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Abstract

The purpose of this study was to extend the Extended Cardiac-Torso (XCAT) series of 

computational phantoms to include a detailed lung architecture including airways and pulmonary 

vasculature. Eleven XCAT phantoms of varying anatomy were used in this study. The lung lobes 

and initial branches of the airways, pulmonary arteries and veins were previously defined in each 

XCAT model. These models were extended from the initial branches of the airways and vessels to 

the level of terminal branches using an anatomically-based volume-filling branching algorithm. 

This algorithm grew the airway and vasculature branches separately and iteratively without 

intersecting each other using cylindrical models with diameters estimated by order-based 

anatomical measurements. Geometrical features of the extended branches were compared with 

literature anatomy values to quantitatively evaluate the models. These features include branching 

angle, length to diameter ratio, daughter to parent diameter ratio, asymmetrical branching pattern, 

diameter, and length ratios. The XCAT phantoms were then used to simulate CT images to 

qualitatively compare them with the original phantom images. The proposed growth model 

produced 46369±12521 airways, 44737±11773 arteries, and 39819±9988 veins to the XCAT 

phantoms. Furthermore, the growth model was shown to produce asymmetrical airway, artery, and 
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vein networks with geometrical attributes close to morphometry and model based studies. The 

simulated CT images of the phantoms were judged to be more realistic, including more airways 

and pulmonary vessels compared to the original phantoms. Future work will seek to add a 

heterogeneous parenchymal background into the XCAT lungs to make the phantoms even more 

representative of human anatomy, paving the way towards the use of XCAT models as a tool to 

virtually evaluate the current and emerging medical imaging technologies.
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I. Introduction

EXTENDED CARDIAC-TORSO (XCAT) phantoms are a library of computational human 

phantoms with detailed whole-body anatomies for individuals of different ages and body 

types. XCAT geometries are defined based on segmentation of organs in patient CT datasets 

using non-uniform rational B-spline (NURBS) surfaces [1–4]. These virtual phantoms can 

be used to perform patient-specific simulation studies in the context of medical imaging. As 

such, these phantoms have been extensively used in patient-specific organ dose estimation 

studies [5–8].

A current limitation of the XCAT phantoms is that the intra-organ anatomical structures are 

not modeled, i.e. the organs are mainly uniform inside. For example, the current XCAT 

phantoms include lungs with segmented models for initial airways and vessels to the 

maximum of 9 generations; these models do not currently include the smaller airways and 

pulmonary vasculature that make a significant anatomical content of the lung. While 

sufficient for dosimetry studies, lack of these heterogeneous intra-organ structures negatively 

affects the accuracy of image quality based simulation studies. For example, recent studies 

have shown that in CT, image quality attributes such as contrast, noise, and resolution are 

dependent on the subject’s heterogeneous background and material, especially in iterative 

reconstructions [9–11]. Such studies cannot be accurately conducted in a virtual platform 

using homogenous phantoms. Therefore, detailed anatomically-based models of the intra-

organ structures are essential for conducting image quality based simulations towards the 

goal of better understanding and further optimizing the imaging systems.

In this paper, building upon our earlier work with the airway tree [12], we advanced the 

XCAT phantoms to include a more comprehensive lung architecture. The airways as well as 

the pulmonary arteries and veins were extended from the initially segmented branches to the 

level of terminal branches, considering the bronchial wall thicknesses. The three trees 

(airways, pulmonary arteries, and veins) were grown simultaneously, optimizing their 

distribution while avoiding intersections.

The human lung consists of five lobes (two in the left and three in the right) and its 

architecture can be classified into parenchyma and non-parenchyma [13]. The parenchyma 

contains air, gas exchange units, vessels smaller than 20 to 25 μm in diameter, and 

capillaries whereas the non-parenchyma includes conducting airways and vasculature trees 
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larger than 20 to 25 μm in diameter [14, 15]. Ideally, these structures would be segmented 

from real human imaging data to create the most realistic models of human lungs. However, 

direct segmentation of these structures is limited by the image acquisition and segmentation 

algorithms. As such, the current state of the art lung segmentation methods are limited in 

extracting only initial branches of the conducting airways, pulmonary arteries, and 

pulmonary veins [16, 17], as in the existing XCAT models. Therefore, knowledge of lung 

structures’ morphometry and its three-dimensional geometrical complexity are required to 

augment the limited realism of anthropomorphic phantoms.

II. Methods

In the existing XCAT models, the lung lobes, the airways, and pulmonary arteries and veins 

are already defined for the lower branches. Similar to our previous work [12], we used a 

growth model based on anatomical and morphometry studies to grow and model the higher 

generation branches using the earlier generations as starting points. In this work, though, we 

grew the artery and vein trees in addition to the airways. This framework was utilized to 

extend 11 anatomically variable XCAT adult phantoms (6 females, 5 males).

A. Growth Model

Previous anatomy studies have shown that airway and vascular networks are space filling, 

asymmetrical tree structures that bifurcate into multiple generations [14, 18–22]. These 

studies informed the development of an asymmetrical volume-filling branching (VFB) 

method for modeling the human airways [23, 24] and the pulmonary vasculature [25], 

separately. The VFB has been shown to produce detailed lung airways or vasculature with 

consistent geometrical properties compared against anatomy studies. Furthermore, the VFB 

has been extensively used to investigate lung functions [26–30].

In this study, we extended the VFB method [24] to generate the airways and vasculature 

together in the XCAT phantoms while avoiding intersections between branches.

The proposed growth model algorithm is outlined in Fig. 1. First, the centerlines, diameters 

and ending points were extracted from the initial airway and vessel branches defined in each 

XCAT model. The centerlines were computed by skeletonizing the initial branches [31, 32]. 

The branch diameters were calculated from the surfaces. The ending points were found by 

extracting the network graph of the centerlines [32]. The algorithm iteratively estimated 

bifurcation points of the new generations for the airways, arteries, and veins, with their 

corresponding diameters and centerlines. Airways, arteries, and veins were grown in a loop. 

In each iteration, the free space was sampled with a uniform grid where each grid point 

occupied an average volume of a pulmonary acinus. Then, the next generation branches 

were estimated using the VFB method. Finally, the phantom was updated with the new 

generated structures. The algorithm was iterated, growing a given branch until at least one of 

the following conditions was met:

1. Branch length less than 1.00 mm [18, 20, 33],

2. Branch diameter less than 0.25 mm,
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3. Bifurcation reaching the boundary of the lobe, or

4. No more free space (grid point) to grow.

In each iteration, the Voronoi diagram was used to partition the grid points (re-sampled at 

each iteration from the updated free space) to the closest starting points that are eligible to 

bifurcate. As noted in Fig. 1, the branch length ratio was set to be 0.4 (± 0.05) along the 

vector of the parent ending point and center of mass points. This ratio was applied as it was 

shown to create branching results for both airways and vasculature close to anatomy studies 

[24, 25].

In each iteration, the newly generated branch was examined with respect to the previous 

state of its ever-growing branches to avoid potential intersections. After fixing any 

intersections, the phantom got updated with the newly generated structures (see the 

“Avoiding intersections” section for more details). The algorithm was set to end when no 

branch was eligible to bifurcate.

The following describes how the branches were limited in terms of the branching angles, 

how the diameters and the bronchial wall thicknesses were estimated, and how the 

intersections were avoided at each iteration of the algorithm.

1) Branching angle limit:: To avoid generating unrealistic, wide-angle branches, a limit 

of 60 degrees was assigned [24]. In the rare situations, where the angle between a branch 

and its parent was greater than the limit, the branch was revised adjusting the angle to 60 

degrees where the revised branch remains in the same plane with its parent. Fig. 2 illustrates 

this procedure. First, the cross product of the unit vectors of the branch Vb  and its parent 

V p  was calculated (Fig. 2b). The cross product of the resulting unit vector V1  and V p

was calculated to generate the unit vector V2 , which is orthogonal to V p  and is in the 

same plane including V p  and Vb  (Fig. 2c). The revised unit vector Vnew  was then 

calculated using

V  new  = Vpcos θ lim  + V2sin θ lim  , (1)

where θlim is the angle limit (Fig. 2d).

2) Diameters: The branch diameter, D, was estimated using

D = Dparent × 10
N − N p logRd, (2)

as the mean value. A coefficient of variation of 0.1 was randomly added to D value with a 

uniform distribution to add variability. In (2), Dparent is the parent diameter, N and Np are the 

Strahler order of the branch and its parent, and Rd is the Strahler diameter ratio calculated 

from morphometry measurements. The Strahler order difference, N − Np, was estimated 

Abadi et al. Page 4

IEEE Trans Med Imaging. Author manuscript; available in PMC 2019 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



using the connectivity matrix provided in [20], where the probability of the connection 

between a branch with order of X and another branch with order of Y was calculated.

In summary, Strahler ordering is a way of demonstrating the complexity of tree structures. In 

this ordering arrangement, the terminal branches are order 1. A non-terminal branch is order 

x+1 if both of its daughter branches are order x, otherwise the order of the branch is the 

maximum order of its daughter branches. Fig. 3 shows an illustration of Strahler ordering of 

a tree structure.

3) Airway wall thicknesses: Airways are hollow structures with wall thicknesses in the 

range of 0.1 to 1 mm. These walls consist of pseudostratified ciliated epithelium and a layer 

of smooth muscle [34]. To simulate this, wall thicknesses were estimated using the following 

equation

tw = D
Dl
tw

+ 1
, (3)

where, D, Dl, and tw are the branch diameter, lumen diameter, and wall thickness. The ratio 
Dl
tw

 was assigned using the measurements in [35].

4) Avoiding intersections: The VFB method does not consider avoiding the potential 

intersections of the generated branches with each other or with the previous segmented 

branches. This problem is even more challenging in our case with modeling airways and 

vessels altogether.

Our proposed algorithm avoided intersections using the following procedure. The algorithm 

generated the branches one by one and not in parallel. Once a branch was found to be not 

intersecting the previous generated structures, it was added to the phantom allowing the next 

branch to bifurcate. If the ending point of a branch was not in the free space, the branch 

length was iteratively reduced until the criteria was met. If this procedure made the branch 

length less than the limit (1.0 mm), the branch was removed and was not further grown. 

Once the ending point of the branch was in the free space, the centerline of the branch was 

checked for intersections by overlapping its mask with the binary mask of the previously 

generated structures. In the case of any intersections, the centerline of the branch was 

iteratively moved along a vector until the intersections were avoided. The vector used here 

was the gradient descent of the Signed Euclidean Distance (SED) transform map of the 

binary mask.

The Euclidean distance transform map (ED) of a binary mask assigns a number for each 

voxel of the mask, where that number is the Euclidean distance between that voxel and the 

nearest non-zero voxel in that mask. The Signed Euclidean distance transform map (SED) of 

a binary mask, B M, is defined as
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SED (BM) = ED (1 − BM) − ED(BM), (4)

where ED is the Euclidean distanced transform map of the binary mask, B M. The voxels 

outside the lobes were assigned to one in the B M and 1 − B M masks and were set to be not 

a number (NaN) in the SED. Fig. 4 shows an example of a binary mask and its 

corresponding SED transform map.

The SED map guides the intersected centerline points to find the minimum path from the 

intersected regions to the free space. The SED map was set to be positive inside the 

previously generated structures, zero in the boundaries, and negative in the free space inside 

the lobes. The revised centerline was further smoothed by fitting it to a cubic spline curve 

where the starting and the ending points of the revised centerline were fixed.

B. Evaluation

1) Geometrical evaluation: The goal of this study was to make the XCAT phantoms 

more representative of clinical reality by extending the airway and vessel trees. Therefore, it 

was essential to ascertain that the proposed method simulates relevant attributes of human 

lungs in the phantoms. Towards that goal, the XCAT phantoms with the growth model were 

evaluated by comparing their geometrical features against morphometry measurements and 

other modeling studies. The geometrical features included: angle θ between a branch and its 

parent, length to diameter ratio L
D , and daughter to parent diameter ratio 

Dd
Dp

. The 

asymmetrical characteristics of the growth model were also compared against morphometry 

and modeling studies. These features included diameter ratio (RdS), length ratio (RlS), and 

branching ratio (RbS), defined as the antilog of the slope of the log (mean diameters), log 

(mean lengths), and log (number of branches) against the Strahler order, respectively [36–

38].

2) Imaging Comparison: The detailed lung models were added as NURBS surfaces 

into 11 anatomically variable whole-body XCAT phantoms. Linear attenuation coefficient of 

different materials as a function of photon energy were calculated using [39]. A CT ray 

tracer [40] was used to synthesize contrast-enhanced CT projection images with a tube 

voltage of 120 kV. The projection images were then reconstructed using a weighted filtered 

backprojection algorithm. The CT images of the phantoms with and without the tree 

extensions were qualitatively compared with each other.

III. Results

A summary of the gender, age, weight, body mass index (BMI), and total lung volumes of 

the prototyped phantoms is given in Table I. As shown in the table, the phantoms had 

different BMI and lung volumes to include a various range of patient sizes. Fig. 5 shows an 

example of 3D renderings of the initial branches for the airways and pulmonary vessels that 

are defined in the XCAT models. Three-dimensional rendering of the results of using the 

growth model and a magnified section of it are shown in Fig. 6 and 7. The growth model 
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added 46369 ± 12521 (range: 31056–68899) airways, 44737 ± 11773 (range: 30834–66140) 

arteries, and 39819 ± 9988 (range 28029–57989) veins to the XCAT phantoms. Fig. 8 shows 

a collage of the generated phantoms illustrating detailed lung structures in 11 anatomically 

variable XCAT phantoms.

Table II lists the geometrical comparisons between the growth model and previous 

morphometry-based and model-based studies. Results are presented in terms of average 

across the phantoms ± the standard deviation, range (indicating the patient to patient 

variability), and R2 (indicating the goodness of the fits). Parameters θ, L
D , and 

Dd
Dp

 were 

found to produce results in the range of real human anatomy and previous lung models. It 

should be noted that we could not find any anatomical measurements for the θ and the L
D  in 

arterial and venous networks. Therefore, those results could only be compared against the 

airway measurements or the vasculature models.

RbS, as defined in [37], is 2 for symmetrical tree structures and is greater than 2 for 

asymmetrical ones. The prototyped airways, arteries and veins had RbS > 2 and were very 

close to the anatomy and the model measurements, with the trend of the arteries being more 

symmetrical than the veins and the airways being more symmetrical than the arteries. The 

growth model also generated the tree structures with Rd S values close to the previous 

studies. Finally, Rl S was in the range of previous studies for the prototyped airways. This 

feature was slightly smaller in the prototyped arteries and veins compared with the previous 

studies.

Fig.9 shows a coronal, an axial, and a sagittal view of the simulated CT images of an XCAT 

with and without the growth model. Fig. 10 shows some magnified regions of the CT images 

in the same phantom. The CT images of the enhanced phantoms are more realistic as they 

include more detailed structures than the original ones and thus are closer to clinical reality 

in terms of the airways and vessels.

IV. Discussion

Numerous morphometry studies [14, 18, 20, 33, 35] have investigated the number of 

generations, branch lengths and diameters, and airway wall thicknesses in conducting 

airways and pulmonary vessel trees to the level of terminal branches enabling mathematical 

3D models of human lung airways [12, 23, 24, 45, 47] and vasculature networks [25, 48]. 

Some of these models have been successfully used to investigate some lung functions [26–

30, 43]. However, there has been no model to include airways and vessels together, to the 

level of terminal branches in separate lobes, while estimating the wall thickness of the 

airways and avoiding intersections between branches. It might not be necessary to include 

all these features for some specific applications. For example, to conduct computational 

fluid dynamics studies [26–28, 43], 3D models of conducting airways are needed, whereas 

including vasculature tree would not be necessary. Similarly, in computational blood flow 

distribution analysis [29, 30] 3D models of the vasculature trees would be sufficient. 

However, to make the lungs of the XCAT phantoms more representative of human anatomy, 

they must include continuous and non-intersecting tree networks of airways, arteries, and 
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veins together with close anatomical attributes of what exist in humans. This extension adds 

essential and anatomically relevant features which pave the way toward the goal of 

simulating realistic CT images for studies in image quality.

In this study, we used 11 XCAT phantoms with various attributes such as gender, height, 

weight, and lung volume. However, our proposed algorithm is extendable for creating a 

larger population of phantoms. Moreover, the prototyped phantoms are flexible in that they 

can be modeled as both surfaces and voxelized formats to be compatible with multiple 

available medical imaging simulation packages including CT [40, 49–51], MRI [52–54], and 

SPECT/PET [55, 56]. Using this approach, medical imaging trials can be conducted 

virtually when the actual trials are not practical due to financial, time, and ground truth 

issues. Another advantage of these phantoms is that they can be used as a toolset to evaluate 

different lung segmentation or registration algorithms where the tree structures are not 

limited to the big branches, a large cohort of datasets can be synthesized, and the ground 

truth would be fully known.

In this study, we quantitatively evaluated the geometrical features of the extended XCAT 

phantoms. Although this essential approach demonstrates the anatomical attributes of the 

phantoms, it does not quantitatively evaluate the level of realism of the synthesized CT 

images. Such investigations can be done by both 1) observer studies where radiologists score 

the level of realism of the simulated images and 2) quantitative measurements of the 

simulated images to assure that the image quality features (such as noise, contrast, 

resolution, detectability index, etc.) extracted from the synthesized datasets are close to same 

features extracted from real images. However, these investigations demand modeling of 

parenchyma structures as well as having realistic CT simulators. A radiologist would not 

consider a simulated CT dataset realistic if it does not include the “textured” background of 

the parenchyma or if the CT simulator does not closely mimic the attributes of a scanner in 

the clinic. Similarly, while the extracted imaging features are dependent on the modeled 

non-parenchyma structures, they are also dependent on the parenchyma “texture” and the 

physics of the CT simulator.

In future work, to further enhance the level of realism, we plan to establish an anatomically 

based technique to model and incorporate the parenchyma structures as well as pathologies 

inside the XCAT lung phantoms. We also plan to develop techniques to model 

heterogeneities within other organs and structures as volumetric textures within the 

phantoms. Such simulated phantoms will be quantitatively evaluated using both observer 

studies and image quality based comparisons. These advances, combined with more accurate 

CT simulators (currently being developed in our laboratory), will enable the XCAT 

phantoms to generate data close to that of actual patients. With that ability, the XCAT 

models can become an enabling toolset to virtually evaluate current and emerging medical 

imaging technologies. This toolset is targeted to be used to conduct lung-related virtual 

clinical trial studies including quantifying the impact of a CT protocol on image quality and 

quantitative accuracy for imaging operations with the knowledge of the ground truth.

This study has several limitations. The original XCAT models for the airways and vessels 

were limited in the initial branches. However, more segmented branches of airways and 
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vessels can make the final phantoms even more anatomically relevant. The proposed growth 

model extended the gross airways, arteries, and veins based on only two well-known 

anatomical properties of the non-parenchyma structures: bifurcating and space-filling. While 

the geometrical measurements from our model were consistent with anatomy and other 

modeling measurements, the proposed algorithm does not perfectly model an exact human 

lung non-parenchyma architecture. For example, anatomy studies have shown that the 

airways and the arteries follow each other while the veins mostly bifurcate independently 

[14]. To simulate this, our proposed algorithm provided similar growing rules to the airways 

and vasculature, extending the existing 3D spatial relationship between the initial branches 

to the higher generations. However, this approach does not guarantee to create the most 

accurate 3D relationships of these structures in the higher generations.

Another limitation is that the algorithm was applied only to the lung expiration phase. In 

future work, we plan to incorporate respiratory motion to the lung structures in a manner 

similar to what we have done previously [2]. This will enable us to study the effects of 

respiratory motions on image quality.

The growth model also did not consider the effects of gravity which can affect the 

distribution and the density of pulmonary structures within the lung shape. As such, while 

gravity does influence the lung structure’s distribution, we consider the effects to be 

secondary compared to the other geometrical factors. Previously, we have utilized finite 

element techniques to simulate gravity for different positioning of the breast for breast 

imaging [57]. These techniques can be similarly used to simulate the gravity in the lungs in 

different positions such as supine and prone for future work.

Moreover, the growth model generated a variable number of terminal branches across the 

phantoms due to the existing variability in the phantoms lung volumes and shapes. We were 

not able to compare this variability against anatomical studies as those studies have not been 

performed across a population of patients. While this range in our prototyped phantoms 

might not exactly reflect the true variability across different subjects, it would enable us to 

test imaging systems across a wide range of lung architectures. Nevertheless, the tree 

structures can have more uniform number of terminal branches across the phantoms by 

putting a threshold on the number of terminal branches as a criterion to stop the growth 

model.

The growth model produced more symmetrical airways than vasculature due to the chosen 

sequence (airways, arteries, and veins) in the iteration of the model. This could be a 

departure from reality because in human lungs, each acinus is supplied by a single terminal 

bronchiole and a single arteriole; therefore, the branching ratio (the metric for asymmetry) is 

expected to be close for the tree structures. While this does not affect the use of these 

phantoms in the VCT application (as the tree symmetry is a secondary consideration in CT 

imaging interpretations), the trees could have closer symmetry by altering the sequence in 

each iteration.

The resolution of the phantom affects the phantom size (in both mesh and voxel-based 

formats), growth model runtime, and the CT simulations runtime. Therefore, our study only 
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modeled the branches with diameters greater than 0.25 mm which is about twice finer than a 

resolution of a current typical commercial CT scanner. With this resolution, the growth 

model (written in MATLAB) runtime was about an hour per phantom on a 3.30 GHz Core i7 

machine. The CT simulation (written in C) runtime was about 30 minutes per phantom 

where the projections at different angles were spread into multiple computers.

V. Conclusion

Anatomically-based modeling of pulmonary airways, arteries, and veins to the level of 

interstitial structures provides the XCAT phantoms with more detailed non-parenchyma 

structures. This essential feature paves the way towards the use of virtual patient models for 

realistic image quality assessments.
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Fig. 1. 
Outline of the growth model
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Fig. 2. 
Procedure for correcting a branch if the angle is greater than the limit. Vb and V p are the unit 

vectors of the branch and its parent. θis the angle between Vb and V p, and θlim is the angle 

limit. The “×” is the cross-product operation and Vnew is the revised vector for the branch. 

Note that these are unit vectors and each branch starts at the end of its parent branch.
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Fig. 3. 
An illustration for Strahler ordering.
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Fig. 4. 
An example of Signed Euclidean distance (SED) map calculation based on a binary mask 

(BM). In SED, voxels with positive values are the regions where structures exist and voxels 

with negative values are the free regions. The voxels outside the lung lobe is set to be not a 

number (NaN).
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Fig. 5. 
Initial surfaces for the lobes (upper left), airways (green), arteries (blue), and veins (red).
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Fig. 6. 
Growth model results: airways (green), arteries (blue), and veins (red).
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Fig. 7. 
A magnified section of a phantom with the growth model: airways (green), arteries (blue), 

and veins (red).
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Fig. 8. 
Collage of 11 XCAT phantoms. Airways are green. Arteries are blue. Veins are red.

Abadi et al. Page 21

IEEE Trans Med Imaging. Author manuscript; available in PMC 2019 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
Simulated CT images of the XCAT phantom without (first row) and with (second row) the 

lung growth model.
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Fig. 10. 
Small regions of the simulated CT images of the XCAT phantom without (first row) and 

with (second row) the lung growth model. In the lung regions, the results with the growth 

model include more detailed airways and pulmonary vasculature and thus are closer to 

clinical reality.

Abadi et al. Page 23

IEEE Trans Med Imaging. Author manuscript; available in PMC 2019 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Abadi et al. Page 24

TA
B

L
E

 I

A
 S

um
m

ar
y 

of
 P

ro
to

ty
pe

d 
Ph

an
to

m
s

Se
x

A
ge

W
ei

gh
t 

(k
g)

B
M

Ia
L

un
g 

V
ol

um
eb  (

cm
3 )

Ph
an

to
m

l
Fe

m
al

e
27

57
.5

20
.3

7
24

56

Ph
an

to
m

2
Fe

m
al

e
31

69
.6

28
.6

0
24

31

Ph
an

to
m

3
M

al
e

31
82

.8
25

.3
3

55
92

Ph
an

to
m

4
Fe

m
al

e
36

70
.1

24
.2

6
41

74

Ph
an

to
m

5
M

al
e

38
74

.8
23

.0
9

30
15

Ph
an

to
m

6
M

al
e

48
92

.7
28

.6
1

40
32

Ph
an

to
m

7
Fe

m
al

e
49

10
5.

1
35

.5
2

41
23

Ph
an

to
m

8
Fe

m
al

e
51

68
.2

22
.2

7
33

22

Ph
an

to
m

9
M

al
e

58
11

7
36

.1
1

46
92

Ph
an

to
m

 1
0c

Fe
m

al
e

N
A

66
24

.9
3

25
31

Ph
an

to
m

l l
c

M
al

e
N

A
81

26
.1

2
27

68

a B
M

I 
=

 B
od

y 
M

as
s 

In
de

x

b V
ol

um
es

 a
re

 a
t t

he
 e

nd
-e

xp
ir

at
or

y 
ph

as
e

c 50
th

 p
er

ce
nt

ile
 p

ha
nt

om
s

IEEE Trans Med Imaging. Author manuscript; available in PMC 2019 March 26.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Abadi et al. Page 25

TABLE II

Geometrical Features of the Growth Model, Previous Morphometry Studies, and Previous Models

Growth model Morphometry Other Models

θ

Airways 43.76 ±0.51
(range: 42.96–44.47)

39,43 [41];
37.28 [42]

50.31 [24];
42.90 ±0.10[43]

Arteries 44.84 + 0.30
(range: 44.46 – 45.26) - 47.29 [25]

Veins 44.56 ± 0.41
(range: 43.97 – 45.19) - 51.52 [25]

Airways 3.45 ± 0.05
(range: 3.40 – 3.53)

3.09,3.14[41];
~3.25 [44]

2.92 [24];
3.0[45]

4.67 ± 0.47 [43]

Arteries 4.05 + 0.12
(range: 3.86 – 4.22) - -

Veins 4.35 ± 0.09
(range: 4.21 – 4.48) - -

Dd
Dp

Airways 0.78 ± 0.00
(range: 0.78 – 0.79)

0.76 [46];
0.78, 0.83

[41]

0.79 [24]
0.82 ± 0.00 [43]

Arteries 0.73 ± 0.01
(range: 0.72 – 0.74) - -

Veins 0.73 ± 0.01
(range: 0.72 – 0.74) - -

RbS

Airways
2.48 ± 0.08

(range: 2.34 −2.58)
(R2= 0.99 + 0.01)

2.51–2.81 [38]
2.80 [24]

(R2 = 1.00)

Arteries
2.96 ± 0.53

(range: 2.54 – 4.05)
(R= 0.96 + 0.04)

3.03 [36]
3.11 [14]
3.36 [20]

3.04 [25]
(R2 = 1.00)

Veins
3.46 ± 0.29

(range: 3.15–4.01)
(R2= 0.96 + 0.01)

3.30 [38]
3.33 [20]

3.41 [25]
(R2 = 1.00)

RdS

Airways
1.43 + 0.03

(range: 1.37 −1.46)
(R3= 0.94 ± 0.02)

1.35–1.45 [38]
1.41 [24]

(R2 = 0.98)

Arteries
1.58 + 0.03

(range: 1.54–1.62)
(R2= 0.91 + 0.01)

1.56 [20]
1.60[36]

1.56, 1.60 [14]

1.57 [25]
(R2 = 1.00)

Veins
1.59 + 0.04
(1.55–1.67)

(R2= 0.93 ± 0.02)

1.58 [20]
1.69 [38]

1.66 [25]
(R2 = 1.00)

RlS

Airways
1.37 ±0.02

(range: 1.34 −1.40)
(R2= 1.00 ±0.01)

1.33–1.46 [38]
1.39 [24]

(R2 = 0.95)

Arteries
1.34 + 0.03

(range: 1.28 −1.39)
(R2= 0.96 ± 0.03)

1.46 [14]
1.49 [36]
1.49 [20]

1.50 [25]
(R2 = 0.95)

Veins
1.29 + 0.01

(range: 1.28 −1.33)
(R2= 0.99 ± 0.01)

1.50 [20]
1.68 [38]

1.64 [25]
(R2 = 0.94)

Results are in mean ± standard deviation and the range of the values. R2 is the coefficient of determination and indicates the goodness of the fits. 

θ=branching angle; 
L
D  = length to diameter ratio; 

Dd
Dp

 = daughter to parent diameter ratio: RbS, RdS, RlS = branching, diameter, and length ratios.
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