offs based on image intensity histograms (Figure 11) observed with the 0.8 mM sample, which had the highest susceptibility in the VSM measurement, and with QSM maps at the plateau values determined in Figure 9. The qMRI values inside the clusters, as well as the cluster size, expressed as the diameter of a sphere with the same volume as the segmented clusters, were determined (Table 1).
[image: Figure 11]FIGURE 11 | Intensity histograms for samples without (0mM, red dashed line) and with (0.8 mM, blue solid line) iron, using three MRI modalities and 0.2 mm voxels measured at 14.1 T. Histograms were obtained from (A) T2-maps (B) T1-weighted MPRAGE images with an inversion time of 800 ms; (C) quantitative R2* maps. The location of the different cut-offs used for segmentation of iron-containing and iron-free clusters are shown as black dashed vertical lines. Note that the iron-free clusters could only be observed in the T2-maps.
Using the T2-maps, the hydrogel clusters without iron were segmented as voxels with a T2 value above 180 m, while iron-containing clusters were identified as voxels with T2 below 50 m. For reasons of the B1 (in)homogeneity of the coil used, only the most central slices were analysed (15 slices covering 3 mm along the axial field-of-view). Without iron, the contrast difference between the hydrogel and its surrounding was just about discernible while the iron-loaded clusters showed a stronger contrast difference (Figure 12). The size of the segmented clusters was 248 ± 335 µm, while the iron-loaded clusters appeared larger in the quantitative T2 images reaching sizes around 500 µm (Table 1). At the highest concentration, the clusters could not be separated well and appeared as a mixture of very small and a few very large clusters. Despite the rather crude 0.2 mm spatial sampling, iron-free clusters had a size that corresponded with the size of 276 ± 230 µm determined using 37 µm voxels (shown in Figure 5).
[image: Figure 12]FIGURE 12 | Maps (axial view) of the transverse relaxation time, T2, for samples measured with a voxel size of 200 μm at 14.1 T (upper row). Clusters without iron were identified as voxels with T2 > 180 ms (red), and clusters with iron T2 < 50 ms (blue). The corresponding size distributions, expressed as the diameter of a sphere with the same volume as the segmented clusters are shown in the lower row.
A higher number of clusters could be observed in the T1-weighted images and the R2*-maps, since good image quality could be obtained across a larger axial field-of-view of 19.2 mm.
In the T1-weighted image acquired with an inversion time of 800 m, the contrast between iron-loaded clusters and the surrounding was high (Figure 13). The T1 weighted image and a cut-off of 20 a.u. yielded cluster sizes around 400 µm that were smaller and had smaller standard deviations than in the T2-map. The number of clusters detected with the highest cut-off value increased linearly, yielding an iron-dependent cluster density of 9.0 mm−3 mM−1+1.2 (DoC:0.967, p < 0.0112). Within the segmented clusters there was no change in the longitudinal relaxation rate R1 with increasing iron concentration.
[image: Figure 13]FIGURE 13 | T1-weighted MRI images with an inversion time of 800 ms and a voxel size of 200  μm at 14.1 T. Iron-containing clusters were segmented at two thresholds (20 a.u. green, 25 a.u. blue solid line). The size-distribution for the segmented clusters were similar. The cluster density increased significantly with increasing iron load for clusters segmented with a cut-off of 25 a.u. The corresponding R1 relaxation rate reached a plateau for iron concentrations of 0.4 mM and above.
Cluster segmentation using the R2*-maps was performed by thresholding at 100, 200 and 450 s−1 (Figure 14). The average cluster size did not increase significantly with iron concentration and varied largely reaching sizes of 1–1.2 mm because of insufficient separation between clusters. This led to large standard deviations for the cluster size, especially at the highest iron concentration (Table 1). Using the highest cut-off value there was a tendency towards a linear increase in the number of clusters with iron-concentration, yielding a cluster density of: 10 mm−3 mM−1+1.3 (DoC:0.814, p < 0.064). At none of the cut-offs, an increase in the R2* relaxation rate with increasing iron concentrations was found. The same increase in cluster density was obtained from the QSM maps obtained with the linear echo combination and a cut off of 0.4 ppm.
[image: Figure 14]FIGURE 14 | Maps of the effective transverse relaxation rate, R2*, acquired with a voxel size of 200 μm at 14.1 T. Iron-containing clusters were segmented at three thresholds: 100 s−1 (red solid line), 200 s−1 (green) and 450 s−1 (cyan). At the highest threshold there was a tendency for a linear increase in cluster density with increasing iron load. No significant change in R2* with increasing iron concentrations were observed.
DISCUSSION
The availability of well-characterized phantoms suitable to assess the many factors influencing quantification are fundamental to facilitate clinical use of quantitative MRI methods, but pose some challenges, especially if the aim is to mimic tissue microsctructure [36]. In the case of quantitative susceptibility mapping (QSM) with MRI, such phantoms are of value since many factors, related to the MRI measurement, on one hand, and the processing pipeline on the other hand influence the level of accuracy and precision that can be achieved. The use of tissue-mimicking phantom materials allows to assess the influence of each factor in detail in a setting that should be as realistic as possible, given the complexity of MRI signals arising from the tissue in vivo.
QSM is based on the successful acquisition of high quality phase images, obtained using a fully spoiled gradient-echo MRI sequence. The quality of the phase images depends on the available signal-to-noise ratio in the magnitude images, and therefore on factors like the magnetic field strength at which the measurement is carried out as well as the echo-time and voxel size used for image acquisition. Using MRI, the measured signal phase is assumed to evolve linearly with the echo-time, but the phase values will be aliased into the ±π range during image acquisition. Provided that the range of susceptibility values that will be encountered within the tissue is known, the echo time—or in case of multi-echo sequences: the inter-echo delay time—can be used as a scaling factor to achieve an “adequate” amount of phase aliasing. Just how much aliasing that can be tolerated depends on the type of unwrapping used during QSM processing. Unwrapping [32, 37–42] can go astray if the echo-time is too long and/or if the tissue susceptibility differences are too large, which for instance can happen in presence of local tissue bleedings [41]. Others have reported echo-time dependence of QSM results [43], suggesting the presence of non-linear phase evolution that also may need consideration.
Besides phase unwrapping, unwanted background field components [9, 33, 44–47]need to be removed prior to the final dipole inversion step [20, 48–50] required to obtained the final QSM results. As an alternative, one-step QSM approaches, which utilize combined unwrapping and background removal can be used [51–53]. Other emerging QSM techniques are based on total field inversion [54] and deep learning approaches [55]. Besides the QSM processing pipeline itself, other factors such as the type of coil-combination algorithm [56, 57] or brain-tissue masking method employed [58] can influence quantification [21].
One possibility to assess the influence of such factors is to perform in vivo measurements of healthy subjects and compare the obtained QSM results in different brain regions with expected non-haeme tissue iron concentration. The mathematical expression describing the expected age-dependent increase in tissue iron [18] lends itself well for such comparisons of the measured QSM-contrast in the healthy human brain. A method that quantifies the iron-dependent QSM-contrast [image: image], (unit [ppb/[μg/g]) has been made available for the QSM challenge 2016 data and can be adapted for use at individual sites [21, 59]. However, in case of multi-centre studies, such assessments may require that volunteers travel between sites to assure the protocols are comparable. Other issues can arise if several different types of acquisition protocols are to be assessed, since there is an upper limit to the total scan duration, that is, acceptable in vivo, besides issues related to motion during image acquisition. Therefore, a more practical solution to allow informed decisions based on an iterative optimization process to be made, that includes adjustment of each and single step if needed, is the use of adequate phantoms.
Ideally, the phantom material should reflect the complexity of the tissue and have magnetic properties that are comparable to those found in vivo. Today, besides phantoms containing single susceptibility sources [13, 14] more complex mixtures [15], able to mimic more of the complexity present in vivo, are available. In a previous multi-center study, we introduced a phantom for QSM that contains iron (available as a standard for atomic absorption spectroscopy), either in form of a homogeneous solution, “free” iron, or as small iron clusters after absorption of the iron in a hydrogel consisting of sodium polyacrylate [17]. The iron concentrations used for the phantom were about half of those typically found for non-haeme iron in brain tissue in vivo. The average molar susceptibility that was observed across three magnetic field strengths and four scanners was 0.231 ± 0.047 ppm mM−1 and 0.054 ± 0.013 ppm mM−1 for the free and clustered iron, respectively. The QSM contrast of the proposed clustered iron thus corresponded to the [image: image] for ferritin with an iron-load of 3000 atoms, and falls within the range of 28–72 ppb mM−1 iron expected for ferritin in the human brain [19–22].
However, in the previous study, validations through magnetometry measurements were lacking. Moreover, details of the clusters, like their size and spatial distribution, had not been obtained, motivating the present work. Another unknown factor was the possibility to manufacture comparable batches of the phantom material. A general feature of the phantom material, that we already had noted in our previous study, is that the spatial distribution of iron clusters can be hard to control during manufacturing but can be assessed “post hoc” in R2* and QSM images. Therefore, we used MRI at 3 T with identical imaging and QSM processing protocols as in the previous study in order to assess reproducibility. The batches manufactured in the present study had higher R2* values and showed a higher variability in R2* across the containing vials than previously. The QSM values, on the other hand, were found to be more similar across different batches. These observations underline the importance of the manufacturing process. The size and the spatial distribution of the iron-loaded regions will likely depend on the details of the mixing of iron-loaded poly-acrylate hydrogel and the alginate matrix. At the moment, this is done manually, which can have some drawbacks with respect to reproducibility. When scaling-up the sample preparation, switching to mechanical mixing (for instance by using higher speed, blade-like stirrers) might help to produce more homogeneous samples.
With regard to stability of the iron clusters, it can be noted that sodium poly-acrylate is a super-absorbent polymer, which can absorb its own mass multiple times (in our case: a volume corresponding to more than 8 times its own weight). This hydrogel has been employed for removal of heavy metal contamination, owing to its anionic carboxylate binding sites [60]. These can coordinate to Fe3+ in various configurations at the molecular scale, and thus can stably bind large amounts of iron (15 mM). The reddish-brown colour appearing when mixing the (acidic) iron standard solution with the (basic) poly-acrylate suggests an increase of pH and subsequent formation of hydrolysis and formation of increasingly poorly soluble condensates of (FeOOH)x aq. up to insoluble Fe(OH)3. The formation of these larger condensates will further prevent the diffusion of iron out into the alginate matrix. Our previous results [17] were obtained during a 3 months’ time period, during which the phantom was transported between three laboratories across two continents (in a hand-luggage) and kept at room temperature.
Introducing further variability, we decided to compare two types of phantoms: vials containing a variable amount of iron and fixed amount of NaPA on the one hand and a fixed iron-to-polyacrylate ratio, yielding a fixed amount if iron per cluster and an increasing number of clusters, on the other hand. The first type of phantom corresponds to the one used in our previous study [17], while the second type facilitates observation of single clusters. Regardless of these manipulations, the [image: image] results observed were comparable with values between 50 and 56 ppb mM−1, provided that the voxel-size used for MRI acquisition was larger than the size of the clusters.
Although a clear, iron-concentration dependent shift in QSM could be observed, it was accompanied by a large standard deviation across the vial, most likely explained by the large susceptibility difference between the clusters and the alginate surrounding. The standard deviation was particularly large in the phantoms where both the amount of iron and alginate were increased, reflecting that when there is no surplus of polyacrylate, the surrounding alginate remains free from iron, at least to a large extent. The difference in susceptibility between the embedding media and the polyacrylate thence lead to large QSM variability. More fine-scaled variability could be captured when using voxel-sizes that were smaller than the clusters at 14.1T, but also led to a suppression of the observed molar susceptibility. Indeed, with 0.075 voxels, the molar susceptibility derived from the entire vial as a region of interest, was very different from that observed at 3T, especially with the single-echo and ROMEO combination approaches, which had wider QSM histograms than MEDI (Figure 8). Only with a voxel-size of 0.2 mm, which approaches the estimated cluster size, the molar susceptibility at 14.1 T became comparable to the values observed at 3 T with a voxel size of 0.6 mm.
Besides average QSM values, quantifying histogram features could furnish additional, clinically relevant parameters, since generally the distribution of QSM values can be large even within selected anatomical regions-of-interest. Recently Lancione et al [61], showed that the distributions of QSM values observed in vivo within iron-containing structures, like the dentate nucleus and the putamen can be quite large (as shown in the Supporting Figure S4 of that publication). These workers report that specific histogram features, like the standard deviation, the 75th and the 90th percentile were useful parameters to distinguish between Parkinsonian and cerebellar multiple system atrophy.
Although we cannot pinpoint the exact cause for the differences between the current and previous batches, one possible contributor may have been differences in the oxygenation state of the iron between batches, besides differences in the actual spatial distribution of the clusters occurring during manufacturing. The exact oxygenation state at hand can change R2* yielding greater relaxivity values in presence of ferric than ferrous iron [62, 63]. In addition, ferric iron can fall out and yield a reddish colour. Therefore, it is interesting to note that the clusters generated through the addition of sodium polyacrylate to the iron solution could be visually identified as red dots, which were particularly prominent in the vials containing the highest iron concentration. The change in colour could indicate precipitation of iron inside the hydrogel clusters. However, in order to unambiguously determine the oxygenation state, the use of Mössbauer spectroscopy can be envisaged in future studies [64].
In order to further characterize the phantom material, we used vibrating sample magnetometry, which is a highly accurate and precise technique to assess magnetic properties. Notably, magnetometry has been used previously to assess human tissue [65–69]. Through measurements of the magnetization as a function of temperature, and as a function of the external field, both the type of magnetism and the magnetic moment can be identified. VSM of samples containing the pure iron-solution used for manufacturing the phantom was measured and showed the presence of iron with a magnetic moment of approximately 5µB, which corresponds to ferric Fe3+ iron which has an effective, magnetic moment of 5.92 µB23 when spin-only effects without nuclear couplings are considered.
We furthermore used VSM to ascertain the susceptibility of the phantom material as a whole, since separation of the contributions from the iron and the small amounts of added Gadolinium ions to the alginate embedding was not perfect. The total magnetization of the sample was found to increase linearly with iron concentration, yielding a molar susceptibility of 207 ± 32 ppb mM−1 for the free and 50.7 ± 8.0 ppb mM−1 for the clustered iron. These values compare favourably with our previous observations in the multi-centre study [17]. Interestingly, the measured magnetic moment in the samples containing clustered iron at the highest concentration was below the value predicted based on concentrations below 1 mM. This indicates that the total signal is not simply the sum of all saturated iron magnetic moments. One may speculate that at higher concentrations antiferromagnetic coupling occurs, which could explain the relatively low magnetization observed in the sample with the highest iron concentration. This effect does not necessarily have to be a solid-state phenomenon. Such phenomenon could arise if the iron is strongly bound in the clusters and subregions with different magnetic moment directions are at hand. As antiferromagnetism, via superexchange, is not a rare phenomenon, we would like to suggest that the reduced saturation is caused by a significant fraction of iron, which are antiferromagnetically coupled on a molecular basis. In line with this, qMRI with 0.075 mm voxels showed that QSM saturates within the clusters, while R2* varied strongly, possibly due to locally high levels of iron with different magnetic moments. Antiferromagnetic coupling has been observed for magnetite composed of highly ordered, alternating ferric and ferrous iron. To better investigate such sub-lattice ordering effects, X-ray diffraction can be performed. Also, ferritin has a highly complex behaviour as observed with magnetometry, allegedly deriving from the presence of superparamagnetism counteracted by anti-ferromagnetic coupling in its core [70]. Antiferromagnetic coupling effects must not necessarily be manifest in our MRI measurements, which were performed at room temperature with long echo-times of a few milliseconds during which diffusion averaging can occur. Therefore, in this respect VSM yielded more precise and detailed information.
Macroscopic MRI properties can be influenced by packing densities. For iron-loaded ferritin aggregated inside liposomes, transverse relaxation occurs at rates in MRI that are 6 times faster than ferritin outside such liposomes [71]. In our previous study using whole-body scanners operating at 3, 7, and 9.4T, we observed an R2*-related relaxivity which increased linearly with magnetic field strength by 4.00 s−1 mM−1 T−1, albeit with a (non-significant) intercept of 5.61 s−1. From these numbers, one can predict an R2* relaxivity of 61.6 s−1 mM−1 at 14.1 T. The batches manufactured in the present study reached 100 s−1 mM−1, consistent with a higher packing density than previously attained.
Segmentation using high thresholds yielded maximal R2* values of 200–500 s−1 within the clusters, which are reminiscent of the range of 155−310 s−1 expected for ferritin at 14.1T, based on an increase in R2’ of 0.11 s−1 T−1 ppb−1 iron for spherical particles in the static dephasing regime [23]. On the other hand, in a transition zone surrounding the cluster core, R2* increased as 0.07 ± 0.01 s−1 T−1 ppb−1 iron, suggesting that averaging effects can occur to a certain extent.
At the highest image resolution used, with an isotropic voxel size of 37 µm, the iron-free clusters had a roundish, snow-flake like appearance with a blurred border. Each cluster occupied a volume that corresponded to a sphere with an equivalent diameter of ca. 250 µm, while after iron-loading the size of the clusters increased to 500–600 µm. To avoid the “blooming-effect” of dephased magnetization in gradient echo images, we complemented observations of the cluster size based on R2* and QSM images with measurements using spin-echo and short-echo time inversion-recovery MRI. Overall, these techniques yielded similar results regarding the cluster size.
Since the amount of the polyacrylate hydrogel always matched the volume of the iron solution added to the samples, we expected each cluster detected to have the same iron-load, and that the cluster density depends on the iron concentration. The result of the image analysis with voxel sizes of 200 µm was in line with this hypothesis but only when high thresholds were used for cluster segmentation. In that case, the cluster density increased with increasing iron concentration. The qMRI parameters observed within the clusters were the same across all samples.
Taken together, these results point towards iron-loaded clusters with molar susceptibility and R2* values reminiscent of ferritin in vivo. Reproducibility of QSM results across scanners, batches, and phantom types was within 12% and compared well with results using vibrating sample magnetometry. Using 0.2 mm voxel sizes, the clusters could be delineated and separated from the surrounding, while with voxels of 0.075 mm and below, a heterogeneous spatial distribution of iron with saturated QSM values within single clusters emerged. Around the clusters, heterogeneous MRI signal behaviour, with voxels exhibiting static dephasing effects as well as dynamic averaging could be identified. In future studies, it would be of interest to push the spatial resolution further, even more towards the diffusion length to better assess the impact of such local iron inclusions on MRI.
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