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Abstract

We describe the creation and characterization of a calibration CT mini‐lung‐
phantom incorporating simulated airways and ground‐glass densities. Ten duplicate

mini‐lung‐phantoms with Three‐Dimensional (3‐D) printed tubes simulating airways

and gradated density polyurethane foam blocks were designed and built. Dimen-

sional accuracy and CT numbers were measured using micro‐CT and clinical CT

scanners. Micro‐CT images of airway tubes demonstrated an average dimensional

variation of 0.038 mm from nominal values. The five different densities of incorpo-

rated foam blocks, simulating ground‐glass, showed mean CT numbers (±standard

deviation) of −897.0 ± 1.5, −844.1 ± 1.5, −774.1 ± 2.6, −695.3 ± 1.6, and

−351.0 ± 3.7 HU, respectively. Three‐Dimensional printing and subtractive manufac-

turing enabled rapid, cost‐effective production of ground‐truth calibration mini‐lung‐
phantoms with low inter‐sample variation that can be scanned simultaneously with

the patient undergoing lung quantitative CT.
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1 | INTRODUCTION

The use of quantitative CT continues to expand in lung disease,

being increasingly applied to interstitial and alveolar processes such

as obstruction, emphysema, fibrosis, and opacification.1–5 Measure-

ments of airways thicknesses and parenchymal densities are vital in

diffuse lung disease6 and recently the quantification of parenchymal

opacification has been shown to predict adverse outcome in COVID‐
19 pneumonia.7 However, uncertainty is an inherent aspect of quan-

tification with CT imaging, being introduced by such variations as

from scanner hardware, scanning protocols, reconstruction algo-

rithms, patient body habitus, and potentially further compounded by

justifiable efforts to reduce CT doses to as low as reasonably achiev-

able (ALARA).8–10 Accuracy in lung density and airways measure-

ments have been shown to be influenced by a variety of technical

factors in CT acquisitions.11,12 One strategy to reduce the aforemen-

tioned uncertainties is to scan a calibration phantom simultaneously

with patients. Nelson et al. used a phantom with calcium inserts to

adjust for CT number differences in coronary artery calcium CT.13

Henschke et al. scanned a pocket phantom embedded with Teflon

sphere with patients who underwent lung cancer CT to investigate

the variations in tumor volume measurement.14 To achieve a desired

improvement in either CT attenuation quantification or geometrical

assessment of pathologies, the characteristics of the calibration

phantom must be tailored to the specific clinical tasks. Three‐
Dimensional (3‐D) printing (also known as additive manufacturing)

offers unique advantages over traditional machining techniques (also

known as subtractive manufacturing). Three‐Dimensional printing

facilitates rapid prototyping of complex designs, with dimensional

accuracy possible to the tens of micrometers.15,16 Three‐Dimensional
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printing has enabled the creation of numerous models used for edu-

cation and pre‐surgical planning, and is beginning to enable CT phan-

tom creation.17–19

In this work, we apply the advantages of both 3‐D printing and

traditional machining to create a set of 10 duplicate calibration mini‐
lung‐phantoms incorporating tubes that simulate distal airways and

gradated density polyurethane foam blocks that simulate a range of

parenchymal ground‐glass densities encountered in healthy and dis-

eased lungs. The geometrical accuracy of 3‐D printed simulated air-

way tubes in mini‐lung‐phantoms was quantified with high‐resolution
micro‐CT, and the CT number of machined ground‐glass density

blocks and geometrical accuracy of airway tubes were evaluated on

clinical CT scanners from two CT manufacturers.

2 | METHODS

2.A | Mini‐lung‐phantom creation

No IRB review was required for this phantom study. The dimensions

of the tubes simulating large to small airways (nominal inner diameters

of 5, 4, 3, 2, 1 mm; with corresponding nominal outer diameters of

9.6, 7.6, 5.6, 3.6, 1.8 mm, respectively) were based on previous air-

ways phantoms designed for dimensional measurement accuracy qual-

ity control in chest CT, with tube dimensions approximating distal

bronchi and bronchioles.20–22 Aside from tube dimensions, the mini‐
lung‐phantom is designed to be much smaller (1.75 × 1.75 × 12 cm)

than conventional airways phantoms given the current intent of the

mini‐lung‐phantom being placed on patients and scanned simultane-

ously. The mini‐lung‐phantom design was drafted by computer‐aided
design (SolidWorks, Dassault Systèmes, Vélizy‐Villacoublay Cedex,

France) [Fig. 1(a)]. The engineering file was translated to standard tes-

sellation language (STL) for 3‐D printing using a Viper stereolithogra-

phy machine (3D Systems, Rock Hill, SC, USA) on high‐resolution
mode using Accura ClearVue resin (Autotiv Manufacturing, Salem,

NH). Three‐Dimensional printing produced the shell, simulated airways

tubes, and lid assembly of the mini‐lung‐phantom. As the current limi-

tations of 3‐D printing technology prevent consistent and accurate

reproduction of clinically relevant ground‐glass densities, polyurethane
foam was used; and five different rigid polyurethane foam blocks from

the same respective manufacturing batches with nominal densities of

0.096, 0.160, 0.240, 0.320, and 0.641 g/cm3 (General Plastics,

Tacoma, WA, USA) were machined into 1.5 cm cubes (WeCutFoam,

Sunnyvale, CA) and inserted in the described order within the shell of

the 3‐D printed mini‐lung‐phantoms (numbered as foam blocks 1, 2, 3,

4, 5), respectively [Fig. 1(a)]. Polyurethane foams from the same manu-

facturer have been validated for use in CT scanning previously.23,24

Phenolic micro‐balloons (MAS Epoxies, South St. Paul, MN, USA) at

−905 HU density was poured into the 3‐D printed cavity adjacent to

the tube containing compartment of the mini‐lung‐phantom to simu-

late surrounding lung density. Finally, the lid was sealed to the body of

the assembly using ethyl‐2‐cyanoacrylate adhesive [Fig. 1(b)]. Ten

duplicate calibration mini‐lung‐phantoms were created.

2.B | Micro‐CT imaging protocol

Micro‐CT scanning of all 10 mini‐lung‐phantoms was performed

using an eXplore CT120 scanner (TriFoil Imaging, Chatsworth, CA,

USA). Cone‐beam CT scans were performed at 2 × 2 binning, 70 kV,

40 mA, with 720 views acquired in a 360‐degree scan. Axial images

were reconstructed with an isotopic 50 µm voxel size.

2.C | Clinical CT imaging protocols

Clinical CT scanning of the 10 duplicates of mini‐lung‐phantoms was

performed inside a tissue‐density elliptical ring phantom with a lat-

eral width of 33 cm (CT ACR 464 Phantom Body Ring, Gammex,

Middleton, WI, USA). All mini‐lung‐phantoms were scanned on two

clinical CT scanners (Scanner A: SOMATOM FORCE, Siemens, and

F I G . 1 . The calibration CT mini‐lung‐phantom with simulated airway tubes and ground‐glass densities. (a) Computer‐aided design schematic
of the mini‐lung‐phantom, showing five tubes with designed nominal 5, 4, 3, 2, 1mm inner diameters, labeled as tube A, B, C, D, E,
respectively, and five polyurethane foam inserts simulating increasing ground‐glass densities in the phantom, labeled as inserts 1, 2, 3, 4, 5,
with nominal 0.096, 0.160, 0.240, 0.320, and 0.641 g/cm3 densities, respectively. (b) Photograph of an external calibration mini‐lung‐phantom.
(c) Axial clinical CT Image of the phantom, demonstrating tubes A‐E and foam block inserts 1–5. (d) Specifications of mini‐lung‐phantoms with
nominal dimensions: inner diameter (ID), wall thickness (WT), and outer diameter (OD) of tubes A‐E, and CT HU densities of foam block inserts
1–5 as listed.
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scanner B: Discovery CT750 HD, GE) using our institution’s clinical

quantitative chest CT protocols. Scans on scanner A were performed

with the following parameters: 120 kV or 100 kV with tin filter

(100Sn), 0.25 s rotation time, pitch of 1, 192 × 0.6 mm collimation.

Scans were performed with three dose levels: CTDIvol of 0.1

(100Sn), 1.99 (120 kV), and 6.67 (120 kV) mGy. Bf32 kernel was

used for image reconstruction at 1mm thickness. Scanner B parame-

ters were: 120 kV, 0.5 s rotation time, pitch 1.375, 64 × 0.625 mm

collimation. Scans were performed at three dose values: CTDIvol of

0.29, 2.04, and 6.71 mGy. “Standard” kernel was used for image

reconstruction at 1.25 mm thickness. The reconstruction field‐of‐
view (FOV) was 30 cm for images acquired on both scanners, using

a standard 512 × 512 reconstruction matrix.

2.D | Dimensional analyses of simulated airway
tubes

Images from micro‐CT and clinical CT scanning of the tubes simulat-

ing airways were analyzed in an automated fashion using YACTA

software (version 2.8.5.36).25 For clinical CT analysis, only images

acquired from scanner A at the highest dose are investigated for air-

way tube dimension measurements. Segmentation of the lumen was

performed by a 3D region‐growing algorithm, followed by an itera-

tive topology‐preserving 3D thinning algorithm to produce a single

skeleton line (centerline) and direction vector for each tube. Orthog-

onal planes for every skeleton point were calculated and tubes’

lumen and wall thicknesses were determined using the parameter‐
free integral‐based method [Fig. 2(d)].25–27 Measured dimensions of

the inner diameters (ID), wall thicknesses (WT), and outer diameters

(OD) from micro‐CT and clinical CT images were compared with cor-

responding nominal values. To determine the inter‐sample variance

from the manufacturing process, 95% confidence/99% coverage tol-

erance intervals of each measurement type (ID/WT/OD) were calcu-

lated for deviations across all 10 mini‐lung‐phantoms from micro‐CT
images. Nonparametric (Hahn‐Meeker method) intervals were calcu-

lated using R version 3.5.3 (r‐project.org) and version 1.3.0 of the

“tolerance” package.

2.E | Ground‐glass foam blocks density analyses

Average CT numbers were measured in a square region of interest

(6.4 × 6.4 mm) in each of the foam block inserts on the clinical CT

images using an in‐house developed program (MATLAB, The Math-

Works, Inc., Natick, MA, USA). The measurements were then aver-

aged over a longitudinal thickness of 7.6 mm for each block. Finally,

the mean and standard deviation of block CT numbers over 10 mini‐
lung‐phantoms were calculated.

3 | RESULTS

3D‐printed and machined components were assembled to produce

10 identical mini‐lung‐phantoms. Figure 1 shows the design

schematic, photograph, clinical CT appearance, and unit dimensional

and density specifications of the calibration mini‐lung‐phantom. The

close‐up photo, micro‐CT, and clinical CT images of the airways mim-

icking tubes are shown in Fig. 2. Table 1 reports the designed (nomi-

nal) and measured dimensions of the ID, WT, and OD of the five

tubes in the 10 mini‐lung‐phantoms from micro‐CT and clinical CT

images from scanner A at highest dose. The conformity to nominal

dimensions along the entire long axis of each tube from micro‐CT
images is shown in Fig. 3. The inner diameters measured on the

micro‐CT scans showed an average absolute variation of 0.016,

F I G . 2 . Micro‐CT and clinical CT images of the mini‐lung‐phantom
and dimensional measurements of its simulated airways. (a) Close‐up
photograph of the five tubes A, B, C, D, and E in a mini‐lung‐
phantom. (b) Axial micro‐CT image of the five tubes, with designed
nominal inner diameters of 5, 4, 3, 2, 1 mm. (c) Axial clinical CT
image of the five tubes. Note that the smallest tube E with 1 mm ID
is poorly resolved by the clinical CT scanner. (d) Schematic of
YACTA analysis of tube dimensions from micro‐CT, with pins
denoting centerlines.
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0.031, 0.052, 0.086, and 0.080 mm from nominal values. Overall, the

average absolute variation of ID, WT, and OD from nominal values

was 0.038mm. The 95% confidence / 99% coverage tolerance inter-

vals from micro‐CT images are shown in Fig. 4. The tolerance inter-

vals for all parameters were well within 0.2mm, which is smaller

than the spatial resolution of most clinical CT scanners. Dimensional

error measurement from clinical CT images of tubes demonstrated

greater deviation from nominal values, with an average variation of

0.3mm (P = 0.0049, two‐sided Wilcoxon signed‐rank test for 12

pairs of measured dimensions from micro‐CT and clinical CT: ID,

WT, and OD for tubes A‐D). Note that the smallest tube E at 1 mm

inner diameter was not adequately visualized on clinical CT images

(Fig. 2), consistent with expected clinical CT resolution limits, and

hence not measured.

The CT numbers of each of the five different foam inserts mea-

sured from two clinical CT scanners are listed in Table 2. The com-

posite mean CT numbers (HU) and standard deviation from two

scanners were: −897.0 ± 1.5, −844.1 ± 1.5, −774.1 ± 2.6,

−695.3 ± 1.6, −351.0 ± 3.7 HU for inserts 1–5, respectively (Fig. 1).

For comparable dose levels, the average CT numbers differed by at

most 3.0 HU between the two scanners (Table 2). The standard

deviation of block CT numbers among the 10 duplicated phantoms

ranges from 1.0 to 4.9 HU.

4 | DISCUSSION

We describe the creation and characterization of a calibration CT

mini‐lung‐phantom incorporating simulated airways and ground‐glass
lung densities. One potential application is for scanning the phantom

simultaneously with patients undergoing lung quantitative CT, thus

serving as ground truth dimensional and CT number references to

assess for and potentially correct for inter‐exam variations. This use

complements earlier large lung phantoms such as the airway,22

COPDGene, and COPDGene2 phantoms,10,24 which are typically

used in intermittent scheduled scanner calibrations. The workflow

TAB L E 1 Measurements of inner diameter, wall thickness, and outer diameter for the five simulated airways tubes, from A (largest) to E
(smallest) from micro‐CT and clinical CT scanning (scanner A). Average variation denotes measured difference from nominal values. Tube E was
not well visualized with clinical CT and hence not measured.

Tube Measurement
Designed Nomi-
nal value (mm)

Micro‐CT average ±
std. dev. (mm)

Micro‐CT average variation
from nominal (mm)

Clinical CT average
± std. dev. (mm)

Clinical CT average varia-
tion from nominal (mm)

A Inner

Diameter

5 4.98 ± 0.021 −0.016 4.60 ± 0.013 −0.40

Wall

Thickness

2.3 2.33 ± 0.027 0.028 2.50 ± 0.021 0.20

Outer

Diameter

9.6 9.64 ± 0.034 0.039 9.60 ± 0.035 0.004

B Inner

Diameter

4 3.97 ± 0.021 −0.031 3.45 ± 0.032 −0.55

Wall

Thickness

1.8 1.83 ± 0.026 0.028 2.07 ± 0.042 0.27

Outer

Diameter

7.6 7.63 ± 0.035 0.026 7.60 ± 0.066 −0.002

C Inner

Diameter

3 2.95 ± 0.025 −0.052 2.37 ± 0.042 −0.63

Wall

Thickness

1.3 1.35 ± 0.024 0.046 1.59 ± 0.018 0.29

Outer

Diameter

5.6 5.64 ± 0.038 0.039 5.54 ± 0.049 −0.058

D Inner

Diameter

2 1.91 ± 0.022 −0.086 1.31 ± 0.033 −0.69

Wall

Thickness

0.8 0.85 ± 0.022 0.047 1.01 ± 0.028 0.21

Outer

Diameter

3.6 3.61 ± 0.041 0.008 3.32 ± 0.042 −0.28

E Inner

Diameter

1 0.92 ± 0.023 −0.080 NA NA

Wall

Thickness

0.4 0.44 ± 0.022 0.035 NA NA

Outer

Diameter

1.8 1.79 ± 0.029 −0.010 NA NA

186 | HENRY GUO ET AL.



for the inclusion of such a mini‐phantom in clinical thoracic CT scan-

ning is described by the following steps: (a). place the mini‐lung‐
phantom on the middle of patient’s chest with orientation as indi-

cated on a device; (b). acquire scout view(s); (c). scan per institutional

thoracic CT protocol; (d). remove from the patient, sanitize with

standard disinfectant wipe, and replace in a storage container. A

photograph with the placement of the mini‐phantom placed on an

anthropomorphic thorax phantom, serving as an example application

of the mini‐lung‐phantom in clinical chest CT scanning is shown in

Fig. 5. Because of its compact size, the addition of the mini‐lung‐
phantom is expected to have a negligible impact on the radiation

dose and image quality of the patient’s CT scan. Applying the mini‐
lung‐phantom to improve the quantification accuracy of lung density

and airway measurement is currently under investigation. With

known geometric dimensions, measurement error from CT scanning

and reconstruction process can be assessed on individual patient14

and airway measurement can be potentially improved with correc-

tion for partial volume effect.28

Micro‐CT scanning demonstrates average variance of airway tube

dimensions from design specifications at 0.038 mm is much smaller

than the typical resolution limit in clinical CT near 0.6 mm. As

expected, dimensional measurements from clinical CT reported a lar-

ger average absolute measurement error than from micro‐CT
(0.3 mm vs. 0.038 mm, P = 0.0049), showing that the largest contri-

bution to clinical dimensional measurement error is from scanner

resolution limitations, similar to previously reported scanning of

tubes by other clinical CT scanners.22 The ability to quantify the

degree of measurement error also supports the strategy of using the

external calibration mini‐lung‐phantom. The quantified scan‐specific
values compared with known true values of the airways tubes and

foam block densities may be used to determine calibration formulas,

which should make it possible to reduce the error in scan‐specific
values, analogous to earlier works with coronary artery calcium

quantification.13

Three‐dimensional printing is a developing technology with

expanding applications in medicine. A variety of techniques such as

stereolithography (SLA), material jetting, fused deposition modeling

(FDM), and selective laser sintering (SLS) offer different advantages

to fit desired applications. Stereolithography was chosen for this

work given its high dimensional accuracy, with layer thicknesses pos-

sible down to 13 micrometers.29 In comparison, FDM techniques,

although generally with lower dimensional accuracy, have been

employed to create medical constructs with variable density by

incorporating radiopaque materials such as iodine, gadolinium, and

barium sulfate,30,31 although at density ranges that are very different

from the relatively much lower normal lung and ground‐glass

F I G . 3 . Micro‐CT measurements of (a) inner diameters, (b) wall thicknesses, and (c) outer diameters of every tube (A‐E) plotted along tubes’
long axis. The design specified nominal dimensions of ID, WT, and OD of each tube are provided in parentheses.

F I G . 4 . 95% confidence / 99% coverage tolerance intervals for
deviation from inner diameter, wall thickness, and outer diameter
nominal values based on micro‐CT measurements of five tubes (A‐E)
of all 10 mini‐lung‐phantoms. Such intervals are calculated to contain
95% confidence 99% of all future observations. Nonparametric
(Hahn‐Meeker method) intervals were calculated. The tolerance
intervals for all parameters are well within ±0.2 mm.
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opacities. Current 3‐D printing’s inability to reliably produce lung

ground‐glass densities necessitated the use of polyurethane foams,

which are manufactured to specified closer‐to‐air densities and have

been validated in prior CT phantoms,10,23 To minimize potential

effects on image quality and dose, the design of the mini‐lung‐
phantom is kept small, at 1.75 × 1.75 × 12 cm, and light at 22 g.

The 3‐D printed plastic shell is water and alcohol‐resistant and can

be disinfected by a sanitizing wipe between uses.

Three‐dimensional printing of imaging phantoms is being increas-

ingly reported, ranging from simulated low‐contrast soft tissue

lesions32 to whole thoracic phantoms for radiation treatment plan-

ning.18 The average dimensional error of the 3‐D printed tubes in

this work at 0.038 mm is superior to the average error of compara-

ble tubes made from traditional machining with an average absolute

error of 0.11 mm.22 As that 3‐D printing in this work was carried

out by contract manufacturing by a third party vendor, the capital

cost of purchase and maintenance of the 3‐D printer was avoided,

and the per‐unit cost of ~$100 for the 3‐D printed portions of each

of the mini‐lung‐phantoms is contrasted with $2,000 per machined

sample of the prior airway phantom.22 Three‐Dimensional printing

offers the advantages of rapid prototyping, such that design changes

and new features can be relatively quickly incorporated into future

iterations, and effective prototypes can be readily translated to pro-

duction. Thus, the techniques described facilitate the cost‐effective
manufacturing and potential dissemination of large numbers of cali-

bration phantoms across institutions.

Numerous factors can introduce uncertainty in CT imaging and

quantification.8 Recently, it was demonstrated that deep learning

image reconstruction algorithms may introduce novel and difficult to

detect artifacts on CT and MRI.33 With other factors such as evolv-

ing scanning protocols and the continued advent of automated

detection and quantification software algorithms, the presence of

external calibration phantom with established ground truth values

included with every scan can help detect inaccuracies and facilitate

continuous quality assurance.

Limitations of our study include: first, the relatively simple

geometry of the tubes does not fully simulate the complex geome-

try of the airways tree. Future designs incorporating more complex

geometries can be enabled by 3‐D printing. Second, the incorpora-

tion of various simulated lung densities necessitated the use of

machined polyurethane foam blocks, as that current 3D printed

materials are closer to water/plastic/soft tissue densities and can-

not accurately re‐create closer‐to‐air lung densities. While polyur-

ethane foam also does not exactly simulate the complex alveolar

micro‐anatomy of the lung parenchyma, and edge enhancing recon-

struction kernels or iterative reconstruction algorithms could impact

foam texture in a very different manner compared to actual

parenchymal ground‐glass densities, polyurethane foam is a stable

material that has been previously validated for the recreation of

lung density in CT phantoms10,23 and it is an ideal candidate for

the measurement of mean CT number in lung density application.

Rodrigues et al. showed the mean CT numbers of lung mimicking

foam densities do not fluctuate significantly between conventional

FBP and iterative reconstruction methods.34 Third, the airway

TAB L E 2 CT numbers of five foam blocks of 10 mini‐lung‐phantoms from two clinical CT scanners at three CT dose levels. The mean and
standard deviation of CT numbers for each block are averaged values over 10 duplicated mini phantoms.

Foam block 1 Foam block 2 Foam block 3 Foam block 4 Foam block 5

Scanner and dose (CTDIvol)
Mean
(HU)

Std Dev
(HU)

Mean
(HU)

Std Dev
(HU)

Mean
(HU)

Std Dev
(HU)

Mean
(HU)

Std Dev
(HU)

Mean
(HU)

Std Dev
(HU)

Scanner A routine dose

(6.67 mGy)

−896.5 1.7 −843.3 1.5 −774.2 2.8 −695.5 1.6 −350.8 3.7

Scanner A low dose

(1.99 mGy)

−896.0 2.2 −843.0 1.6 −774.7 3.0 −696.1 2.5 −351.5 4.9

Scanner A ultra−low dose

(0.1 mGy)

−899.0 2.5 −844.1 4.0 −774.5 4.5 −694.5 3.3 −347.0 3.3

Scanner B routine dose

(6.71 mGy)

−897.4 1.2 −844.9 1.0 −773.9 2.6 −695.1 1.7 −351.3 3.9

Scanner B low dose

(2.04 mGy)

−897.4 1.5 −845.0 1.2 −774.3 2.5 −694.7 2.1 −350.9 4.1

Scanner B ultra‐low dose

(0.29 mGy)

−897.1 3.3 −845.1 1.6 −774.7 3.2 −694.6 3.4 −350.0 3.9

F I G . 5 . Simulated use of calibration mini‐phantom in clinical CT.
Demonstration photograph of the calibration mini‐lung‐phantom
placed on top of an anthropomorphic thorax phantom, as an
example placement of the mini‐lung‐phantom on the patient chest in
clinical chest CT.
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dimension analysis of clinical CT is only performed for one scanner

at one dose level, because in this study we intend to focus on the

characterization of tubes with a typical clinical CT scanner instead

of studying the impact of scanner models and scanning conditions

on the airway measurement accuracy. Fourth, although the CT

number is considered uniform across the scan field of view, the

spatial resolution within a CT image degrades at the off‐center
location. Therefore, the periphery location of the mini‐lung‐
phantom scanned on the patient’s chest surface may lead to differ-

ent degrees of blurring between the printed airways and patient’s

airways. The impact of this difference and correction approach

warrants further research.

5 | CONCLUSION

In summary, calibration CT mini‐lung‐phantoms incorporating simu-

lated airways and ground‐glass lung densities were created using 3‐
D printing and conventional machining. This phantom has the poten-

tial to facilitate monitoring and help decrease uncertainty in quanti-

tative lung CT.
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