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Introduction: The most important assessed quality-control (QC) criteria for improvements in high-resolution imaging are represented by the contrast-to-noise-ratio and spatial resolution. Ultra-High-Field (UHF) Magnetic-Resonance-scanners (B ≥ 7 T) for medical research allowed for the improvement in spatial resolution up to the microimaging and nominal microscopy range [pixel-size: ps < (100 μm)2], even in-vivo on humans just recently. Preclinical MRI- and dedicated MR-microscopy (MRM) scanners already allow for microimaging and MRM (1-256 μm) but lack a sensible spatial resolution phantom for QC and performance improvements in hardware, pulse-sequencing and MRprotocols. In most scientific MRI articles, the spatial resolution is characterized by the ps, though this measurement parameter only limits the actual resolution.
Methods: Here the Modulation-Transfer-Function (MTF) is used as evaluation concept for the determination of the spatial resolution in MRM using simple intensity profiles. The resolution limit is defined using a critical modulation-level. In approaching visual impressions on spatial resolution an additional criterion derived from the Modulation-depth-to-Noise-Ratio (MNR) is proposed. A practical method for assessment based on a concrete phantom design and its realization is shown.
Results: The phantom design consists of several sets of fine grids, specifically featuring high structural anisotropy for optimum SNR and CNR, with different spatial periods ranging from a1 = 256 μm down to a8 = 2 μm, not only for a quick visual qualitative check, but also for quantification of resolution using the MTF for two different spatial encodings in two orthogonal in-plane directions. The challenging demands on the manufacturing technology especially with regard to the aspect-ratio are approached using Deep-X-Ray-Lithography (DXRL) relying on the high brilliance of Synchroton-radiation. Smallest grid plates with width of 4 μm corresponding to 125 line pairs/mm at a plate depth of 100 μm were achieved.
Discussion: MR-microscopic images, originating from a microscopy insert on a human UHF-MR-scanner, were used for demonstration of the evaluation process with two independent resolution-criteria. The developed prototype offers unique possibilities for quantitative resolution QC on UHF human and preclinical MR-scanners. Such a resolution-phantom might be very important for the improvement of MR-pulse-sequences, MR-protocols and even hardware. In principle the phantom can also be used for other microscopic imaging-modalities as for instance μCT and Optical-Coherence-Tomography (OCT).
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1 INTRODUCTION
The spatial resolution represents one of the most important criteria for the quality of an imaging method especially in the case of medical imaging for the early detection of developing pathologies. The quantitation of spatial resolution therefore represents a relevant task for “Quantitative Medical Imaging”.
With the growing use of MR micro-imaging, and MRM the issue of spatial resolution is of increasing importance.
We would like to illustrate that relevance of high spatial resolution for medical imaging subsequently in Section 1.1. The reader interested in a short overview on factors influencing spatial resolution (Section 1.2) and a short non-encompassing report on the state of the art on methods for quantification of spatial resolution (Section 1.3) and finally the targeted features of the phantom and evaluation procedure (Section 1.4) is referred to the corresponding subsections.
1.1 Advances in high resolution MRI based medical imaging
In the clinical routine of Magnetic Resonance Imaging (MRI) a Voxel Size (VS) of about 300 × 300 × 2000 μm3 can be obtained on humans. High spatial resolution in the microimaging range (pixel size (ps): 100–300 µm) has been reported mainly for small Field of Views (FOV) on human extremities, e.g., fingers or toes for the investigation of Vater-Pacini corpuscles, relevant for the loss of vibrational touch sensing, an early change in diabetes [1,2]. Extremities, investigated by high-resolution MRI, might represent radiological models for a variety of pathologies, e.g., bone erosion, inflammation, psoriatic and rheumatic arthritis [3]. The spatial resolution has been identified as a critical obstacle to clinical investigations based on these easily accessible extremities [3]. In principle, the often used 2D-FT MR-method for spatial encoding with slice selective excitation allows for much higher spatial resolution, if specific hardware can be used and the restrictions on the living biological object or humans to be visualized are lifted, in specific: object diameter, tolerable measurement time and tolerance with regard to the magnetic field gradient strength.
A VS of about 30 x 30 x 200 µm3 [4] may be obtained in preclinicial MR imaging on small animals in vivo, performed for instance for pharmaceutical reasons.
Using such dedicated high-resolution MR-scanners the microscopic spatial range (ps < 100 µm x 100 µm) is already available. MRI with pixel size in that spatial range is therefore called MR-microscopy (MRM) [5]. MR-based histology [6] in the microscopic range has been reported on pathologic structural changes in tissue samples ex-vivo, for arteriosclerosis [7], arthritic changes in cartilage [8], diabetes related changes in the human skin [9] and ovarian cancer [10].
MRM-based histology (ex-vivo) on different tissues has already been demonstrated on high-field (B = 3 and B = 7T) human MR-scanners using additional dedicated hardware [11,12]. A voxel volume of (100 µm)3 has recently been reported on the human brain ex-vivo on a 7T UHF MR-scanner [13].
Even in vivo on human extremities high spatial resolution based on voxel- and pixel-sizes in the microscopic range has recently been demonstrated using prototype MRI rf-detector hardware [2].
1.2 Relevant factors for spatial resolution in MRI
However, the pixel and voxel size represents only a limit to the spatial resolution. The effective resolution may be significantly less due to spatial distortions, e.g., by magnetic field inhomogeneities or chemical shift artifacts. Also, other sample specific and technical factors might impact the actual achievable spatial resolution, e.g., the linewidth, the signal decay due to T2-relaxation, the magnetic field gradient strength (bandwidth) and gradient switching performance, the signal-to-noise (SN) restriction and even the diffusivity of molecules during MR-detection [5]. In parallel imaging the spatial encoding in MRI is based on the local electromagnetic B1-distribution of distant radio-frequency transmitter and receiver elements. Some of these parameters also depend on the investigated sample.
1.3 Methods for proving spatial resolution in MRI: Actual state
Consequently, the qualitative and quantitative check is recommended on defined test structures (phantoms) in several norms and recommendations on Quality Control (QC) of human MR-scanners. Most available phantoms for QC of spatial resolution are based on one dimensional periodic sets of plates or tubes [14–16]. For practical and manufacturing reasons mostly grid or hole structures are proposed and used for qualitative tests of spatial resolution with typical structural sizes of plates and diameter of holes of d = 10 mm down to 0.7 mm [16].
In order to test image quality with regard to spatial resolution, and assess modifications for improvements, using hardware, software and MR-protocol modifications in the spatial range of microimaging and microscopy, an objective test structure (phantom), which allows for the quantitative determination of the spatial resolution, is needed [17–19]. A previous design of a phantom for high-resolution MRI featured a smallest spatial structure width of 0.1 mm suitable for the micro-imaging range (≅ 300–100 µm) [19].
In optical imaging quantitative QC on spatial resolution is mainly based on the MTF-concept [20]. Often glass plates using etched orthogonal grid structures of varying periodic distance (a) are used (see as an example for a design: the United States air force target phantom) [21]. Such structures also allow for a quick qualitative check on spatial resolution in the microscopy range by a simple visual inspection for deciding which of the periodic grid lines are still separated. In Computed Tomography (CT) and µ-CT grid sets for the evaluation of the MTF represent a well-established metric tool for the quantitative characterization of the spatial response of the imaging system [22]. µ-CT phantoms, based on silicon grids, do exist with contrast of silicon absorption against air and resin [23]. Using tungsten as absorber material grids do exist with line dimensions down to 0.1 µm [24]. These µ-CT phantoms are not suited for MR-microscopy because the used metal results in a distortion of the electromagnetic B1-field in MRI. In these µ-CT phantoms the thickness of the absorption material is limited to a maximum of about 1 µm due to the very challenging small spatial dimensions. The lithographic processes used, based on silicon technology feature limited aspect ratios (height-to-width ratios) and consequently the high slice thickness used in MR-microimaging and MRM would result in partial volume coverage and signal modulation loss.
The MTF may also be calculated in principle from the Edge Response (ER) or Line Spread Function (LSF) [25]. Due to the sensitivity of the ER to local noise [25] and necessity for processing steps of measured MR-profiles the ER method for QC in MRI is rather seldomly applied.
In MRI on clinical whole body human scanners, phantoms for checking spatial resolution are designed for typical smallest pixel size of 0.5 mm. But no commercially available test structures (phantoms) do exist for the microscopic (<100 µm) range down to 1 µm. Proposals for such phantoms for the microscopic spatial scale do exist [18] and are reported as technical realization on the basis of, e.g., lithographically processed silicon grids [11,26].
For 2D-FT MRI with slice selective excitation the slice thickness is usually chosen to be much bigger than the in-plane resolution (pixel-size) due to the demands on high gradient strength for slice selection, short radio frequency (rf-) pulses and signal to noise ratio (SNR). Ideal phantoms for standard 2D-FT-MRI should exhibit therefore a strong anisotropy with regard to in-plane lateral distance of the grid bars with reference to their structural height in slice (z-) direction. Usual slice thickness in 2D-FT-microscopy ranges between 50 and 200 µm (see, e.g., [9,12,26]). The demands on the manufacturing technology for offering lateral structures down to 1 μm at height of 50–200 μm, corresponding to aspect ratios of about 50–200 are therefore very challenging. Deep X-ray lithography (DXRL) at KNMF using the high brilliance and small divergence of Synchrotron irradiation is in principle capable for the manufacturing of such structures (aspect ratio AR ≅ 50) in polymers down to below 1 µm [27].
With difference to other medical imaging modalities the spatial position in 2D-FT MRI is encoded by spatial phase (spin warp) and frequency encoding in different spatial dimensions. The different encodings may result in different spatial resolutions in the two different directions. A resolution phantom design therefore should allow for the quantitative evaluation of the MTF in 2 orthogonal directions. This might be achieved by orthogonally arranged grid patterns. The MTF can be obtained using lateral profiles in the image crossing the different orthogonally arranged periodic grid lamellae.
1.4 Conceptual approaches, targeted phantom features, and methods
In this manuscript the subsequent aspects of a resolution phantom including resolution analysis for slice selective 2D-FT-MR- microimaging up to the microscopic range are described. The phantom should allow for QC of spatial resolution on High-Field human scanners, already capable of such high-resolution performance, preclinical (animal) MR-scanners and even experimental MR-imaging devices designed for highest spatial resolution. The design and prototype phantoms should not only allow for quick qualitative checks of spatial resolution by simple visual inspection but also should offer the possibility for a quantitative determination of the spatial resolution using the MTF-concept in two orthogonal, for instance phase and frequency encoding, directions. The manuscript is divided into the subsequent three main subject parts: the first two describing the physico-mathematical concept and the realization of the phantom including its QC; the last one presents a demonstration of the qualitative imaging results and evaluation procedure for quantification of the spatial resolution.
1) Concept for quantitative determination of the spatial resolution in two independent directions using a strongly anisotropic 2D-grid structure based on the MTF including 2 independent resolution criteria.
2) Technical realization of prototype 2D-FT resolution phantoms and their QC.
• Design of a phantom for quantitative determination of the spatial resolution in 2D-FT-MR-microscopy with slice selective excitation up to spatial frequencies of f = 500/mm. This corresponds to a lamella width of 1 µm. The height of the structures should allow for a slice thickness (slth) in MR encoding up to 200 µm (slthmax ≤ 200 µm). The independent evaluation of the MTF in two orthogonal directions with different spatial encodings should be possible.
• Manufacturing of the phantom using Deep-X-ray-Lithography, artefacts and restrictions in technical realization of the phantom design.
3) Exemplary measurement and evaluation of MR-microscopic images for a Turbo-Spin-Echo (TSE) radiofrequency and gradient pulse sequence with:
• simple qualitative interpretation and
• quantitative evaluation of the spatial resolution
2 MATERIALS AND METHODS
2.1 Concept of the Modulation-Transfer-Function (MTF) for the determination of the spatial resolution, defining criteria
The application of linear communication theory to imaging systems offers the possibility to characterize the main features of an imaging apparatus by the point spread-function (PSF) in the spatial domain and the modulation-transfer-function in the spatial frequency domain assuming linearity and isoplanatism in the imaging procedure [17,20]. The modulation-transfer-function (MTF) is defined as the ratio of the spatial Fourier transform I(fx,fy,fz) of the image intensity distribution in space (I(x,y,z)) to that (O(fx,fy,fz)) of the object distribution (O(x,y,z)). For simplicity we refer subsequently to only one spatial dimension (for instance x-direction):
[image: image]
The MTF(fx,fy) in the different spatial dimensions, e.g., in the plane (x, y) might be obtained by simple multiplication of the MTFs in orthogonal directions if independence (invariance) is valid. In the ideal case of a single periodic (spatial period ai) object, the spatial Fourier-component O(1/ai) is equivalent to the amplitude of the object modulation depth O. An ideal test phantom for spatial resolution might be composed of a set of periodically (period ai) arranged grids with different spatial frequencies f = 1/ai covering the typical spatial frequencies of the objects to be investigated. The MTF(f) of an imaging system can then easily be measured using an intensity profile delivering the modulation M(f) with standard image analysis software crossing the grids with different spatial periods [14,17]:
[image: image]
Imax and Imin are referring to the maximum, respectively minimum signal intensity in modulation. The measured intensity modulation M(f) versus the available discrete spatial frequencies 1/ai is representing a discrete sampling of the MTF:
[image: image]
Usually, a rather continuous decrease of the MTF with higher spatial frequencies is observed not only for MRI but also for other imaging modalities. Using grids of plates in MRI only discrete spatial frequencies are available for the measurement of profiles. Interpolation of the Modulation M(f) between these discrete frequencies up to the available highest spatial frequencies determined by the smallest spatial periodic distance might therefore be used for an approximation of the real MTF of the imaging system (see also Figure 12).
In MR imaging devices the relative modulation depth M(f) remains relatively constant at lower spatial frequencies but reduces significantly at higher spatial frequencies. Therefore, a resolution criterion referring to a critical high bandpass cut-off frequency is defined: fcut-off ≅ 1/acut-off. Different criteria on the critical amount of reduction in modulation depth with higher spatial frequencies f = 1/a might be used for the quantification of a spatial cut-off frequency fcut-off, thus defining the spatial resolution, for instance [14]:
[image: image]
or [image: image] (Rayleigh criterion), often used in X-ray microscopy [28]. The critical cut-off frequency then might be determined from the intersection of the defined critical modulation level with the MTF by reading the relevant corresponding cut-off frequency fcut-off, (see. also Figure 12).
We propose an additional criterion related to the relative noise rN, as the qualitative decision on the differentiability of an intensity line versus a background signal also depends on noise in the image:
[image: image]
We define the relative noise rN here as the ratio of the standard deviation σ of the background image signal intensity to the maximum modulation depth Imax-Imin present, e.g., at a low spatial frequency, where the object modulation is approaching the maximum modulation in the image:
[image: image]
The coverage factor kp can be set by the user. It represents a parameter, for which a predefined level of confidence for the difference of the modulation Imax-Imin from image noise can be achieved [29]. As an example, a high probability p ≅ 0.95 is achieved for the difference of the signal modulation to noise, setting kp = 1.95 ≈ 2 (assuming a Gaussian distribution for the signal intensity with standard deviation s and the noise being approximated by the standard deviation σ = s of the background signal).
These definitions result in the subsequent criterion for the critical spatial cut-off frequency fcut-off_noise, for which the modulation reaches a non-significant level (kp =! 2):
[image: image]
Other criteria for a higher (kp > 2) or lower level of significance (kp < 2) with a certain probability might be defined for specific imaging modalities and applications.
2.2 Technical realization of the resolution phantom
2.2.1 Design of resolution test structure (phantom) for MR-microimaging and MRM
2D-periodic structures in the form of two orthogonal grids are proposed to serve as a resolution phantom for MR-microimaging and MRM (Figure 1).
[image: Figure 1]FIGURE 1 | (A) (left) Design proposal for the quality control in MR-microscopy. The test structure (phantom) for the qualitative and quantitative determination of the in-plane spatial resolution, shown here only for one dimension, consists of several sets of periodically arranged plate walls (lamellae) characterized by their spatial distance ai/2 at same lateral width (1µm ≤ ai ≤ 256 µm). The envisaged minimum depth of lamellae is designed to be 100 μm, thus featuring strong demands on the aspect-ratio of the manufacturing technology. (B) (right) Frontal view of the design for two orthogonal grids, featuring subsequently size-reduced sets of periodically arranged plates with ai+1 = ½ ai. The periodic length ai is proposed to start at a1 = 256 µm and may range down to a8 = 2 µm. Intermediate steps in DXR-Lithography realization are possible. The two orthogonal arrangements allow for independent analysis of two different spatial directions, e.g., phase (spin warp) and frequency spatial encoding.
The phantom consists of a whole set of individual grids (Figure 1) of cavities or slits in a solid base material, which might consist of semiconductors, e.g., silicon, ceramics or—at best—of polymer type material. The openings are filled with an MR-visible liquid. For the quantitative detection of spatial resolution different sets i of grids with different lateral periodicity ai are to be manufactured ranging from a1 = 256 µm down to about a8 = 2 μm, e.g., in a small connected phantom of periods ai = 2, 4, 8, 16, 32, 64, 128, and 256 µm. Using intensity profiles in MR-imaging a qualitative inspection, which of the grid slits still can be differentiated, might be used for a quick estimation of the spatial resolution achieved using the specific hardware and MR-protocol. The modulation-transfer-function (MTF) may be evaluated from these phantoms using single pixel-wide profiles according to the methods described in the previous Section 2.1; Eqs 1–7. The spatial resolution in MR-microimaging and MRM may be quantitatively determined from the cut-off frequency using a criterion for the relative modulation depth (Eq. 4) or the modulation to noise ratio (Eq. 6 and Eq. 7).
Two orthogonal sets of grids allow for the independent evaluation of the spatial resolution in two different orthogonal directions with potentially two different spatial encoding methods in the plane of the slice selection: e.g., frequency and spin warp (phase) encoding as typical for 2D-FT MRI.
The height of the plates with reference to the width (aspect ratio) is very important for MRI slice selective imaging with strong anisotropic voxels, which is usually the case in standard MR 2D-FT high resolution imaging. The selected slice in optimum fits into the z-dimension of the plate (depth d of the plates), in order to profit from the full modulation depth and high SNR. For the 2D-phantoms the depth d of the periodic structures ai > 20 µm is therefore designed to be at least 100 µm. For the others ai < =16 µm the height is designed to be at least 50 µm (for maximum voxel size and SNR reasons). This design poses high demands on the lithographic fabrication process concerning achievable aspect ratios (AR), defined as ratio of depth/lateral width: [image: image].
2.2.2 Technical realization of the orthogonal grids, fabrication artefacts and restrictions
The strong anisotropy of the design structure adapted to the usually strong anisotropy of voxels in slice selective MR-microimaging poses high demands on the aspect ratios of the µm-sized structures along with aspect ratios of 50–200. Deep X-Ray Lithography (DXRL) using Synchrotron radiation with low divergence <1 mrad is in principle able to offer such µ-structural details in the µm-range using PMMA with sidewall roughness of 20–30 nm [27]. The principle of the manufacturing process is indicated in Figure 2 (see also [30]).
[image: Figure 2]FIGURE 2 | (A) Scheme of the lithographic manufacturing process with Synchrotron radiation. The thin titanium (Ti) membrane (brown) serves as a carrier for the thick structured gold mask (dark orange). The gold mask protects the underlying PMMA material from destruction by the high intensity Synchrotron X-ray exposure (blue arrows). (B) Enlargement of the CAD-design for the gold mask in the region of the smaller grid sets (a7 = 4 µm and a8 = 2 µm). For improving the mechanical stability of the thin but deep lamellae, lateral support struts at 1–2 µm size were added.
The manufacturing of the resolution phantom, as designed according to Figure 1, was set-up in several steps (see also Figure 2A).
2.2.3 Manufacturing of a high-resolution X-Ray mask
The high-resolution mask consisted of an X-Ray transparent support membrane (titanium foil with a thickness of 2.3 µm) carrying gold structures (2.2 µm thick) to absorb the synchrotron radiation during X-Ray lithography (Figure 2A). This mask allowed for subsequent spatially selective radiation of the PMMA to make it soluble for a wet chemical developer. A CAD-design was first drafted for manufacturing such a mask using electron beam lithography (EBL). The CAD-design was set-up to manufacture several (4 × 20) orthogonal grid sets ranging from a/2 = 1 µm up to a/2 = 128 µm. Consequently, after the manufacturing process several grid sets with same design had been available. Each of these grids featured at minimum 3.5 periods of the same plate thickness. In order to mechanically stabilize the thin lamellae below 4 µm thickness (at minimum 100 µm height) against tipping, small supporting struts of about 1 µm size were added perpendicular to the plate structure of the mask design (Figure 2B). They were separated from each other by about 250 µm distance in order to not impact the measurement of the image modulation depth.
2.2.4 Synchrotron irradiation
PMMA plates of 900 µm thickness were positioned with X-Ray mask on top to a Synchrotron radiation fan with a width of 100 mm and a Full-Width at Half-Maximum (FWHM) of about 4 mm. Therefore, the whole clamped package of PMMA and mask had to be scanned through the radiation fan to expose the whole design area of 60 × 20 mm2, which consisted of 80 single rectangularly arranged grid design elements (Figure 3A). The whole exposure process took around 2 h to achieve a bottom dose of around 3 kJ/cm³ in a depth of 100 µm. We used the beamline Litho 1 of the Synchrotron radiation source KArlsruhe Research Accelerator (KARA) for that purpose. The Synchrotron radiation is characterized by a small divergence which allows in principle for very steep sidewalls of the remaining PMMA (slope angle α < 1 mrad).
[image: Figure 3]FIGURE 3 | (A) Photo of a section of the structured PMMA plate with several resolution phantom grid sets. The realized grid periods ai vary between 256, 128, 64, 32, 16 and 8 µm. The scale indicates cm. (B) Macro photo of one of the phantom prototypes. Two sets of grids are arranged in orthogonal directions for independent analysis of the spatial resolution in phase and frequency encoding direction in 2D-FT MR-imaging. The largest grid with period a1 = 256 µm can be seen, e.g., at the bottom left.
2.2.5 Development of phantom grid-structures in PMMA and final preparation of prototypes
The irradiated parts of the PMMA plate were removed by dissolving in a developer consisting mainly of 2-(2-butoxy-ethoxy)-ethanol (60 vol%) and tetrahydro-1,4-oxazin (20 vol%) for 3 h (GG, developer for PMMA). An additional dissolving step with a mixture of 2-(2-butoxy-ethoxy)-ethanol (BDG) and water for 20 min followed. At the end the developed Polymethyl-Meth-Acrylate (PMMA) 3D-structure was rinsed for 10 min in deionised water for the removal of left particles and developing liquid. Final prototypes of the resolution phantoms were separated from the complete irradiated hard PMMA plate by sawing.
A macroscopic high-resolution photo of a subsection of the set of orthogonal grid series in the PMMA layer is shown in Figure 3A. A single grid set of one element containing two orthogonal grids is visualized in Figure 3B.
2.2.6 Characterization of quality, challenges and artefacts in manufacturing
A set of phantom prototypes was investigated for the achieved fabrication quality with regard to.
• achievable maximum spatial frequencies,
• plate-slit ratio: achieved lateral width of the plates in comparison to the scheduled open areas in between,
• height of the plates with reference to the width (aspect ratio) and slope,
• manufacturing artefacts and mechanical stability.
For this purpose, the subsequent analysis tools have been used: a) frontal optical microscopic image (distances were digitally gauged); b) Scanning Electron Microscopy (SEM) for more accurate measurements in distances, lateral visual inspections, e.g., for determination of the steepness of the walls, details of artefacts and PMMA-structure; c) MR-microscopy was also helpful in the evaluation of overall distances and height of the microstructures.
2.2.6.1 Evaluation of maximum achievable spatial frequency
The final implementation version featured PMMA plates/lamellae of 100 µm depth in PMMA. Stable and correctly aligned plates were observed at best down to a lateral width of 4 µm (Figure 4). This corresponds to a maximum spatial frequency of f = 1/a = 125/mm.
[image: Figure 4]FIGURE 4 | (A) Optical microscopic frontal view of the small-scale grids in the XRL phantom. Intact grids with spatial periods of 64 µm (topmost), 32, 16 and 8 µm (lowermost) were observed. The smallest correctly aligned plates featured a spatial width of 4 µm corresponding to a spatial frequency of 125/mm. Plates with even smaller thickness are not aligned parallel anymore and do lack periodicity. The slit to plate thickness ratio is close to one. (B) top High resolution optical microscopic frontal view of the smallest scale grids in the XRL phantom. The thin plates of 2 µm thickness were tilted and interfolded with neighbouring plates due to lacking mechanical rigidity. The rectangular, stabilizing bars (top side) were only capable to keep the spatial distance between the plates for lateral distances to about 10–30 µm. (B) bottom Lamellae below 2 µm thickness (a8/2 = 1 µm) at top side right border of the grid showed splitting off and destruction.
2.2.6.2 Evaluation of slit opening to solid-plate-thickness ratio
The slit width of the open area in between two plates was compared to the plate thickness using the frontal optical views at the topmost position. The ratio is relevant for the intensity modulation in the MR-image evaluation. For the bigger sized structures, the ratio was close to one; the optically derived distances for smallest aligned lamellae however showed slightly bigger slits than plate thickness, which might have been due to the focus depth of the optical microscope and therefore ranges within errors. Scanning Electron Microscopy (SEM) evaluations featured improved accuracy and resolution. They also offered the possibility for lateral views and evaluation at different depth (Figures 5, 6).
[image: Figure 5]FIGURE 5 | (A) SEM frontal view of the grid with nominal spatial period a = 128 µm in the XRL phantom. The slit opening was measured to be 63.4 µm, whilst the width of the bar was indicated to be 63.9 µm. (B) SEM frontal view of the small-scale grids in the XRL phantom. The slit width for the smallest correctly aligned plates featured a little higher distance (4.20 µm) than the solid plate thickness (d = 3.89 µm) at the surface.
[image: Figure 6]FIGURE 6 | (A) SEM lateral view of one plate/lamella (a/2 = 64 µm) for a manufacturing batch with 60 µm nominal structure depth. The actual structure depth was about 63 µm. The orientation of the massive walls against the PMMA-base plate was excellent, close to 90°. Note the small grooves at both sides at the foot of the 64 µm wide plate. Please also note, that the SEM view was obtained with a tilting angle of 30°, which results in a distortion (shortening by factor 2 in indicated scale) in depth direction. (B) SEM view of the DXRL phantom (60 µm depth) in the high spatial frequency region. The grid plates with smallest width, still aligned correctly, feature a spatial distance (a/2) of about 4 µm (aspect ratio: ≅ 15). Note the excellent slope of the rigid PMMA walls close to 90° with no measurable difference between the width at top and bottom position.
The slit-to plate-thickness-ratio (duty cycle) for the highest spatial frequency f = 125/mm amounted to 1.08. The other spatial frequencies featured ratios even closer to one. These values are considered to be excellent in comparison to other manufacturing technologies.
2.2.6.3 Aspect ratio and slope
The height of the plates with reference to their width (aspect ratio) could only be checked using lateral views available with SEM for low lithographic depth of about 30 µm in first batches (Figure 6). The full depth was evaluated in the final batch (depth ≅ 100 µm) using MR-microscopy lateral (sagittal) views.
In etching based lithographic technologies usually the lateral open areas (slit opening) in between the massive bars on top of the structured grids feature a broadening with comparison to the bottom deep areas due to the different time of the lateral etching process. This results in non-rectangularly formed plates and a slope of the side walls deviating from 90°. Using DXRL no differences between top and bottom width of the grid lamellae/plates could be detected within measurement accuracy (slope = 90°). In this work the depth (height) of the massive plates in the different grids was evaluated to be d ≅ 100 µm using MRM. Thus, the highest aspect ratio (AR) was achieved for the intact correctly aligned and mechanically stable plates of 4 µm width: AR = 100 µm/4 µm = 25. The SEM views demonstrated, that smaller lamellae can be obtained in principle by DXRL, but these have not been mechanically stable for the specific phantom design with high lamellae length at 100 µm depth demonstrated by the tilting against each other (Figure 4B and Figure 6B).
2.2.6.4 Artefacts and mechanical stability
The main technological problem in manufacturing of the highly anisotropic grid structures was represented by the mechanical stability of the thin lamellae beyond about 4 µm thickness (Figure 6B). The consequence of the mechanical instability resulted in bowing of the thin plates at 2 µm thickness (Figure 7A). This results in non-aligned parallel plates, such destroying periodicity. The even smaller lamellae tilt against each other and glue together when being flushed with developer liquid. This artefact could already be observed in the optical frontal microscopy views (Figures 4A, B). More details could be observed in the high-resolution SEM images (Figure 7A).
[image: Figure 7]FIGURE 7 | (A) SEM frontal view of the section with grid of high spatial frequency. The smallest usable aligned plates featured a width a/2 = 4 µm. The smaller lamellae (2 µm) bowed and tilted against each other destroying periodicity or even miss opening in between. Stabilizing bars rectangular to these lamellae have been implemented in the design (top), but these were only able to keep alignment of the plates on lateral distances of about 10–30 µm. (B) Overview frontal SEM image of a well performing phantom. The grids shown range with periodicity a in between ai/2 = 128 μm, 64, 32 16, 8 and 4 µm. All of them could be used for quantitative evaluation of the MTF [here in x-direction (left-right)]. The smaller ones exhibit bowing and non-aligned lamellae.
For the very thin lamellae below 2 µm width, additional bars rectangular to the plane of the lamellae are added to mechanically stabilize height and distance. This principle worked but only for lateral distances of about 10–30 µm length.
There had been differences in the quality of the final phantom grids, some of them showing hardly any destruction in the outermost lamellae. The areas close to the stabilizing rectangular bars could in principle be used to check spatial resolutions with f = 250/mm or even 500/mm in the direction rectangular to the stabilized lamellae (e.g., x-direction), if the associated lateral (y-) pixel size would be chosen to be smaller than the bowing distance, for example, in the shown example: about 5–10 µm.
A frontal overview of a well manufactured prototype is shown in Figure 7B. Note the excellent parallel alignment of the grid plates down to lamellae of 4 µm width, corresponding to spatial frequencies of f = 125/mm at about 100 µm height. According to our knowledge this frequency is sufficient for checking the spatial resolution of all commercially available MRM systems.
2.3 Aspects of phantom sample preparation for optimum quantification of resolution in MRI-microimaging
Please note that the PMMA structure cannot be visualized directly as the T2-relaxation time is too short for standard MR-spin echo encoding. Therefore, the final phantom was designed such that the solid PMMA-grid is open to at least two different lateral directions. This design allows for the quick entering of the MR-visible liquid, for instance water or silicon oil. The prototype phantom grids were positioned inside of a small glass tube (inner diameter di = 4 mm), which was filled with silicon oil instead of water in order to avoid the disposition of air bubbles especially in the small slits, often observed for water fillings (Figure 8). Water, in general, exhibits high dielectric permittivity (with reference to silicon oil) related to low wavelength of the used radiofrequency fields in MRI, which might result in dielectric resonances and B1 inhomogeneity artifacts for large body phantoms [31]. However, this feature of water represents no problem for the usage of small sized phantom containers as proposed here. The fixation of the PMMA grid phantom plate was performed by styrene foam, as we observed movements of some of the tiny grids during the measurements.
[image: Figure 8]FIGURE 8 | Macroscopic photo of the final resolution phantom in a small glass tube (inner diameter di = 4 mm). The PMMA-layer with the two orthogonal grids is embedded in silicon oil, which acts as MR-active filling liquid in the slits. The resolution phantom is fixed in this prototype design using a styrene foam showing air bubbles at right hand side (scale numbers indicating cm).
2.4 MR-microimaging and microscopy
2.4.1 Hardware and MR-protocols
MR-microimaging and MRM for checking the suitability of the manufactured prototype test pattern was performed on a high-field (7 T) human MR-scanner (Siemens Magnetom 7T) equipped with a prototype strong gradient system (G = 750 mT/m) and sensitive radio-frequency detectors (rf-coils) [12].
A slice-selective (2D-FT) Turbo-Spin-Echo (TSE) sequence (“tse2d1_10”) with different spatial encoding in the two orthogonal directions (frequency (x) and phase encoding (y)) was evaluated using different nominal spatial resolution with PS = 78 × 78 μm2 down to PS = 31 × 31 μm2 in-plane and a slice thickness of 120 µm (Figure 9).
[image: Figure 9]FIGURE 9 | (A) In-plane (coronal) slice selective MRM-scan (pixel-size ps: 78 × 78 μm2; slth = 120 μm; Matrix Mtx: 64 × 128, FOV: 5 × 10 mm2). Only the grid with periodicity a1/2 = 128 µm can be detected in frequency (x) and phase encoding direction (y). The smaller ones cannot be resolved. From qualitative inspection the resolution of the MR-scan is proved to be at minimum 128 µm. (B) MR-axial scan of the phantom used as localizer for accurate placement of the MR-excited slice in the plane of the 2 orthogonal grids. The transverse (axial) scan crosses the vertical grid and thus allows for positioning of the slice. (C) In-plane slice selective MRM-scan (Voxel-Size VS.: 50 × 51 × 120 μm3). Mtx: 96 × 192, middle of 3 slices, phase encoding direction: (y). Only the grids with half periodicity ai/2 = 128 μm, and 64 µm can be differentiated. The smaller ones cannot be resolved. From qualitative inspection the resolution of the MR-scan is proved to be at minimum 64 µm. Note the apparently lower modulation depth for the second slit of the a2/2 = 64 µm grid in phase-encoding (y-) direction which appears at lower intensity than the other maxima due to partial volume coverage of the tiny slit by the neighbouring pixels. (D) In-plane (coronal) slice selective MRM-scan (ps: 39 × 39 μm2, slth = 120 µm). Mtx: 128 × 256, middle of 3 slices, phase encoding direction: (y). Only the grids with periodicity a1/2 = 128 μm, and a2/2 = 64 µm can be differentiated. The partial volume coverage artefact, as observed in (C) for one slit in phase encoding direction disappeared. The smaller grid lamellae cannot be resolved. From qualitative inspection the resolution of the MR-scan is proved to be at minimum 64 µm.
3 MAGNETIC RESONANCE EXEMPLARY EVALUATION
3.1 Quality control on spatial resolution: Procedure for qualitative check
A quick qualitative determination of the spatial resolution might easily be obtained from a visual inspection of the MR-image. An example of such an evaluation is shown in Figure 9.
Firstly the reference slice is carefully aligned with the plane of the two rectangular grids (see Figure 9B). Using a 64 × 128 Mtx a pixel size of 78 × 78 μm2 for the microscopy regime is obtained (Figure 9A). The grids with periodicity a down to a1/2 = 128 µm can be differentiated. A minimum resolution of 128 µm can be proved for both frequency (left-right) and phase (top-bottom) encoding direction for the Turbo-Spin-Echo sequence (band-width bw = 100 Hz). However, the single lamellae at lateral width and distance of 64 µm of the grid with half periods a2/2 = 64 µm cannot be differentiated any more.
Increasing the matrix size to 96 × 192 at similar FOV (4.8 × 9.8 mm2) results in smaller pixels (50 × 51 μm2). The nominally higher resolution can be proved by qualitative inspection of the MR-microscopic images (Figure 9C). The slits with a2/2 of 64 µm in phase (y-) and frequency encoding (x-) direction can be differentiated. Please note, that two slits of the grid lamellae in phase encoding direction can hardly be separated due to partial volume coverage of the neighbouring pixels. Such an appearance is typical for a case when the pixel size approaches the grid pattern with regard to size (Moiré-effect). It is hardly observed any more, if the pixel size is further reduced to, e.g., ps: 39 × 39 μm2 (Figure 9D).
3.2 Quality control on spatial resolution: Procedure for quantitative check
The procedure is explained on the example of an MR-microscopic image (pixel size ps: 31 × 31 μm2, Mtx: 160 × 320, 3 slices, slth = 120 μm, TA = 96 s, bw = 100 Hz) positioned in the plane of the grid (coronal) using a slice selective Turbo-Spin-Echo sequence (TSE) with phase encoding in y- and frequency encoding in x-direction (Figure 10).
[image: Figure 10]FIGURE 10 | 2D-FT MR-scan with slice selective excitation in the layer of the 2 orthogonal grid sets (cor, VS.: 31 × 31 × 120 μm; Mtx: 160 × 256). The grid with a3/2 = 32 µm is difficult to be detected. For quantitative evaluation using the MTF the path of a profile of 1 pixel width for the evaluation of the modulation depth (Figure 11B) in frequency encoding direction (x: left-right) is indicated. The noise is calculated as standard deviation σ in a ROI close to the profile outside of the grid (σ = 73.4).
The example demonstrates a case where a) the pixel size (31 µm) is close to one of the grid modulations periods (a3/2 = 32 µm) and b) the modulation to noise is rather low (signal to noise ratio ≅ 672/73 ≅ 9 for the signal originating from the largest grid).
The modulations are determined as mean values of differences between the separate maxima and minima in intensity (Imax-Imin) for all of the 4 periods with the same spatial slit distance. For the grid-period featuring a slit width (a/2) close to the pixel size only the maximal 2 amplitudes (1 maximum 2 minima) are evaluated [14] due to the problem of possible unfavourable phase shifts between pixel grid and phantom grid (Moiré-pattern effect, see subsection below). Table 1 indicates the measured modulation depth from the profile using Imax-Imin data from fig. 10 and 11. For the low spatial frequencies also a systematic regression analysis using sine functions may be used. (Figure 11 blue and green colour lines). The data is normalized to the modulation Imax-Imin (K=2π/256 µm) of the lowest spatial frequency.
TABLE 1 | Calculated data for the modulation depth originating from a single line profile (Figure 10 and Figure 11). The noise criterion level is calculated from Eq. 7 from the noise defined for practicability as the standard deviation (s = σbackground) in a Region of Interest (ROI) outside of the grid but close to the path of the profile (σbackground = 73.4).
[image: Table 1][image: Figure 11]FIGURE 11 | Intensity profile along the path indicated in Figure 10 for evaluation of the relative modulation depth and the MTF. Evaluated regions for determination of maxima and minima are indicated by colour encoded lines (fit data for modulations with high SNR are plotted). The profile line is only one pixel wide (31 µm) and features a modulation to noise ratio for the lowest spatial frequency (left) MNR(K=2π/256 µm), ≅ 9.2.
The normalized data on modulation variation with spatial frequency is visualized in Figure 12 as plot of the modulation-transfer function.
[image: Figure 12]FIGURE 12 | Normalized Modulation transfer function (MTF). The modulation of the signal intensity normalized to the signal modulation at lowest spatial frequency M/MK=Kmin (Table 1; Figure 11) is plotted vs. the spatial frequency f. A sigmoidal function (4 parameter fit) describes the data well and may be used for the evaluation of the cut-off frequency corresponding to the two different resolution criteria by interpolation. The resolution criterion level (50%-MTF level: fcut-off50% = 14.5 line pairs/mm) is indicated by the dashed horizontal black line. The Modulation-to Noise-criterion (Mcrit = kp √2 σnoise/<Imax-Imin>; kp = 2) is also shown as red dashed line (fcut-off_noise = 19.40 line pairs/mm).
The cut-off frequency fcut-off, 50% = K50%/2π can be determined from the regression analysis (sigmoidal fitting curve in Figure 12) reading the spatial frequency on x-axis for the 50% level for the MTF (black horizontal dashed line): fcut-off, 50% = 14.5 line pairs/mm. This spatial frequency corresponds to a half period a/2 = 34.5 µm.
The cut-off frequency for the modulation to noise criterion (Eq. 7) results in a higher spatial frequency: fcut-off, noise = 19.4 line pairs/mm corresponding to a half period a/2 = 26 µm close to the phantom slit width of 32 µm. For this reason, the grid (slit width 32 µm) still can be qualitatively detected by visual inspection (Figure 10), though in single line profiles the modulation disappears for some slits (unfavorable pixel position to slit-bar position and low SNR).
4 DISCUSSION
Quality control regarding the spatial resolution in MR-microimaging and MRM was mainly performed by qualitative inspection using objects with known structural sizes in the range of the assumed spatial resolution, mostly close to the pixel size, e.g., tiny polymer beads [32]. The relevance of the concept of the MTF and Point Spread Function (PSF) for describing principal limits in spatial resolution in MRI has long been recognized [17,33]. Systematic investigations based on the MTF however, have been rare and, when performed in the context of MR-microimaging or MRM, have been mainly relying on lithographically etched structures using silicon wafer material as available for microelectronics [11,26].
Pixel sizes down to 1 × 4 μm2 have been reported [26] using an experimental MR-microscopy system with strong gradients (G = 12 T/m). The authors also indicated the necessity for tools for proving spatial resolution up to this 1 µm regime. They indicated their limitation to letter lines of 3 μm at 75 µm depth. The corresponding MR images were characterized by high slice thickness and anisotropic voxels (∆V = 1 × 4 × 75 µm3). Two lines of 5 µm width were resolved. The same authors also reported about the difference between pixel size and spatial resolution and the challenges in the manufacturing of resolution phantoms and objects with strong anisotropy necessary for high slice thickness and SNR. Their approach for manufacturing of phantoms with advanced deep lithographic etching processes was based on anisotropic plasma etching in silicon.
With difference, we demonstrate the use of an alternative deep anisotropic lithographic method based on Synchrotron irradiation (DXRL) for the manufacturing of sets of orthogonal grids.
Technical realizations featuring a full set of grids with varying spatial frequencies were restricted in structural depth mainly due to the limited aspect ratio achievable in standard lithographic etching processes, as an example to about 32 µm slit width at about 160 µm structural depth (AR ≅5) [11]. High aspect ratios (ratio of lateral structural width to structural depth) in small grids allow for the positioning of MR-selected slices within the grid plane and simultaneous QC on spatial resolution in two independent spatial directions. In standard 2D-FT imaging these are connected to different spatial encoding principles, i.e., phase and frequency encoding. The possibility for in plane detection of two orthogonal grids at high structural depth allows for high SNR due to the higher voxel size even, when single, one pixel wide profile lines are used. Moreover it opens potential for the adjustment and increase of the SNR by the selection of broader line profiles.
Apart from lateral etching the use of silicon phantoms may also suffer from the inherent magnetic susceptibility difference between the silicon material and the MR-visible liquid. In MRI QC the liquid chosen is usually a water solution with added paramagnetic salts for reducing the repetition time TR and subsequently the measurement time. The susceptibility difference might result in spatial magnetic field fluctuations resulting in spatial distortions dependent on the phantom and its orientation to the magnetic field. Such phantom-induced spatial distortions due to susceptibility differences increase with magnetic field strength. Silicon based resolution phantoms might, therefore, not be ideally suited for MR-microscopy, which is typically performed on high magnetic field magnets in order to benefit from increased signal to noise ratio.
Both of these restrictions are overcome using PMMA phantoms fabricated by DXRL [34] along with chemically inert silicon oil used as an MR-visible liquid, which also is less sensitive to air bubble appearance than water solutions.
The structural draft was designed for the very challenging minimum structural width of 1 μm at 100 µm depth (AR = 100). Actually, aspect ratios of AR = 4 µm/100 µm = 25 at very steep side walls along with high duty cycles could be achieved using the very low divergence of the Synchrotron radiation for structuring the PMMA polymer down to 4 µm sized plates (lamellae). The main restriction in the manufacturing of the phantoms was represented by the mechanical stability of the thin lamellae plates below 4 μm at height of 100 µm. SEM and OM results showed that the lateral stabilization by bars rectangular to the grid lamellae was successful only to lateral length of about 30 μm at maximum, nevertheless thus confirming the effectiveness of the supporting tiny side bars with regard to the mechanical stability in principle. Future realizations with thin bar width at about 30 µm interval distance could permit the production of grids with 4 µm slit width or even smaller plates.
The phantom application was demonstrated for several examples of protocols with QC for spatial resolution on a microscopy insert to a high-field 7T human scanner. A quick qualitative check of spatial resolution in two different spatial directions for phase and frequency encoding could be performed in the microscopy regime (ps < 100 µm) at the same time using a coronal or sagittal slice positioned within the plane of the grid. The spatial distortions due to susceptibility differences are small even at low bandwidth for this phantom. Also, the procedure for the quantitative evaluation of the interpolated MTF of an MRM TSE protocol was demonstrated on principle within an example of low SNR. The cut-off frequency for a predefined modulation threshold (50%) has been determined by interpolation of the discrete MTF evaluations. In addition, the spatial resolution, limited by the modulation-to-noise (MNR) criterion, could be determined using the MTF graph with inserted noise level indication. From our experience there might be some practical problems, inaccuracies and uncertainties in quantitative evaluations on grid structures with regard to the proposed MTF procedure, which are shortly discussed below.
4.1 Pixel position with reference to grid modulation (Moiré-pattern effect)
In unfavourable situations, when pixel size is close to the smallest slits, one pixel might be positioned such that ½ of it is covering a massive bar (no signal) and the other half is situated in the slit with the MR-active liquid (max. signal); the next pixel might experience a similar situation. In such a case (phase difference between the pixel grid and the phantom grid Δϕ = π/2) there is hardly any difference in signal observed (medium grey level for both pixels: the modulation disappears for neighbouring pixels (M = 0). If these pixels would be shifted by half the slit width against the grid such that the phase shift between the pixel and grid pattern vanishes (Δϕ = 0), the modulation could be maximal (one pixel covering the slit, the next pixel covering the bar): Mth = 1 (problem of dependence of modulation depth on the phase difference between pixel grid and phantom grid modulation phase: aliasing or Moiré-effect).
This effect might be effectively reduced by slightly tilting the profile path against the investigated encoding direction. The procedure results in a varying phase shift for the 4 different slits and the modulation for the slit and bar with maximum modulation depth may be evaluated as proposed in [14].
4.2 Noise overlay on modulation
For quantitative evaluation of the modulation depth the evaluation of intensity maxima Imax and minima Imin does include the additional contributions of the noise. A quantitatively potentially more precise procedure would therefore include a regression analysis (fitting) of the periodically modulated intensity by a set of periodic rectangular functions for the amplitudes including a constant intensity offset y0 and a phase fitting parameter for each spatial frequency of the phantom grid (Ki = 2π/ai) thus removing noise fluctuations. However, this approach fails if the pixel size approaches the grid pattern half period due to aliasing (Moiré-effect). In practice the influence of noise on the measurement might be reduced by averaging of the several different maxima-minima differences in order to obtain a mean modulation for all of the 4 slit bar periods.
4.3 Interpolation inaccuracy
The cut-off frequency is determined using a regression analysis for the discrete Ki measured MTF data and interpolation from this fitting procedure. The evaluation is subject to errors in the indiviudal modulation measurement. The measurement of modulation is limited to discrete spatial frequencies and interpolation might not accurately represent actual modulation values. The interpolation related inaccuracy could be improved using smaller steps ΔKi, e.g., by adding a grid with slit width of 48 µm in between 32 and 64 µm width or adding in design two sets of grids in parallel, one starting at a1/2 = 128 µm (64 32, … 4 µm) and the second starting at 96, 48, … 2 µm. However, this 2-grid solution demands for two profiles for the improved discretized MTF evaluation.
The investigated prototype phantom offered maximum spatial frequencies corresponding to the 4 µm slit width (f = 1/(8 µm) = 125 mm−1, 125 lp/mm) in manufacturing, which would have been sufficient for presumably more than 99% of the published MR-microscopy reports.
4.4 Position of slice and ROI for MNR evaluation, B1-inhomogeneity
The measurement of noise, estimated by the standard deviation in a ROI outside of the MR visible object, might be varying with the position of the ROI. An example might be represented by sensitivity encoding with several rf-coils as the noise might depend on the distance to the most relevant rf-sensor. Each MRI-sensor (rf-coil) features a local sensitivity distribution. This might result in a local variation of signal intensity and modulation. We therefore propose, to position the ROI for noise measurement as close as possible to the measured modulation profile (see comment in the legends of Figure 10).
The slice should be positioned as accurately as possible in the level layer of the grid. Otherwise, the measured image and profile could pass regions outside of the grid resulting in additional offset intensity with a) positive sign (if the image slice is located above the grid in the MR-active liquid) or b) negative if the slice is located in the massive plate giving no signal to modulation. The necessity for accurate positioning is especially relevant, if the slice thickness approaches the grid height.
4.5 Sample dependent spatial resolution
We would like to point within this discussion also to a more general aspect of QC on spatial resolution: the impact of sample specific characteristics on the capability of an MR-imaging system to differ spatially between neighboring objects.
There are several physical and chemical properties of the sample itself, which might have impact on the spatial resolution of an MR imaging device (see, e.g., [5,35]). These are for instance: the magnetic susceptibility and its inhomogeneity, the chemical environment of the detected 1H-nuclei (chemical shift difference between neighboring voxels), the diffusivity of the molecules, the molecular mobility, the MR-signal dephasing, characterized by T2* with regard to the linewidth of the spectral signal and the signal decay by T2 in Multi-echo-encoding pulse sequences. Though the discussion of all of these factors is beyond the scope of this article, we would like to demonstrate this impact by an example:
We might consider the extreme case of porous media, where magnetic susceptibility differences between the solid material and the enclosed liquids or gases are estimated to result in internal magnetic field gradients Gint up to few 10ths of T/m [36]. Such strong internal gradients result in high linewidth (lw ≅ γ Gint ∆x) for the individual volume at interest at pixel size ∆x and very short T2* decay of the MR-signal. Assuming a pixel size and distance of 10 µm and an internal sample specific field gradient Gint = 20 T/m for the extreme case of a porous rock media, a high linewidth of the MR-signal (lw ≅ 8.52 kHz/pixel) is expected. Even maximum available gradient hardware on special microscopy systems as, for instance, featuring a gradient strength G = 12 T/m [26], are not capable to separate these two pixels at 10 µm distance in frequency encoding direction (not considering limitations due to the necessity for quick acquisition of data during the fast signal decay).
The actual achieved spatial resolution in MRI (close to the limits of an apparatus) might be sample specific (as is the case for other imaging modalities) and the spatial resolution in vivo on humans might differ between regions close to “porous media” like the lung or close to the ear channel and homogenous (with regard to B-field) regions, e.g., the cerebellum in the human brain. A typical linewidth in human tissue after shimming is in the order of 70 Hz, similar to the linewidth we have measured for the resolution phantom with silicon oil (lw ≅ 65 Hz).
Actually, this sample specific aspect represents the reason, why phantoms with defined MR-relevant properties and low magnetic susceptibility differences are proposed for QC on spatial resolution and recommended in guidelines for QC on spatial resolution [14–16]. Strong susceptibility differences resulting potentially in strong magnetic field local gradients are present around air bubbles in water and should be avoided in phantoms for QC for geometric accuracy or spatial resolution. For avoiding air bubbles and susceptibility differences we used silicone oil, which - in connection to the PMMA material - resulted in a low value of the spectral linewidth of the phantom.
The availability of a standardized resolution phantom, without necessity for dealing with varying biological tissue characteristics with impact on resolution, facilitates the systematic improvements and optimization of MR-scanner hardware, pulse sequences and even MR protocol optimization. With regard to spatial resolution the phantom, in principle, allows to study not only the impact of gradient performance, e.g., strength and switching behavior, but the influence of most of the multifold factors originating from the individual local specific MR-apparatus installation. This includes the impact of main hardware components, magnetic field (B0-) homogeneity, rf-transmission and reception (rf-coils), postprocessing of data including nominal resolution enhancement by Deep Learning and AI-routines. Even MR-protocol parameters (like shimming protocols, bandwidth, Turbo factors in TSE, EPI-factor, GRAPPA factor, fast, and slow gradient switching) usually adjustable by the operator on the MR-scanner might be evaluated for their impact on the spatial resolution of the image.
Consequently, the described phantom might be a very useful tool for optimizing MR-protocols for improving resolution in the microimaging range, available now also on clinical MR-scanners. In addition, the microscopy range of animal scanners and even hardware performance of the best performing MR-microscopy scanners could profit from such a resolution phantom. We wish to offer these phantoms for systematic QC to interested users for research and resolution improvement on their specific MR-scanner, if we are asked for, as long as already manufactured phantoms are available.
4.6 Perspectives for usage with other imaging modalities
In principle the manufactured phantoms, prospectively, can also be used for other high-resolution imaging methodologies, for example, µCT [22, 23, 24] or Optical Coherence Tomography (OCT) [37]. There are options for varying the contrast in these imaging modalities by adding different add-ons to the MR-visible liquid. Such a resolution phantom for MR-microscopy and perspectives for other imaging modalities did not yet exist.
5 SUMMARY AND CONCLUSION
A phantom design for the quality control on spatial resolution in MR-microimaging and microscopy is proposed. In specific the grid test structure is designed for the qualitative inspection based on the minimum distinguishable grid pattern and the quantitative measurement of the MTF for spatial resolution up to 500 lp/mm. Several prototypes, specifically designed for slice selective 2D-FT encoding, were manufactured using the extraordinarily high aspect ratios available with Synchrotron based Deep X-Ray Lithography (DXRL) in the polymer PMMA. They were checked for the achieved maximum spatial frequencies, aspect ratio and duty cycle using optical and electron microscopy. A minimum slit width (amin/2 = 4 µm) at about 100 µm lamellae depth was achieved corresponding to 125 lp/mm.
This phantom for QC allows for a quick qualitative check on spatial resolution in two independent spatial encoding directions at high SNR due to the usability at high slice thickness with small pixel sizes as typically used for 2D-FT slice selective MRI. Examples for visual qualitative inspection are shown for several MR-protocols with pixel size in the MR-microscopic regime (ps < 100 µm).
A simple physico-mathematical practical procedure is proposed for MR-evaluation for deriving a quantitative number on spatial resolution based on the MTF. The critical level of modulation for defining a resolution criterion is fixed and the practical method for the evaluation of the cut-off frequency is shown. In approaching visual impressions on spatial resolution in images an additional criterion derived from the modulation depth to noise ratio (MNR) is suggested. Two different spatial encoding methods (e.g., frequency and spin warp encoding) can be evaluated using one single MRI measurement of this prototype phantom. The evaluation is demonstrated on the example of a slice selective fast Turbo-spin-echo (TSE) MRM protocol with low SNR. The spatial distortions due to susceptibility differences are considerably low with comparison to silicon based phantoms with water from our experience, thus offering best performance also for high field MR-scanners. The prototype phantom not only offered the possibility for a quick qualitative visual impression of the spatial resolution via grid pattern differentiation but also allows for the determination of quantitative numbers on the spatial resolution. Though the envisaged minimum structural size of 1 µm in the realized specimen could not be achieved, the developed prototype offers already unique possibilities for the quantitative evaluation of 2D spatial resolution within QC in slice selective 2D-FT imaging for commercial preclinical and prototype research MR-microscopy systems.
Due to the improvements in hardware, effective spatial encoding by small rf-coil arrays and high sensitivity achieved especially at Ultra-High-Field human MR-scanners the microscopic range with pixel size below 100 µm becomes more relevant for the early medical diagnosis of pathologies and already has been reached in specific applications. The quantitative proof of the actual spatial resolution and improvements might be achieved using the described phantom or similar designs not only for preclinical high-resolution MRM, but also for such UHF human scanners. DXRL is especially suited for the anisotropic voxel sizes typical for slice selective 2DFT.
The proposed phantoms might also be used for systematic improvement of MRI hardware for spatial encoding, pulse sequence optimization and adjustment of MR-protocol parameters. In principle the manufactured phantoms prospectively can also be used for other high resolution imaging methodologies as, for example, µCT or optical coherence tomography (OCT). Such a resolution phantom for MR-microscopy did not yet exist.
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