
Construction of Realistic Liver Phantoms from Patient Images 
using 3D Printer and Its Application in CT Image Quality 
Assessment

Shuai Leng1, Lifeng Yu1, Thomas Vrieze1, Joel Kuhlmann2, Baiyu Chen1, and Cynthia H. 
McCollough1

1Department of Radiology, Mayo Clinic, Rochester, MN, 55905

2Division of Engineer, Mayo Clinic, Rochester, MN, 55905

Abstract

The purpose of this study is to use 3D printing techniques to construct a realistic liver phantom 

with heterogeneous background and anatomic structures from patient CT images, and to use the 

phantom to assess image quality with filtered backprojection and iterative reconstruction 

algorithms. Patient CT images were segmented into liver tissues, contrast-enhanced vessels, and 

liver lesions using commercial software, based on which stereolithography (STL) files were 

created and sent to a commercial 3D printer. A 3D liver phantom was printed after assigning 

different printing materials to each object to simulate appropriate attenuation of each segmented 

object. As high opacity materials are not available for the printer, we printed hollow vessels and 

filled them with iodine solutions of adjusted concentration to represent enhance levels in contrast-

enhanced liver scans. The printed phantom was then placed in a 35×26 cm oblong-shaped water 

phantom and scanned repeatedly at 4 dose levels. Images were reconstructed using standard 

filtered backprojection and an iterative reconstruction algorithm with 3 different strength settings. 

Heterogeneous liver background were observed from the CT images and the difference in CT 

numbers between lesions and background were representative for low contrast lesions in liver CT 

studies. CT numbers in vessels filled with iodine solutions represented the enhancement of liver 

arteries and veins. Images were run through a Channelized Hotelling model observer with Garbor 

channels and ROC analysis was performed. The AUC values showed performance improvement 

using the iterative reconstruction algorithm and the amount of improvement increased with 

strength setting.
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1. INTRODUCTION

With concerns on increased radiation dose from medical imaging, a large collection of dose 

reduction methods have been investigated, such as automatic exposure control, optimized kV 

selection, projection or image based denoising techniques, and iterative reconstruction [1-8]. 

To follow the ALARA principle (As Low As Reasonable Achievable), lowest radiation dose 
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that can be used without sacrificing diagnostic performance should be used. To address the 

question, “how low can we go”, an objective assessment of image quality is needed. This is 

particular important for iterative reconstruction and denoising techniques that involve in 

non-linear processes. Conventional image quality metrics, such as modulation transfer 

function (MTF), noise power spectrum (NPS) and contrast to noise ratio (CNR) may not be 

sufficient to evaluate image quality in these scenarios. For example, recent studies reported 

degraded low contrast detectability using IR and decreased radiation doses, although 

conventional image quality is still maintained [9-11]. Task based image quality metrics 

based on model observers have gained popularity in CT image quality evaluation, especially 

for application in image quality assessment of iterative reconstruction [12-18]. Several 

previous studies have demonstrated a good correlation between the performance of human 

observer and model observer [15-17]. Most of these studies were performed using phantoms 

with uniform background due to their simplicity and wide availability. However, to assess 

image quality and radiation dose reduction in clinical CT imaging, physical phantoms 

having realistic background textures and lesions are highly desirable as performance may be 

affected by anatomic background [19]. Although anthropomorphic phantoms are 

commercially available, they are usually not patient specific and are difficult to customize. 

3D printing techniques have been widely used in industry and recently their application in 

medicine has been explored [20-23]. Compared to conventional phantom manufacturing, 3D 

printing techniques have the advantage of flexibility which allows users to quickly 

manufacture patient specific phantoms. Therefore, the purpose of this study is to construct a 

realistic liver phantom with lesions using 3D printing technique and to use this phantom for 

task-based image quality assessment of filtered backprojection and iterative reconstruction 

algorithms.

2. METHODS AND MATERIALS

2.1. Liver phantom construction

The 3D printer (Objet 350 Connex, Stratasys, MN) used in this study is based on PolyJet 3D 

printing technique, which is similar to inkjet printing technique but jetting layers of curable 

liquid photopolymer onto a build tray to build smooth and detailed 3D models. The general 

procedure of 3D printing using this printer can be summarized in 4 major steps, as shown in 

the following flowchart (Figure 1).

1) Data acquisition: In this study, we used patient images from a contrast 

enhanced liver CT scan performed in the portal venous phase. The patient was 

scanned on a 128 slice scanner (Definition Flash, Siemens Healthcare, 

Forchheim, Germany) with 100 kV, 445 effective mAs and 18 mGy volume CT 

dose index (CTDIvol). The images were reconstructed using a medium sharp 

kernel (B40) at 3 mm slice thickness.

2) Segmentation: Patient images were then loaded into a commercial software 

(Mimics, Materialise, Belgium) for segmentation. Multiple automatic and 

manual segmentation methods were used during this procedure, including 

thresholding, region growing, morphology operations, and multi-slice editing. 

For the purpose of our study, the images were segmented into liver tissues, 
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liver lesions, and liver vessels (Figure 2a). To reflect the heterogeneity of liver 

background, liver tissues were segmented into two groups based on the CT 

numbers (Figure 2b).

3) Processing: Segmented data were then processed to generate digital models 

using another commercial software (3Matic, Materialize, Belgium). Wrapping 

and fixing were usually conducted to remove abrupt changes at model 

boundary and eliminate bad triangles before outputting the stl files for each 

segmented object.

4) The stl files were then loaded to the 3D printer (Objet350 Connex, Stratasys, 

MN) to print the phantom. Available printing materials were scanned on a CT 

scanner to determine the CT number of each material, based on which the 

different type of printing materials were assigned to each object in the liver 

phantom.

2.2. Model observer study

The printed phantom was then placed in a 35 × 26 cm oblong-shaped water phantom which 

simulates the attenuation of the abdomen for a standard size adult patient. The whole 

phantom was scanned on a 192 slice CT scanner (Definition Force, Siemens Healthcare, 

Forchheim Germany). Automatic exposure control (CareDose 4D) was turned on with 

quality reference mAs of 80, 120, 160, and 200, which corresponded to volume CTDI 

(CTDIvol) of 5.2, 7.7, 10.2, and 12.8 mGy. At each dose level, the phantom was scanned 100 

times. Another phantom without the lesion (all the rest are the same) was also constructed 

and scanned 100 times using the same techniques as those of the phantom with lesion. 

Images were reconstructed at 3 mm slice thickness and 250 mm field of view, using both 

standard filtered backprojection with a medium sharp kernel (Br40) and an iterative 

reconstruction algorithm (ADMIRE, Siemens Healthcare) with 3 different strength settings 

(IR-3, IR-4 and IR-5). These images were analyzed using a channelized Hotelling model 

observer (CHO) to determine the AUC of the lesions at various imaging conditions [1-3].

The general form of the test statistics for a linear model observer is the inner product 

between the observer template and the image, which yields a scalar response given by 

, where the vector g denotes an image and ω a template. The template 

in the CHO observer is given by , where  is the 

intraclass channel scatter matrix and  and  are the channel output means of signal plus 

background and background: . In this study, Gabor channels were 

selected using 4 passbands, 5 orientations, and 2 phases (a total of 40 channels), the same as 

in previous publications [13, 16]. For each condition (dose and reconstruction algorithm), 

ROC curves were generated based upon the test variables of the 200 realizations (100 signal 

and 100 background). Area under the ROC curve (AUC) was calculated using a non-

parametric approach and served as the figure of merit. Internal noise, proportional to the 

variance of test variables from the background images, was added to the model observer 

while calculating AUC.
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3. RESULTS

The measured CT number for available printing materials ranged from 62 to 117 HU, as 

shown in Figure 3. These CT numbers are in appropriate range for soft tissues and the 

difference between the printing materials provides appropriate contrast between liver tissues 

and low contrast liver lesions. However, the CT numbers of these printing materials are not 

sufficient to represent contrast enhanced vessels inside the liver. To accommodate this, we 

printed hollow vessels and filled these vessels with iodine contrast. By adjusting the 

concentration of iodine contrast, vessels with different amount of enhancement were 

generated.

Figure 4a shows a photograph of the printed liver phantom. Two subtle color changes on the 

surface represent the two different materials used for the liver tissues. The holes in the 

phantom are the openings of the vessels, which can be filled with iodine solutions at 

different concentrations. Figure 4b shows a CT image of the physical phantom scanned in 

air. Variation of CT numbers in the area with liver tissues represents the background 

heterogeneity of liver CT images, which potentially represents patient’s anatomy better than 

the uniform background. The low contrast lesion and high contrast vessels can all be 

appreciated from this image.

Figure 5 shows the CT images of the liver phantom scanned in the 35 × 26 cm oblong-

shaped water phantom that represents the abdomen of a standard adult patient. The four 

rows show images at 4 dose levels from 5.2 mGy to 12.8 mGy. Each column shows images 

reconstructed with one of the four algorithms (FBP and IR at strengths of 3, 4 and 5). It can 

be observed from these images that noise increases with decreased radiation dose. 

Additionally, the lesion becomes less visible with decreased dose. For the same dose, images 

reconstructed with IR show lower noise compared to those reconstructed with FBP. For 

different IR strength settings, noise is lower for images with stronger setting (higher IR 

strength).

The AUCs of ROC curves after running through CHO are shown in Figure 6. AUC values 

increased with increased radiation dose, as expected. At each dose level, the AUC values 

from images reconstructed with IR had higher values than that from images reconstructed 

with FBP. AUC increased with IR strength settings, i.e. IR-5 has the highest AUC values.

4. CONCLUSIONS AND DISCCUSSIONS

This work provides a method to construct realistic anthropomorphic phantoms with 

heterogeneous background and anatomic structures (e.g. lesions and vessels) based on 

patient CT images and using a 3D printer. We demonstrate the application of this phantom to 

assess image quality and lesion detection in the context of realistic background textures 

using CHO. The phantoms can enable the determination of the effect of radiation dose 

reduction and noise reduction techniques on the detectability of subtle liver lesions in 

realistic texture backgrounds.
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Figure 1. 
A flow chart of general procedure of 3D printing.
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Figure 2. 
Digital models were created for each segmented vessels and lesions (a). Liver tissues were 

assigned to 2 materials to simulate heterogeneous background (b).
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Figure 3. 
CT numbers of available printing materials.
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Figure 4. 
Photograph (a) and CT image (b) of the printed liver phantom. The display window width 

and window center are 100HU and 80HU.
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Figure 5. 
CT images of the liver phantom scanned at 4 dose levels and reconstructed with 4 

reconstruction algorithms.
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Figure 6. 
AUC values of CHO on images obtained at 4 dose levels and 4 reconstruction algorithms.
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