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Purpose: To develop a method for constructing customizable, multimodal quality control (QC) imaging phantoms based on 3D printing technology.

Materials and Methods: Four phantoms were designed and constructed through 3D printing technology using three unique printing materials. Physical parameters of the 3D printed materials were evaluated, including density, shore hardness, porosity, deformation temperature, computed tomography (CT) number, absorption coefficient, and printing accuracy. Imaging performance of the phantoms was studied using MRI, CT, PET/MR, and PET/CT, and compared with conventional/commercial phantoms. Imaging assessments included high contrast resolution, low contrast resolution, uniformity, deformation, SNR, slice accuracy/slice thickness, location accuracy/laser alignment, CT number, relaxation time, and registration.

Results: All three printing materials have a shore hardness of 90. The physical densities of these materials are 1.15 g/cm3, 0.76 g/cm3, and 1.27 g/cm3, respectively. The porosities are 9.09, 6.81, and 18.56%, respectively. The threshold temperature of deformation for the three materials is >105°C, which is higher than that of PMMA and silica gel. Imaging scans of the constructed phantoms for single modality scanners (MRI and CT) and dual-modality scanners (PET/MRI and PET/CT) were compared with those of the commercial phantoms. The standard deviation of the HU value uniformity test was <3 HU for CT scans.

Conclusion: 3D printed medical imaging phantoms allow for rapid, customized phantom fabrication for clinical situations across single and dual modality imaging platforms. Further imaging parameter analysis is underway to provide more quantitative evaluation of the proposed phantoms.
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INTRODUCTION

Medical imaging quality assurance (QA) and quality control (QC) is facilitated by well-designed physical phantoms [1–4]. Most imaging phantoms are designed for a single imaging modality, such as those accredited by the American College of Radiology (ACR) and American Association of Physicists in Medicine (AAPM) specifically for computed tomography (CT), positron emission tomography (PET), or magnetic resonance imaging (MRI) [5, 6]. Standard phantoms are conventionally manufactured through molding or machine manufacturing [7]. While common commercial production methods, such as engraving holes in poly methyl methacrylate (PMMA) cylinders for CT phantom spatial resolution testing, are suitable for mass production, this approach offers limited flexibility for phantom customization for multimodal imaging QA/QC applications.

The decreasing cost of 3D printing technologies and material development has resulted in the ability to fabricate custom-designed, 3D printed multi-modality imaging phantom as a viable alternative. Commonly used 3D printing technologies include fused deposition modeling (FDM), stereo lithography appearance (SLA), and three-dimensional printing and gluing (3DP). A combination of materials can be used simultaneously for constructing a customized object using 3D modeling software. Such applications have been extensively explored for medical devices in the health industry thanks to the ease of rapid device prototyping and broad geometric printing flexibility [8–10]. For example, 3D printing technology has also been used for constructing phantoms for simulating human/animal anatomies [11–14], image quality evaluation and assurance [4, 15–19], radiation dose measurement, and other applications [20–26].

Standard imaging phantoms are compatible with a single imaging modality. The development of hybrid imaging such as MRI, CT, PET/CT, and PET/MR resulted in increasing demand for QA phantoms that are compatible with multiple imaging modalities to reduce cost and enhance ease of use [5, 6, 14, 19]. There are relatively few studies addressing multi-modality imaging QA phantoms using 3D printing [15, 16, 19]. Bieniosek et al. designed and printed a PET/MR phantom with improved spatial accuracy and reduced processing cost compared with commercial alternatives [15, 16]. However, this phantom had limited applicability due to its simple structure and limited testing parameters. Previous work from our group introduced 3D printed mouse models and a breast phantom compatible with CT, MRI, or ultrasound imaging QA [13, 27].

Based on our previous experience in fabricating and 3D printing multi-modality phantoms, the present study aims to (1) develop 3D-printed QA phantoms with custom-designed modules for single modality scanners (CT and MRI) and/or dual modality scanner (PET/MR and PET/CT) imaging evaluation capacities; and (2) evaluate imaging quality based on spatial resolution, contrast, geometric deformation, and uniformity. The overall goal is to explore cost-effective and customizable solutions for fabricating multi-modality imaging phantoms using 3D printing technology.



MATERIALS AND METHODS


3D Printers and Phantom Materials

Three 3D printers were used in this study, including FDM (Objet Uprint Se, Stratasys, USA), SLA (Pangu, 4.0, Meditool, China), and Polyjet (Objet Connex 350, Stratasys, USA) printers. FDM 3D printing is accomplished through layer-by-layer deposition using a nozzle that moves in an x–y direction while extruding melted materials, i.e., Acrylonitrile butadiene styrene (ABS) or Polylactic Acid (PLA). SLA prints 3D objects layer-by-layer using a laser to activate a liquid photosensitive resin. Polyjet prints 3D objects layer-by-layer using a nozzle to extrude a photosensitive polymer material, which is then activated to polymerize using an ultraviolet lamp. Three printing materials were used for phantom construction. ABS P430 (Stratasys, USA) was used for phantom substrate and the external shell. SLA resins, Verowhite (Stratasys, USA), and MDT-white (Meditool, China) were used for phantom cylindrical inserts, i.e., CT number inserts, resolution inserts, etc.



Physical Characteristics of Phantom Materials

3D printed phantoms' physical stability, radiographic tissue equivalence, and geometry accuracy were evaluated for three materials (ABS, Verowhite, and MDT-white). An assessment of these materials' physical characteristics included density, shore hardness, porosity, photon absorption coefficient, CT number, and deformation temperature. The corresponding parameters of PMMA and silica gel were also measured and compared as reference, as they are conventional materials used for commercial phantoms.

Porosity was tested using a 0.5T desktop nuclear magnetic resonance (NMR) analyzer (PQ001-025V, Niumag analytical instrument corporation, China) and Carr-Purcell-Meiboom-Gill (CPMG) pulse sequencer. The test sample was 1.0 cm3 in size and was soaked in water for 24 h prior to testing. T2 values of the materials were compared between immersion and desiccation.

The porosity measurement method references the measurement of water penetrance in rocks [28, 29].
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in which V is the pore volume, A is the surface area, T2B is the relaxation time of the surrounding water, and ρ2 is the surface relaxivity, which are dependent on the relaxation rate A. Water relaxation is negligible compared to the surface relaxation ([image: image]), thus T2 reflects the average [image: image]for a pore,
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Consequently, T2 of the standard cutoff value is larger than the water in a drained pore. Thus, the compared ratio Porosity can be used to express the porosity of the materials, as described in Equation (3):

[image: image]

Shore hardness was measured with a hardness tester (Shore D Durometer, WHS-D, Wolpert, China). The thermal deformation temperature was determined when the material sample was heated with a Vicat Softening Temperature (VST) tester, which is a commonly used instrument for testing softening point temperature of plastic [30]. The test process is shown in Figure 1.


[image: Figure 1]
FIGURE 1. The test process of the material samples. (a) Placing material cubes (pointed by the red arrow) in the NMR for porosity test; (b,c) locking the samples (pointed by the red arrow) in the VST tester for deformation temperature assessment.


Material photon absorption coefficients were measured using a Digital Radiography (DR) (CXDI-55G, Canon, Japan) and ion chamber (PTW31033, PTW, Germany) at 70 and 120 kV. Material CT numbers were measured using a CT scanner (Brilliance-ICT, Philips, Netherlands) with 120 kV and 260 mA. The geometric accuracy of 3D printing was validated by measuring the slab thickness of a single layer printed with MDT-white, ABS P340, and Verowhite materials using the screw micrometer (Links, HMCT Group, China).



Phantom Structure Design

The phantom structure was designed using AutoCAD (AutoCAD 14, Autodesk, USA) and 3D Builder (3D Builder, Microsoft, USA), based on the QC guidelines from AAPM, ACR, and the National Electrical Manufactures Association (NEMA) for CT, MRI, and PET, respectively [31–34]. A novel modular insert design was used so that imaging QA components can be selected and customized based on the QC tests indicated for the different imaging modalities (CT, MRI, and PET), as shown in Figure 2a. The maximum number of phantom imaging layers is dictated by the dimensions of the internal cylinder shell. Phantoms can also be engineered such that the outer cylindrical shell is transparent, such as shown in Figure 2b, where the shell was made through conventional subtractive manufacturing with PMMA material. Inserts were optimized for stability and easy indexing/assembly by adding peripheral support posts. Figure 2c shows an example of a digital design of a phantom internal insert used for MRI modulation transfer function (MTF) test. Figure 3 shows the phantom schematic design, the module layers, and the size of the module/phantom can be customized as desired.


[image: Figure 2]
FIGURE 2. (a) Shows a schematic of the phantom model. (b) Shows a phantom design with internal layers and inserts in a transparent shell (PMMA). The peripheral support posts can be seen along the periphery of the phantom (blue, pink, and red components). (c) Shows a schematic of a star-shaped phantom internal layer designed for modulation transfer function (MTF) evaluation for MRI.



[image: Figure 3]
FIGURE 3. Phantom schematic design. (a) Shows the optional combination of 3D-printed test inserts and conventional PMMA shells; (b) shows the optional combination of entirely printed test inserts and shells.




Phantom Insert Design

Preliminary phantom assessment was performed by testing high contrast resolution, low contrast resolution, uniformity, deformation, signal-to-noise ratio (SNR), slice accuracy/slice thickness, location accuracy/laser alignment, CT number, relaxation time, and registration across various imaging platforms. Specific imaging modules were designed to test the above parameters, such as MTF star module (Figure 4A), layer thickness module (Figure 4B), line-pair high contrast resolution (Figure 4C) and low contrast resolution modules (Figure 4D), geometric distortion module (Figure 4E), and location accuracy/laser alignment module (Figure 4F).


[image: Figure 4]
FIGURE 4. Three-dimensional design of a phantom module. (A) Star module, (B) layer thickness module, (C) line-pair high contrast resolution module, (D) low contrast resolution modules, (E) geometric distortion module, (F) location accuracy module.


The contrast resolution inserts were designed with a testing range of 1–11 line-pairs (LP)/cm for MRI and a high contrast resolution (hotspot) test with a range of 1–8 LP/cm for PET. The inserts used for CT had a testing range of 1–21 LP/cm, using high-density silica gel for line-pairs. The testing range is customizable depending on phantom size and clinical needs. For example, line-pair values can be 0.5, 1, 2, 4, 6, 8, 10, and 11 LP/cm for a 15 cm diameter shell, or 2, 6, 10, 11 LP/cm for a 10 cm diameter shell (typically used for animal imaging).



Phantom Assembly and Evaluation

Four imaging QA phantoms were printed and assembled to assess imaging QA/QC needs. The 3D printed modules were connected using cartridge posts (made with silica gel or MDK-white materials) and assembled in the phantom shell. Figure 5a shows a printed MRI phantom with a 15 cm diameter PMMA shell, Figure 5b is a completely printed phantom (20 cm diameter) with CT modules (Figure 5c); Figure 5d is a completely printed PET/MRI phantom (6 cm diameter) with internal modules (Figure 5e); Figure 5f is a completely printed PET/CT phantom (9.3 cm diameter) with internal modules (Figure 5g).


[image: Figure 5]
FIGURE 5. 3D-printed phantoms. (a) A 3D-printed MRI phantom with a 15 cm diameter PMMA shell, (b) a 3D-printed CT QC phantom with 20 cm diameter shell, (c) shows the customizable internal inserts of the CT QC phantom (d) a 3D-printed PET/MRI phantom with 6 cm diameter shell, (e) shows the customizable internal inserts of the PET/MRI phantom, (f) a 3D-printed PET/CT phantom with 9.3 cm diameter shell, (g) shows the customizable internal inserts of the PET/CT phantom.


After assembly, the phantom was filled with an appropriate test solution liquid or nuclear tracer, according to the requirement of the imaging mode. The phantoms were then scanned with a 3T MRI (Discovery MR750, GE, USA), CT (Brilliance-ICT, Philips, Netherlands), PET/MRI (NanoScan PET/MRI, Mediso, Hungary), and GE Discovery VCT (BGO PET+64 slices CT, GE, USA) for evaluation. The imaging parameters for MRI and CT scanners were time of repetition (TR) 2000 ms, time of echo (TE) 20 ms, 320 × 256 pixel size, slice thickness 5 mm for MR-SE sequence, and 120 kV, 25 mA, slice thickness 10 mm, and 320 × 256 pixel size for CT scans. Multi-modal PET/MRI imaging (Mediso, nanoScan PET/MRI) and PET/CT (GE Discovery VCT, USA) was performed with the 400–600 keV Energy Window, MRAC Attenuation Correction, and MRAC sequence, 13 mm slice, 600 ms TR, 9.7 TE 256 × 256 pixel size, and 80 kVp, Fixed-mA 20 mAs. Additionally, the ACR MRI phantom was scanned with a 3T MRI (Magnetom Verio, Siemens, Germany), the imaging parameters for MRI scanner were time of repetition (TR) 2000 ms, time of echo (TE) 20 ms, 320 × 256 pixel size, and slice thickness 5 mm for MR-SE sequence. The imaging parameters obtained from the assembled 3D phantoms were compared with traditional commercial phantoms (i.e., ACR MRI phantom, Catphan 500 phantom, and DSC PET Phantom).




RESULTS


Physical Characteristics of Phantom Materials

Table 1 lists usage, shore hardness, density, porosity, and deformation temperature for the phantom materials used in this study (Verowhite, ABS P340, and MDT-White). Comparison values for typical commercially produced phantom materials, PMMA and silica gel, are also provided. All three printing materials have a shore hardness of 90. The physical densities of these materials are 1.15 g/cm3, 0.76 g/cm3, and 1.27 g/cm3, respectively. The porosities are 9.09, 6.81, and 18.56%, respectively. The threshold temperature of deformation for the three materials is >105°C, which is higher than that of PMMA and silica gel. Overall, compared with conventional phantom materials, 3D printing materials demonstrated superior waterproofing, physical stability, and temperature durability.


Table 1. Physical and medical imaging characteristics.

[image: Table 1]

CT numbers and attenuation coefficients of the three printing materials are shown in Table 1, along with values for PMMA and silica gel. Based on the CT numbers of the printing materials, Verowhite (130 HU) was used for skeleton construction, ABS P340 (89 HU) was used for substrate and shell construction, and MDT-White (42 HU) was used for inserts and shell construction.

As shown in Table 2, physical dimensions of the inserts were measured using a screw micrometer and compared with the respective printing settings. MDT-White material measured less than the in silico CAD model, while ABS P340 and Verowhite measured slightly greater than the in silico CAD model. The 3D printed inserts had <5% variation in all three dimensions, and the variation is within the acceptable range.


Table 2. Comparison of physical dimensions of digitized and actual 3D printed phantom inserts.

[image: Table 2]



Single Modality Imaging Scan

MRI scans of the assembled MRI phantom are shown in Figure 6. The sectional scans of the layer thickness test (a and b), MTF (c), high contrast resolution (d), geometric distortion test (e), and low contrast resolution (f) are also shown in Figure 6. Support pillars show no artifacts or interference signals. As a comparison, Figure 7 shows MRI sectional scans of the ACR MRI phantom, which includes the layer thickness test (a), MTF (b), high contrast resolution (c), geometric distortion test (d), and low contrast resolution (e). The functionality and image performance of our 3D printed MRI phantom are shown equivalent to the ACR MRI phantom.


[image: Figure 6]
FIGURE 6. MRI images of the 3D-printed MRI phantom. (a) Layer thickness module, (b) layer thickness module, (c) star MTF test module, (d) high contrast resolution test module, (e) geometric distortion test module, (f) low contrast test module. Phantom dimensions are marked in the figure.



[image: Figure 7]
FIGURE 7. MRI images of the ACR MRI phantom. (a) Layer thickness and high contrast resolution module (b) geometric distortion test module (c) image uniformity module (d) low contrast test module. Phantom dimensions are marked in the figure.


Figure 8 shows transverse CT images from the CT phantom including high contrast resolution (a), uniformity (b), and layer thickness test (c). The standard deviation of the CT value uniformity test was <3 HU, which is comparable to that of a commercial phantom often used for CT scan routine QA. These CT results show that the 3D printed inserts have uniform density without imaging artifacts or interference.


[image: Figure 8]
FIGURE 8. CT images of the 3D-printed CT phantom. (a) High contrast resolution test layer, (b) uniformity test layer, and (c) thickness test layer. Phantom dimensions are marked in the figure.




Dual-Modality Imaging Scans

Figure 9 shows the transverse PET and MRI images from the assembled PET/MRI phantom for geometric distortion test (left column), high contrast resolution (middle column), and uniformity module (right column). PET images of two reconstruction algorithms are shown, including the Tera-Tomo reconstruction algorithm (a) and OSEM-Fore reconstruction algorithm (b). MRI images are shown in Figure 9C. Figure 10A shows high-uptake (hot) circles; Figure 10B shows dark circles. Both the hot and dark circles are clearly identified on these images. Dimension scales are shown at the image bottom for all figures.


[image: Figure 9]
FIGURE 9. PET and MRI images of the 3D-printed PET/MR phantom modules (from left to right, geometric distortion test module, high contrast resolution module, and uniformity module). (A) Shows the PET images of the phantom based on Tera-Tomo reconstruction algorithm. (B) Shows the PET images of the phantom based on OSEM-Fore reconstruction algorithm. (C) Shows the MRI images of the phantom. Phantom dimensions are marked in the figure.



[image: Figure 10]
FIGURE 10. PET/CT images of the completely 3D-printed PET/CT phantom. (A) Shows the PET/CT image layer of the high-uptake circles; (B) shows the PET/CT image layer of the dark circles. First row shows CT and PET images, and the second row shows fused PET/CT images. Phantom dimensions are marked in the figure.




Imaging Tests Parameters

Table 3 summarizes the functionality of the constructed phantoms for MRI, CT, PET/MR, and PET/CT scanners for the required tests specified by the QC guidelines. The MRI phantom can be used for all required tests, while the CT phantom can be used for the primary relevant tests, including contrast resolutions, CT number uniformity, slice thickness, CT number accuracy, etc. For the PET/MR and PET/CT phantoms, the additional PET imaging required tests were added with the PET module. Table 4 summarizes the scanning results of these phantoms from their corresponding imaging modalities for QC tests, including high contrast resolution, low contrast resolution, uniformity, and deformation accuracy. All tests meet the criteria specified by the imaging QC guidelines.


Table 3. Summary of 3D-printed phantoms functionality.

[image: Table 3]


Table 4. Summary of image parameters of the 3D-printed phantoms with respect to imaging modality.

[image: Table 4]




DISCUSSION

Our method used precisely designed and customized digital models to generate 3D printed imaging phantoms. This approach obviates the need for costly industrial molds to produce imaging phantoms for QA/QC testing. The proposed method also allows a wide range of modular phantom inserts to be assembled as needed for imaging QC across imaging platforms. Furthermore, the low cost of the 3D printed phantoms proposed in this study is estimated to be less than or equal to one tenth the cost of traditional commercial phantoms. The STL files for the proposed 3D printing phantom can be made available upon request to the corresponding authors.

Shore hardness, porosity, and deformation temperature are important characteristics of materials; compared with conventional PMMA derived phantoms, the 3D printing materials used have comparable material performance in terms of these characteristics. The porosity measured by NMR is usually applied to measuring mineral contents, and this technique can be utilized as an accurate and reliable tool to estimate the porosity of polymer materials, which include most 3D printing and PMMA materials [35–37]. The studied materials are for phantom use, instead of patient implants, and therefore we did not perform biocompatibility tests in the present study. In terms of long-term performance of the phantom, the aging characteristics show that the hot melt temperature of 3D printing materials is not lower than that of PMMA. Therefore, the 3D printing applied in this study has long-term stable physical properties. Repeated CT scans of the phantoms have demonstrated no significant change in the phantom structure, and the overall phantom deformation was shown to be <0.5 mm for all tested imaging modalities (Table 4). Further imaging studies of the phantom material for MR signal characterization and MR visibility is needed [38, 39].

Increased clinical utilization of multi-modal imaging necessitates the development of imaging phantoms suitable for multi-modality QA checks [39–42]. The proposed 3D printing approach overcomes technical limitations of conventional single modality QC phantoms by allowing for modality-directed phantom customization that can be rapidly altered based on the clinical QA/QC need. Additionally, the modular phantom design allows for incorporation of heterogeneous imaging inserts that provide high resolution, low deviation, and minimum assembly steps [38, 43, 44]. Tables 3, 4 showed imaging quality check parameters for the phantom tests in accordance with AAPM, ACR, and NEMA standards for CT, MRI, PET/MR, and PET/CT scanners.

It is worth noting that there are still technical issues for 3D printed phantoms. Currently the options of 3D printer materials are limited, and printer material selection can have a large impact on the quality of 3D printing medical imaging phantoms. Material selection for medical imaging phantoms should consider shore hardness, color, stability, and tissue equivalency. Further testing of more 3D printing materials is required to determine their quality for multi-modal QC imaging applications and susceptibility for image artifacts. Another limitation of the present study is lack of quantitative imaging analysis and evaluation for the phantom scans. The present paper focused mainly on the 3D printing material selection and their characteristics evaluation for the multi-model phantom construction. Image scans were acquired as a feasibility verification of the imaging quality. Further study is underway to include a more detailed quantitative imaging analysis for CT, MRI, and PET scans of the proposed phantom.



CONCLUSIONS

The 3D printed phantoms we designed, produced, and tested here demonstrated equivalent, if not better, QC imaging performance for CT, MRI, PET, and dual-modal imaging systems compared with commercial alternatives. In addition, 3D printed medical imaging phantoms provide a cost-efficient option and enable fast customization and implementation, which are especially valuable to clinics with hybrid imaging modality systems.
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