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a b s t r a c t 

The positions of nodules can change because of intraoperative lung deflation, and the modeling of 

pneumothorax-associated deformation remains a challenging issue for intraoperative tumor localization. 

In this study, we introduce spatial and geometric analysis methods for inflated/deflated lungs and discuss 

heterogeneity in pneumothorax-associated lung deformation. Contrast-enhanced CT images simulating in- 

traoperative conditions were acquired from live Beagle dogs. The images contain the overall shape of the 

lungs, including all lobes and internal bronchial structures, and were analyzed to provide a statistical de- 

formation model that could be used as prior knowledge to predict pneumothorax. To address the difficul- 

ties of mapping pneumothorax CT images with topological changes and CT intensity shifts, we designed 

deformable mesh registration techniques for mixed data structures including the lobe surfaces and the 

bronchial centerlines. Three global-to-local registration steps were performed under the constraint that 

the deformation was spatially continuous and smooth, while matching visible bronchial tree structures 

as much as possible. The developed framework achieved stable registration with a Hausdorff distance of 

less than 1 mm and a target registration error of less than 5 mm, and visualized deformation fields that 

demonstrate per-lobe contractions and rotations with high variability between subjects. The deformation 

analysis results show that the strain of lung parenchyma was 35% higher than that of bronchi, and that 

deformation in the deflated lung is heterogeneous. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Recent advances in medical imaging devices have increased the 

hances of finding early-stage cancer, metastatic lung tumors, and 

enign nodules. Although the positions of lung nodules can be 

dentified preoperatively on computed tomography (CT) images, 

he lungs deform or collapse during surgery, which prevents ac- 

urate tumor localization and increases the difficulty of resection 

rocedures. In the last decade, image-based and model-based in- 

raoperative guidance have been explored in laparoscopic surgery 

 Koo et al., 2017; Heiselman et al., 2018 ); however, pneumothorax- 

ssociated lung deformation has not been targeted because of a 

ack of clinical datasets and the complex properties of lung tissue. 

he analysis and modeling of pneumothorax-associated deforma- 

ion and its application to intraoperative tumor localization there- 
∗ Corresponding author.: Fax: +81 75 753 3375. 
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ore remains a challenging area of research for biomedical engi- 

eering. 

In the image-based analysis of lung modeling, respiratory mo- 

ion has been extensively investigated ( Ehrhardt et al., 2011; 

adeghi-Naini et al., 2012; Ilegbusi et al., 2012; Fuerst et al., 2015; 

ilms et al., 2016; Jud et al., 2017 ). However, because of difficul- 

ies in both image registration and regularization, few studies have 

odelled the pneumothorax-associated deformation that can oc- 

ur between the preoperative and intraoperative lung states. When 

eformable registration is applied to CT images of pneumothorax, 

wo technical issues should be addressed: the CT intensity shift 

nd the major deformation with both rotational and topological 

hanges. The CT intensity shift derives from the atelectasis state, 

n which there are variations in air content within the lungs; this 

hanges pixel values and severely lowers image contrast, seriously 

mpairing image-based registration. Lungs are very soft and their 

eformation is accompanied by significant volume reduction inside 

he thoracic cavity, which results in topological changes in the CT 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. CT slice images and extracted bronchial structures in the inflated/deflated 

states. (a) Intensity shift and topological changes inside the thoracic cavity, and (b) 

the paired bronchial labels extracted using the same CT values. (Arrows indicate 

estimated corresponding points). 
mage space. The mechanism of pneumothorax-associated lung de- 

ormation is complex and not mathematically understood, except 

hrough simulation studies of animal lungs ( Sadeghi-Naini et al., 

012; Naini et al., 2011 ). 

Deformable image registration techniques ( Sotiras et al., 2013; 

h and Kim, 2017; Klein et al., 2010; Beg et al., 2005 ) have been

sed for numerical analyses of organ and soft tissue deformation. 

ntraoperative deformation derived from changes in internal pres- 

ure, patient posture, and tool manipulation has been studied in 

espect to intraoperative guidance systems ( Kenngott et al., 2014; 

agner et al., 2016; Nickel et al., 2018; Koo et al., 2017; Rühaak 

t al., 2017; Nakao and Minato, 2010; Gunay et al., 2016; Tokuno 

t al., 2020 ), and studies have reported results of deformable regis- 

ration designed for guidance of thoracoscopic surgery. Uneri et al. 

resented a deformable registration framework for pneumotho- 

ax cone beam CT (CBCT) images of animal lungs ( Uneri et al., 

013 ), and an integrated framework of model-based and image- 

ased registration was used to address CT intensity shifts; how- 

ver, the limited field of view of CBCT is its major limitation for 

eformation analysis and the main focus of the work was regis- 

ration of bronchial junctions. Alvarez et al. analyzed CBCT images 

f lungs deformed because of posture differences ( Alvarez et al., 

018 ), and Nakao et al. designed a deformable mesh registration 

DMR) framework for registering pneumothorax-associated lung 

hapes and statistically investigated lung surface deformation in 

nimal CT datasets ( Nakao et al., 2019 ). More recently, the deflated 

ung surfaces of patients with pneumothorax were evaluated using 

yperelastic finite-element models ( Lesage et al., 2020 ). However, 

o the best of our knowledge, no study has reported registration 

esults for the overall shape of the lungs including all lobes and 

nternal bronchial structures, nor analyzed their spatial displace- 

ents. Therefore, we performed data acquisition and detailed nu- 

erical analysis with the aim of generating a statistical formula- 

ion of pneumothorax-associated deformation. 

The purpose of this study was to perform a spatial and geo- 

etric analysis of pneumothorax-associated lung deformation to 

etter understand the intraoperative state of the lung. Specifi- 

ally, we sought to determine the heterogeneity of 3D displace- 

ents as evidenced by targeting of the lung’s surface, parenchyma 

nd bronchial tree structures. In this analysis, we used pairs of 

ontrast-enhanced CT datasets acquired at two bronchial pressures 

designated as inflated and deflated states) from 11 live Beagle 

ogs. To address the difficulties of mapping pneumothorax CT im- 

ges with topological changes and CT intensity shifts, we designed 

 DMR framework for mixed data structures including the lobe sur- 

aces and bronchial centerlines. We used the spatial maps obtained 

rom the inflated/deflated lungs to investigate differences in strain 

a measure of the displacement between particles in the body rela- 

ive to a reference length) on the lung’s parenchyma and bronchial 

ree structures. 

The contributions of this paper are summarized as follows. 

• a complete deformable mesh registration solution for mapping 

inflated/deflated lungs with topological changes 
• a mapping function design for mixed data structures of the lobe 

surfaces and the bronchial tree structures with incomplete cor- 

respondence derived from CT intensity shifts 
• visualization of deformation fields that demonstrate per-lobe 

contractions and rotations with high variability between sub- 

jects 
• numerical analysis of heterogeneity in pneumothorax- 

associated deformation of whole lungs 

The registered models and findings can be directly used for sta- 

istical modeling of lung deflation. The potential clinical applica- 

ions include localization of deep tumors or nodules and develop- 

ent of intraoperative visual guidance for thoracoscopic surgery. 
2 
. Methods 

.1. Measurements and preprocessing 

To analyze spatial displacements in collapsed lungs, we used CT 

mages acquired from 11 live Beagle dogs. These datasets were ac- 

uired in a previous study for the purpose of simulating intraop- 

rative conditions and analyzing surface deformation ( Nakao et al., 

019 ). In this paper, we briefly describe the imaging process and 

onditions. Contrast-enhanced CT images were measured from the 

eft lungs at two bronchial pressures (14 and 2 cm H 2 O ) at the In-

titute of Laboratory Animals, Kyoto University. This study was per- 

ormed in accordance with the regulations of the Animal Research 

thics Committee of Kyoto University. All CT images were acquired 

ith a 16-row multidetector CT scanner (Alexion 16; Toshiba Medi- 

al Systems, Tochigi, Japan). The dogs were administered ketamine, 

ylazine, and rocuronium before undergoing tracheal intubation 

nd mechanical ventilation with a ventilator (Savina 300; Drager 

G & Co. KGaA, LüBeck, Germany). Using the ventilator, bronchial 

ressure was set to 14 cm H 2 O to obtain images of fully expanded 

ungs (inflated state) and to 2 cm H 2 O for imaging of collapsed 

ungs (deflated state). All dogs were placed in a right lateral (decu- 

itus) position on the bed of the CT scanner, and CT images were 

cquired in the inflated and deflated states. 

Fig. 1 shows CT slice images and volume rendered results of 

ronchial tree structures in the inflated and deflated states after 

igid registration of the two volumes using the spine and bed as 

xed references. The window width and level were set to 700 HU 

nd −600 HU, respectively. The CT intensity values changed be- 

ause of differences in the air content of the lung, with the im- 

ge contrast in the deflated state becoming significantly lower than 

hat in the inflated state. With this intensity shift, the CT val- 

es of the parenchyma increase (the parenchyma region becomes 

righter), as can be seen in Fig. 1 (a). A large space outside of the

ung because of air flowing into the thoracic cavity in the deflated 

tate is also confirmed. The accuracy of image-based registration 

an be affected by these image characteristics, and we found that 

ome image-based registration algorithms failed, having large reg- 

stration errors in the edge of the deformed lung surfaces. There- 

ore, analysis of the pneumothorax-associated lung deformation re- 

uires a stable registration framework that addresses the intensity 

hifts and major deformations with topological changes inside the 

horacic cavity. 

Fig. 1 (b) show the segmented bronchial labels in the in- 

ated/deflated states, with red and green arrows showing the es- 
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Table 1 

Specifications of the paired lung geometry datasets in inflated/deflated states. V u : volume of upper lobe, V l : volume of lower lobe, N j : 

number of bronchial junctions, and N e : number of bronchial terminals. 

Case 

inflated state deflated state 

V u [cc] V l [cc] N j N e V u [cc] V l [cc] N j N e 

1 173.5 242.9 58 62 82.7 96.9 44 48 

2 167.1 508.3 63 64 69.9 116.4 62 63 

3 231.7 357.6 66 67 111.4 145.3 40 48 

4 184.7 258.2 73 75 71.4 100.4 36 40 

5 246.1 353.3 62 67 78.9 92.8 49 57 

6 188.4 373.2 77 83 65.8 104.1 30 37 

7 131.9 257.9 97 98 55.8 110.7 31 32 

8 164.3 342.1 69 75 102.3 196.7 39 42 

9 198.8 375.4 58 67 84.9 111.8 43 51 

10 232.5 355.7 90 98 113.5 186.4 60 64 

11 163.7 212.1 - - 160.2 236.6 - - 

mean ±SD 189.3 ±35.1 330.6 ±83.4 71.3 ±13.3 75.6 ±13.3 90.6 ±29.7 136.2 ±48.7 43.4 ±10.9 48.2 ±10.8 
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imated positions of corresponding points. Although both datasets 

ere extracted using the same CT value threshold, there are clearly 

issing shapes around the bronchial terminals in Fig. 1 (b). As 

he inflated state shows the clear contrast of the bronchus be- 

ause of the high air content, the finer structures can be extracted. 

n the other hand, the estimated bronchial terminal in the de- 

ated state indicated by the dotted green arrow is not detected 

ecause of the intensity shift, and the bronchus is therefore visual- 

zed as being shorter than the estimated contraction. This means 

hat deformable registration based on only bronchial structures 

esults in incorrect matching results. To overcome the difficulty 

n matching two shapes with incomplete correspondence, we de- 

igned our mesh-based registration methods on the basis of sur- 

ace and bronchial geometry. 

Anatomical segmentation of the upper/lower lobes and 

ronchial structures was automatically performed using a 

ynapse VINCENT 3D medical image analysis system (Fujifilm, 

okyo, Japan). Tetrahedral meshes representing the lobes were 

ndependently created using Poisson surface reconstruction 

 Kazhdan et al., 2006 ) and tetrahedralization (See Figure 2). All 

odels were resampled to 500 triangles while considering the 

urface representation and computational cost for DMR, resulting 

n 650–750 tetrahedra for each lobe. The bronchial labels were 

onverted to centerlines using the Vascular Modeling Toolkit 

VMTK) ( Antiga and Steinman, 2011 ). Figure 2 (b) and (c) show the

ronchial centerlines of inflated and deflated states, respectively. 

he centerlines comprised a tree structure with multiple nodes, 

ncluding junctions and terminals. The root node represents the 

ulmonary hilum. Table 1 summarizes the specifications of the 

1 paired lung models in the inflated and deflated states. V u and 

 l are the volumes of the upper and lower lobes, respectively. 

 j is the number of bronchial junctions, and N e is the number 

f bronchial terminals. These numbers are determined in VMTK 

ased on the complexity of the centerline structures, with the 

eflated models showing smaller values. We note that in Case 

1, the volume at a bronchial pressure of 2 cm H 2 O showed an 

nexpected increase, which was probably a result of the bronchial 

ressure not being successfully controlled. Therefore, Case 11 was 

emoved from our analyses. 

.2. Problem definition 

The focus of this study was to investigate the spatial displace- 

ents of whole lungs, including their surfaces and bronchial struc- 

ures. The displacement of bronchi can be partially obtained by 

atching anatomical feature points extracted from bronchial junc- 

ions ( Nakamoto et al., 2007; Uneri et al., 2013 ). However, such 

andmark-based matching cannot be applied to the lung’s curved 
3 
urfaces because of their lack of anatomical features. DMR is in- 

reasingly being applied in practice because registered mesh mod- 

ls are directly available for statistical modeling and variational 

nalysis ( Ehrhardt et al., 2011; Kim et al., 2015; Jud et al., 2017 ).

n addition, for anatomical structures with large shape variations, 

ecent DMR methods ( Kim et al., 2015; Nakao et al., 2019 ) have

hown better registration accuracy than large-deformation diffeo- 

orphic metric mapping ( Beg et al., 2005 ). 

The pair of lung mesh models representing the inflated and 

eflated states differed in the number of vertices and the data 

tructure (i.e., tree and mesh topology) because they were inde- 

endently generated from different CT images. In this study, the 

hape model M I generated from the inflated lung is deformed 

o the deflated model M D . We aimed to compute the registered 

odel φ(M I ) ( φ: mapping function) that precisely approximated 

he target surfaces and centerlines by DMR. Because the initial 

nd registered model (M I , φ(M I )) have the same data structure 

ith point-to-point correspondence, the spatial deformation u can 

e obtained by calculating the displacement vectors of the corre- 

ponding vertices. 

We performed a preliminary experiment to investigate the lin- 

arity of displacement in the lung lobes. We applied conventional 

MR ( Nakao et al., 2019 ) to the two lung surfaces of the in-

ated/deflated states and mapped the vertex displacement of the 

eformed tetrahedral mesh to all the nodes of the bronchial tree 

tructures. This mapping involved a combination of DMR and spa- 

ial linear interpolation of the inside of the lobe surfaces and was 

mplemented using the barycentric coordinates of the tetrahedral 

lements. Fig. 2 (e) shows the DMR result with linearly-mapped 

ronchial centerlines (blue) and the target centerlines in the de- 

ated state (red). 

If the pneumothorax-associated deformation is spatially homo- 

eneous, the deformed bronchial centerline would coincide with 

he target centerline in the deflated state. However, as shown in 

ig. 2 (e), local mismatches of the bronchial junctions were found, 

s indicated by the arrows. Most of the datasets showed large de- 

iations between the target and linearly mapped centerlines, sug- 

esting that the displacement of the lung region was not spa- 

ially homogeneous. This preliminary analysis also shows that the 

neumothorax-associated deformation is spatially continuous in 

ach lobe, although some cases show irregular rotations between 

he upper and lower lobes. Based on the features observed be- 

ween the lung surface and the bronchi, we designed the DMR 

ramework by considering the following two issues. 

• The lung surface and bronchial centerlines should be registered 

under the constraint that the deformation is spatially continu- 

ous and smooth while matching visible junctions as much as 

possible. 
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Fig. 2. A typical example of the mesh models and DMR results. (a) Tetrahedral meshes in the inflated (translucent) and deflated states (opaque), (b) bronchial centerlines 

in the inflated state, (c) bronchial centerlines in the deflated state, (d) overlapping images and (e) deformed centerlines (blue) using conventional DMR and linear mapping. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Proposed three-step DMR framework for mixed data structures with lung surfaces and centerlines. The registration process is applied to each lobe independently to 

cope with rotational components or sliding motion of pneumothorax-associated deformation. 

2

l

l

m

l

r

c

 

 

 

 

e

a

a

fi

a

c

b

w

• To handle the different rotations between the upper and lower 

lobes, mapping functions φ for deformable registration should 

be determined independently for each lobe. 

.3. DMR For lung surface and bronchial structures 

Based on the problem definition, this section describes the out- 

ine of the DMR framework that matches the inflated and deflated 

ung models. The proposed DMR is designed to obtain non-linear 

apping under the condition that the deformation field for the 

ung surface and bronchi is spatially continuous and smooth. The 

egistration framework comprises the following three-step pro- 

esses (See Fig. 3 ). 

1. STEP 1 Global affine transformation 

Global registration is first applied to the inflated (source) model 

M I = (S I , C I ) ( S I : the lung surface and C I : the bronchial center-

line in the inflated state) to roughly match it to the deflated 

(target) model M D = (S D , C D ) ( S D : the lung surface and C D : the

bronchial centerline in the deflated state). In this step, a set of 

vertices of the lung surface and bronchial centerlines are trans- 

formed using v ′ 
i 
= T v i ( T : transformation matrix, v i : vertex po-

sition). As the root node of the bronchial tree structure repre- 

sents the pulmonary hilum in our data, its position is used as 

the origin for normalizing the translation. 

2. STEP 2 Piecewise affine (PWA) deformable registration 

The purpose of the next step is to locally register the sur- 

face and bronchial centerline while spatially deforming the en- 

tire lung region continuously and smoothly. A cuboid grid M 

formed by tetrahedral elements is first generated as the bound- 

ing box of the lung model φ(M I ) obtained in STEP 1. Here, The

deformation field is discretely represented by per-vertex dis- 
4 
placement vectors of the cuboid grid, as shown by the arrows 

in Fig. 3. The vertex positions are updated while maintaining 

the connectivity between the vertices. The displacement of each 

vertex of the grid is mapped to all the surface and centerline 

vertices. The vertex displacements of the cuboid grid are ob- 

tained by minimizing an objective function. We introduce the 

objective function that addresses local mismatches on the miss- 

ing parts of the bronchi while handling the mixed data struc- 

tures with surface meshes and centerlines. The details are de- 

scribed in the next section. 

3. STEP 3 Laplacian-based local mesh registration 

The final step is performed to improve registration results for 

the local shapes with large matching errors. The lung surface 

is refined based on the Laplacian-based diffeomorphic shape 

matching (LDSM) algorithm ( Nakao et al., 2021b ), and the de- 

formation is mapped to the centerlines. Using a discrete Lapla- 

cian of the lung surface as the shape descriptor, LDSM achieves 

stricter surface matching while preserving the entire shape of 

the lung. Details of the LDSM algorithm and its registration per- 

formance for abdominal organs are reported in ( Nakao et al., 

2021b ). 

We applied the above registration process independently to 

ach lobe to cope with rotation and sliding motion of the upper 

nd lower lobes. Hence, the transformation matrix T for global 

ffine transformation and mapping functions φ (i.e., deformation 

eld u ) for deformable registration was calculated for each lobe, 

nd simultaneously updated per iteration in the registration pro- 

ess. For the propagation of deformation fields to the surface and 

ronchial structures, the barycentric coordinates of the vertices 

ith regard to the corresponding tetrahedral element were calcu- 
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Fig. 4. Local distance measures for lung surfaces and bronchial centerlines with 

missing parts. (a) initial setup of the inflated and deflated models, (b) deformed 

and deflated models after global affine transformation, (c) bidirectional surface dis- 

tance, and (d) one-way centerline distance. 
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L

ated in advance. All vertices were updated while keeping the rel- 

tive position of the four points of the tetrahedral element. 

.4. Objective function 

In STEP 1 and 2, the registered models are computed by min- 

mizing the proposed objective function, which is designed to ob- 

ain a spatially continuous and smooth mapping of the lung sur- 

ace and bronchial centerlines. The objective function is described 

s follows. 

 = d(M D , φ(M I )) + 

∫ 1 

0 

‖ L (u (s )) ‖ 

2 ds, (1) 

here d is the distance function between the two models. φ(·) 
s a continuous and differentiable transformation that maps the 

ource model to the deformed model. L (·) is the Laplace–Beltrami 

perator and L (u ) is the discrete Laplacian of the deformation field 

 boldmath u. 

The first term evaluates the difference between the deformed 

odel and the target model, whereas the second is a regulariza- 

ion term to make the deformation field smooth. Figs 4 (a) and (b) 

llustrate examples of initial setups in Steps 1 and 2, respectively. 

o obtain accurate deformation fields that match the pneumotho- 

ax lung models with partial defects, we introduce the following 

istance measures. 

urface distance 

The surface distance d s is a loss function that evaluates the dif- 

erence between the two curved surfaces. In this study, the dis- 

ance between the source and target surfaces (S I , S D ) is defined as

ollows: 

 s (S I , S D ) = 

∑ 

v I 
j 
∈ S I 

d (v I j , S D ) /N I + 

∑ 

v D 
k 
∈ S D 

d (v D k , S I ) /N D , (2) 

here S I and S D are the set of vertices for the inflated and de-

ated lung surfaces, respectively, and N I and N D are their number 

f vertices. Although the source surface is iteratively updated in 

he registration process, we use S I for its notation, for readability 

urposes. v I 
j 

represents the 3D position of the j-th vertex of S I , 

nd v I 
j 

is the 3D position of the k -th vertex of S D . m and n are the
5 
umbers of vertices for S I and S D , respectively. d(v , V ) is the min-

mum point distance between a vertex v and a set of vertices V of 

 curved surface, and is defined by 

d(v , S) = | v − ˆ v p | 
.t. ˆ v p = min 

v p 
{ | v − v p | + γ (1 − n · n p ) } , (3) 

here γ is a weight, v p is a vertex of the curved surfaces S, and

 and n p are vertex normals at v and v p , respectively. To avoid

atching errors around the ridges or tips of the lung surface, the 

losest point ˆ v p from v is determined by considering the vertex 

ormal. Figure 4(c) illustrates d(v I 
j 
, S D ) (gray) and d(v D 

k 
, S I ) (black).

 s is computed as the average of the bidirectional distances from 

he surface to the other surface and is available as a stable index 

ven for highly frequent shape changes and noise. This error met- 

ic is also referred to as a mean distance and is used to evaluate 

egistration accuracy ( Kim et al., 2015; Nakao et al., 2019 ). 

ne-way centerline distance 

The one-way centerline distance d c is a loss function that evalu- 

tes the distance between the two centerlines (C I , C D ) with incom- 

lete correspondence. Unlike for the surface distance, we employ 

 one-way distance measure to consider the missing shapes of the 

eflated bronchi. Bidirectional distance is a well-established geo- 

etric error metric when two shapes (e.g., bronchial trees here) 

epresent the same anatomical region. However, as shown in Fig. 

, the bronchial trees obtained from the pneumothorax CT images 

o not represent the same anatomical regions because most of the 

erminal shapes are not detected following the CT intensity shift. 

he bronchial tree in the deflated state C D is visualized as being 

horter than the estimated shape, even after consideration of lung 

eflation, and bronchial tree registration using bidirectional dis- 

ance results in anatomically wrong matching around the terminal. 

he one-way centerline distance we used is described by 

 c (C I , C D ) = 

∑ 

v D 
k 
∈ C D 

d(v D k , C I ) /N C , (4) 

here C I and C D are the set of vertices for the bronchial centerlines 

n the inflated and deflated states, N C is the number of vertices for 

 D , d(v , C) is the minimum point distance between a vertex v and

 curved line C. Figure 4(d) shows d(v D 
k 
, C I ) uniquely defined as 

he one-way distance from a point of the target centerline to the 

ource point. The source centerline C I has many terminals that do 

ot structurally correspond to those of the target centerline C D be- 

ause of its missing branches. In other words, the bronchial junc- 

ions or centerlines in the deflated state provide reliable landmarks 

or matching the two shapes, but the bronchial terminals in the in- 

ated state should not be matched to those in the deflated state. 

hese observations suggest that the one-way distance C D → C I en- 

bles evaluation of the validity of the distances corresponding to 

he visualized junctions and branches. In this scheme, the posi- 

ion of the bronchial terminal indicated by the dotted green arrow 

n Fig. 1(b) is spatially interpolated using reliable corresponding 

oints obtained from the nearest surfaces, junctions, and center- 

ines with one-way correspondence. 

ull objective 

The discrete form of the objective function E can be described 

sing the two distance measures as follows: 

 = d s (S I , S D ) 
2 + αd c (C I , C D ) 

2 + β
∑ 

v i ∈ M I 

‖ L (u i ) ‖ 

2 , (5) 

here α and β are the weights, u i is the local displacement at ver- 

ex v i , and L ( u i ) is the discrete Laplacian of the local displacement

ector, described as 

 (u i ) = 

∑ 

v j ∈ A i 
ω i j (u i − u j ) . (6) 
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Fig. 5. Contraction and rotational components in pneumothorax-associated lung 

deformation. (a) Homogeneous deformation with zero rotational components, (b) 

a real example of pneumothorax-associated deformation with rotation, (c) the con- 

traction component extracted from the deformation field, and (d) its geometrical 

description. 

Fig. 6. Definition of the Cauchy strain for bronchi and parenchyma in each lobe. 

(a) The positional relationship between the hilum, bronchial junctions, and termi- 

nal and corresponding surface point. (b) 2D plots and strain calculation for bronchi 

(blue line) and parenchyma (red line). (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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ere, ω i j is the edge weight and A i is the set of adjacent vertices

f one ring connected by vertex v i and the edges. As the discrete 

aplacian approximates the mean curvature normal ( Nealen et al., 

006 ), the third term in Eq. (5) makes the deformation field spa- 

ially smooth and diffeomorphic. Although there are several meth- 

ds for calculating the weights, the general one is cotangent dis- 

retization based on the per-edge Voronoi areas. The deformation 

eld u is obtained by iteratively updating v i while minimizing E. 

he step-by-step update avoids local mismatches during the early 

tage if there is a considerable distance between the two models. 

.5. Contraction and rotational components 

This section describes methods for analyzing the heterogeneity 

f the pneumothorax-associated deformation using the registered 

odels. Figure 5(a) illustrates an ideal case of homogeneous defor- 

ation with zero rotational components. As the pulmonary hilum 

s physically fixed and not affected by pneumothorax-associated 

eformation, we use its position as the origin. In this case, the per- 

ertex displacement u i = φ(v i ) − v i towards the hilum corresponds 

o the local contraction component s i , and we can estimate the lo- 

al characteristics of the surface contraction using the size of u i . 

Figure 5(b) shows a real example of pneumothorax-associated 

ung deformation with rotation. The contraction was accompanied 

y various types of rotations, as observed in different subjects. As 

ach subject was measured in the same right lateral position, we 

onsider it unlikely that posture differences were the major cause 

f rotational variations. Rather, we consider that such rotations 

re caused by sliding motions between lobes and subject-specific 

hysical interactions between the lobes and the thoracic cavity, 

uch as friction and adhesion. Therefore, the rotational components 

an be regarded as external disturbance that does not reflect dif- 

erences in the characteristics of lung tissue between subjects. As 

his study aimed to analyze the tissue characteristics of the lung 

obes, rotational components caused by external factors were ex- 

luded from our analysis. 

We employed simple calculation methods to extract the con- 

raction component from the deformation field. In Fig. 5 (c), v i and 

(v i ) are corresponding vertices of the initial model and the regis- 

ered model determined by DMR, respectively. To extract contrac- 

ion s i from the displacement vector u i , v ′ i is defined as the posi-

ion where the rotational component r i is removed from φ(v i ) . As 

he pulmonary hilum (i.e., the origin in this study) is supposed to 

e the center of rotation, the direction of the contraction compo- 

ent s i is defined as the vector towards the hilum, as shown in 

ig. 5 (d). The contraction s i and rotational component r i are de- 

ned as Eq. (7) and (8) , respectively. 

 i = 

| φ(v i ) | − | v i | 
| v i | v i , (7) 

 i = u i − s i . (8) 

.6. Strain definition for bronchi and parenchyma 

The objective of this study was to analyze the heterogeneity in 

neumothorax-associated deformation of the lungs. For this pur- 

ose, the strains of bronchi and other parenchyma regions were 

ompared according to the registered CT models. In general, strain 

s a measure of the displacement between particles in the body 

elative to a reference length. The Cauchy strain is defined as 

 = 

�L 

L 
(9) 

here L is the original length between two sampled points, and 

L is the change in length between the sampled points in the de- 

ormed body. To compare the strains of anatomically corresponding 
6 
tructures, we divided the lung’s internal structures into two re- 

ions: the bronchial region and the region between the bronchial 

erminal and the surface (notated as parenchyma in this paper). 

his latter region comprises microtissues such as alveoli and ter- 

inal bronchioles, and the structures are not clearly identifiable 

n CT imaging. To determine L and �L for the corresponding two 

egions, we focused on a set of spatially-continuous points per 

ronchial branch, bronchial terminal, and its extended point on 

he lung surface. Figure 6(a) shows the sampled points: the pul- 

onary hilum, three bronchial junctions (blue), the bronchial ter- 

inal (green), and corresponding surface point (red) obtained from 

ne bronchial branch. The surface point is defined as the inter- 

ection of the straight line determined by the pulmonary hilum 

nd the bronchial terminal. In this case, L is determined as the 

uclidean distances of the two neighboring points in the deflated 

tate and �L is the change in the distance that occurs in the de- 

ormation between the inflated state and the deflated state. 

Figure 6 (b) illustrates a 2D plot representing the relation be- 

ween the Euclidean distance between the pulmonary hilum | v i | 
nd the contraction | s i | for the sampled points. Here, the gradient 

f the line defined by the two neighboring points represents the 

auchy strain for the local region. As we confirmed that the set 

f plots for one bronchial branch were mostly distributed linearly, 
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Fig. 7. Typical registration results with variations in bronchial anatomy and lobe deformation. (a) visual comparison between the proposed DMR and surface registration 

with linear mapping, (b) enlarged images of the local bronchial shapes, (c) 24 points for evaluating target registration error. 
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he strain for the bronchi was calculated from the linear regres- 

ion of the plots from the bronchial junctions and the terminal, 

s shown by the blue line in Fig. 6(b). The strain for the region

etween the bronchial terminal and the lung surface was obtained 

rom the gradient of the red line. In this study, reliable correspond- 

ng points are not always obtained from overall volumetric regions 

ecause of the low contrast images in the deflated lungs. Also, the 

eformation of parenchyma is locally affected by rotation or slid- 

ng motions between lobes, which makes analysis with a volumet- 

ic deformation map difficult. The proposed bronchial-tree-based 

train analysis enables to compare corresponding bronchial center- 

ines and parenchyma on a one-to-one basis. 

. Experiments 

In the experiments, the performance of the proposed DMR 

ramework was first evaluated using ten in vivo lung models 

Cases 1–10). The efficacy of the objective function was confirmed 

y comparing it with existing deformable mesh registration ap- 

roaches. Then, the heterogeneity of the strains on the bronchus 

nd parenchyma was investigated using the spatial displacement 

btained from the registered models. The proposed DMR and de- 

ormation analysis methods were implemented using Visual C/C++ 

nd OpenGL. A computer with a graphics processing unit (CPU: 

ntel Core i7 3.7GHz, Memory: 64 GB, GPU: NVIDIA GeForce GTX 

080) was used throughout the experiments. 

For the weights in the developed framework, we used 1.0 for λ, 

he same value used in a previous study ( Nakao et al., 2019 ). After

xamining several parameter sets, (α, β) = (2 . 0 , 2 . 0) were used for

he weight parameters in the objective function. For each registra- 

ion step, when the minimum value of the objective function was 

ot updated in the most recent 20 iterations, or when the num- 

er of updates reached 10 0 0 times, the iterative update was ter- 

inated and the next registration step was initiated. 

.1. Quantitative comparison of DMR 

In the first experiment, the registration accuracy was confirmed 

or the paired CT models with pneumothorax-associated deforma- 
7 
ion. The inflated lung models were deformed to the deflated tar- 

et models and the differences between the deformed and tar- 

et shapes were quantified using multiple shape similarity crite- 

ia. The mean distance and Hausdorff distance ( Kim et al., 2015; 

akao et al., 2019 ) were used as measures of the shape simi- 

arity of the surfaces. The mean and maximum of the one-way 

oint-to-point distances were used to measure the similarity of the 

ronchial centerlines. The Hausdorff distance measures the longest 

istance among the minimum point distances between two sur- 

aces, whereas the mean distance is the average of the minimum 

oint distances. The Hausdorff distance is a strict error metric as it 

easures the largest distance between two shapes. 

Unlike segmentation or recognition problems, deformation 

nalysis requires point-to-point correspondence between two 

hapes. The accuracy of the registered shape after DMR was val- 

dated by the target registration errors (TREs) on anatomical evalu- 

tion points of the lung surface and bronchial junctions. The TREs 

ere defined as the Euclidean distances between the manually- 

laced evaluation points of the target (deflated) model and the 

eformed (registered) model generated from the inflated model. 

utomatic identification of the unique/distinctive features of indi- 

idual models is difficult because their shapes comprise smooth 

urved surfaces and their bronchial tree structures vary substan- 

ially among patients (See Fig. 7 ). With the anatomical review 

f two expert surgeons, 12 evaluation points were manually set 

n the surfaces and bronchial junctions of the deflated models. 

he corresponding vertices of the inflated models were also deter- 

ined. Fig. 7 (c) shows an example of all 24 evaluation points for 

ne subject. The evaluation points for the surfaces were selected 

rom the ridge of the lung surface with large curvatures and locally 

imilar features. As the bronchial tree structures were anatomi- 

ally different between subjects, as shown in Table 1 , the bronchial 

unctions were selected such that the correspondence between the 

nflated/deflated shapes was visually clear. 

The proposed DMR was compared with the existing mesh- 

ased registration methods: 

• Affine transformation (AF) 
• Piecewise affine transformation (PWA) 



M. Nakao, K. Kobayashi, J. Tokuno et al. Medical Image Analysis 73 (2021) 102181 

Fig. 8. The relationship between the Euclidean distance from the pulmonary hilum and the contraction components for bronchi and parenchyma. The gradient of the 

regression line represents the strain. 

Table 2 

The mean ± standard deviation of DMR results for mean distance (MD), Hausdorff distance (HD), centerline 

distance (CD), and target registration errors (TREs) for surfaces and bronchial centerlines. 

Error metric Rigid AF PWA LSM Proposed 

MD [mm] 10.09 ± 2.14 4.13 ± 1.22 1.49 ± 0.20 0.24 ± 0.05 0.24 ± 0.06 

HD [mm] 29.65 ± 5.72 15.97 ± 4.84 6.35 ± 1.85 0.74 ± 0.18 0.78 ± 0.17 

CD (mean) [mm] 4.08 ± 1.15 3.83 ± 1.80 3.88 ± 1.68 3.86 ± 1.70 1.51 ± 0.58 ∗

CD (maximum) [mm] 11.48 ± 4.71 12.78 ± 6.61 12.07 ± 6.04 12.40 ± 6.14 7.53 ± 2.47 ∗

TRE (surface) [mm] 22.91 ± 8.81 10.65 ± 5.46 6.11 ± 3.69 4.57 ± 4.13 4.55 ± 2.82 

TRE (bronchus) [mm] 7.59 ± 4.77 5.63 ± 3.60 6.10 ± 3.54 6.14 ± 3.51 3.97 ± 2.75 ∗
∗: p < 0.01 
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• Laplacian-based shape matching (LSM) 

The rigid registration result was also listed to confirm the ini- 

ial difference and complexity of the inter-subject matching of col- 

apsed lungs. PWA and LSM were investigated as an integrated 

egistration framework to match the experimental conditions with 

hose of the proposed method; for PWA and LSM, affine regis- 

ration was first applied to globally match the posture and vol- 

me of the overall shape. Additionally, in the LSM, piecewise affine 

egistration was performed in advance to achieve a globally sta- 

le and locally strict registration, similar to the proposed method. 

s these existing methods were originally applied to surface mod- 

ls, bronchial tree registration was performed with linear mapping, 

hat is, the displacement of the bronchial structures was linearly 

nterpolated from the deformed surfaces. In the PWA step, an axis- 

ligned bounding box was calculated for each lobe, and its space 

as divided into 4 × 4 × 4 = 64 subspace. We note that the differ-

nce between the LSM and proposed method lies in the weight pa- 

ameters (α, β) = (0 . 0 , 2 . 0) used for the objective function in LSM.

his setting also serves as confirmation of the role of the proposed 

ne-way centerline distance. 

Table 2 shows values of the error metrics obtained from the 

egistration results of the 10 subjects. The mean distance (MD), 

ausdorff distance (HD) for surfaces, the mean and maximum cen- 
8 
erline distance (CD), and target registration errors (TREs) for lung 

urface and bronchi are listed. The proposed DMR achieved signif- 

cantly smaller CDs and TREs for bronchial centerlines compared 

ith the conventional linear mapping (one-way analysis of vari- 

nce, ANOVA; p < . 01 significance level). There was no significant 

ifference in MD, HD, and TRE for lung surfaces, which means that 

he proposed DMR outperformed the conventional linear mapping 

n matching bronchi with missing branches, while maintaining a 

imilar registration quality for surfaces. Specifically, the small TREs 

f less than 5 mm demonstrate that spatial displacement anal- 

sis focusing on the difference between the lung’s bronchi and 

arenchyma tissues is possible using the registered models. 

Fig. 7 (a) shows typical registration results of three subjects 

Cases 1, 3, and 10), which include variations in the large defor- 

ation with rotations and missing shapes in the bronchial struc- 

ures. It can be visually confirmed that compared with the con- 

entional method, the proposed DMR achieves smaller errors in 

atching bronchi. Fig. 7 (b) shows enlarged images of the local 

ronchial shapes for Cases 1 and 6. There are some missing shapes 

n the target bronchi, as indicated by the arrows. Point-to-point 

egistration using only bronchial tree structures resulted in large 

egistration errors including irregular bends and overfitting due to 

he underdetermined matching problem. In the proposed method, 

uch errors or mismatching results were not confirmed in all sub- 
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Table 3 

The mean ± standard deviation of strains for 

bronchus and parenchyma in pneumothorax- 

associated deformation . 

Case Bronchus Parenchyma 

1 0.315 ± 0.064 0.286 ± 0.194 

2 0.372 ± 0.176 0.616 ± 0.506 

3 0.320 ± 0.209 0.329 ± 0.162 

4 0.275 ± 0.099 0.430 ± 0.398 

5 0.247 ± 0.138 0.499 ± 0.330 

6 0.230 ± 0.109 0.463 ± 0.239 

7 0.250 ± 0.131 0.303 ± 0.138 

8 0.295 ± 0.102 0.209 ± 0.159 

9 0.350 ± 0.128 0.580 ± 0.640 

10 0.255 ± 0.121 0.272 ± 0.118 

Mean ± SD 0.292 ± 0.141 0.395 ± 0.296 ∗
∗: p < 0.05 
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ects. The proposed objective function evaluates the deviation of 

oth the surface and bronchial structures, and spatially-valid reg- 

stration is performed, even for the target models with missing in- 

ormation. 

.2. Analysis of pneumothorax-associated deformation 

The strains of the sampled points of the bronchi and 

arenchyma were investigated using the analysis method described 

n Section 2–6. As all bronchial branches were targeted, the num- 

er of branches was equal to the number of terminals N t of the 

eflated model in Table 1 . For each branch, the displacement vec- 

ors for the bronchial junctions, terminals, and corresponding sur- 

ace points were obtained from the registered models, and the con- 

raction component derived after removing irregular rotation was 

lotted. 

Fig. 8 is a 2D plot showing the relationship between the ref- 

rence distance and the contraction components for bronchi and 

arenchyma. The Euclidean distance from the pulmonary hilum 

as used for the reference distance of the bronchi, and the Eu- 

lidean distance from the bronchial terminal was used for the 

arenchyma. The number of plots in the graph equals the number 

f sampled points for all cases. The light and dark blue plots are 

he contractions of the bronchi and parenchyma, respectively. The 

radients of the two regression lines represent the strains, which 

re characterized by the gradients in the parenchyma, and show 

) higher gradients for seven out of ten subjects, 2) slightly higher 

radients for Case 3, and 3) lower gradients for the other two sub- 

ects. 

Table 3 shows the mean strain for the bronchi and parenchyma 

egion in the ten subjects. The mean values were computed from 

he strains of the sampled points in Fig. 8 . The means ± standard 

eviation of the strains in the bronchus and lung parenchyma were 

.292 ± 0.141 and 0.395 ± 2.96, respectively. The strain of the lung 

arenchyma was higher than that of the bronchi, except for Cases 1 

nd 8. A significant difference was found between the two regions 

ANOVA; p < . 05 significance level), with the mean value of the 

arenchyma region being 35% higher. 

We visualized the deformation fields to further investigate the 

easons why such different characteristics appeared in the strains. 

ig. 9 shows the visualization results of the displacements, contrac- 

ions, and rotational components obtained from Cases 1, 3, 5, and 

. In Cases 1 and 8, the strain in the parenchyma is lower than that

n the bronchi. In Case 3, the strains of the two regions are sim- 

lar. Case 5 is typical, with a large deformation and strain in the 

arenchyma higher than that in bronchi. The displacement vectors 
9 
epresent the corresponding points of the inflated/deflated models 

nd the colors show the magnitude of the displacements. 

The visualization results demonstrate the following points: 

• Rotational directions in upper and lower lobes were different, 

resulting in physical interactions and the occurrence of spaces 

among the lobes in Cases 1 and 3. 
• In Case 5, both the upper and lower lobes deformed while pre- 

serving their shape features and relative postures. 
• Deformation of the lower lobe in Case 8 was unique and was 

strongly affected by external forces from the diaphragm. 

We further discuss these influences on the strain analysis in the 

ext section. 

. Discussion 

To our knowledge, this study is the first to analyze 

neumothorax-associated deformation of overall shape of the 

ungs including all lobes and bronchial tree structures using paired 

T images measured in the same posture. Deformable registration 

ethods were designed for inflated/deflated lung models, and 

on-linear mapping between the lung parenchyma and bronchi 

as obtained. While other studies have targeted pneumothorax- 

ssociated deformation, the main focus of their analyses was 

imited to either the lung surface or the bronchus region. A recent 

tudy ( Lesage et al., 2020 ) used CT data of six patients with pneu-

othorax after lung biopsy and chest tube insertion, and reported 

reliminary results for predicting the performance of deflated lung 

urfaces using a hyperelasitic finite-element model. Our previous 

tudy ( Nakao et al., 2019 ) also focused on surface deformation of 

ollapsed lungs. 

In the deformation analysis, strains in each region of the lung 

arenchyma and bronchi were calculated and a significant differ- 

nce was found between the two strains. The mean strain of the 

arenchyma was higher than that of the bronchi, although consid- 

rable deviations in the values were found between subjects. In 

ase 3, the two regions showed similar strains, whereas Cases 1 

nd 8 showed the opposite trend, with the strain in the bronchi 

eing higher than that in the parenchyma. The visualization re- 

ults of the deformation fields in Fig. 9 demonstrated that Cases 

 and 3 showed opposite rotational directions between the lobes. 

n this situation, the two lobes made contact with each other and 

hysical interaction could not be ignored. Although rotational com- 

onents were found in other subjects, as shown in Case 5, the 

nteraction between the lobes was observed to be small. Case 8 

howed a unique deformation that was strongly affected by the di- 

phragm shape. We could not find the cause of this from the CT 

mages, but soft tissue adhesion or biased forces from a ventila- 

or might have acted on the lower lobe. The widely dispersed 2D 

lots in Fig. 8 suggest that the deformation in Case 8 contains out- 

ying values with very small deformations or almost fixed points. 

e consider that these physical conditions influenced the natural 

ontraction characteristics resulting in an error factor in the strain 

nalysis of the three cases. 

This paper targeted the left lung to measure stable 

neumothorax-associated deformation in a limited number of 

ive dogs. In the right lung, the physical interaction between the 

hree lobes (upper, middle, and lower) may be more complicated 

han that in the left lung, although the same measurement pro- 

ocol and registration algorithms could be applied to the right 

ung. In our experiments, the imaging data were only collected 

rom 11 subjects, and further acquisitions were difficult because of 

enovations being performed to our animal experiment facilities. 

urther analysis of the non-linear characteristics of both left and 

ight deformed lungs would be interesting. 
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Fig. 9. Visualization results of four deformation fields, contractions, and rotational components. The displacement vectors represent the corresponding points of the in- 

flated/deflated models. The colors show the magnitude of the displacements. 
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We assume that the clinical application of the proposed DMR 

echniques would be construction of a statistical deformation 

odel representing the various pneumothorax states of the lung. 

on-invasive intraoperative localization of tumors or nodules, es- 

ecially those located deeper in the lungs, is desirable. The statis- 

ical deformation model could be used as prior knowledge to pre- 

ict pneumothorax states in video-assisted thoracoscopic surgery 

 Wu et al., 2019 ). Because CT imaging is not generally available

uring surgery, it will be challenging to construct a patient-specific 

mage database of collapsed lungs in the intraoperative condition. 

owever, we have begun to analyze intraoperative deformation us- 

ng CBCT images ( Maekawa et al., 2020; Nakao et al., 2021a ). De-

pite the limited measurement area, CBCT imaging is clinically fea- 

ible and will be useful for modeling intraoperative pneumothorax- 

ssociated deformations in real patients. 

. Conclusion 

In this paper, we introduced a complete deformable mesh regis- 

ration solution for mapping the lung’s surface and bronchial struc- 

ures including missing shapes, and analyzed the heterogeneity 

f pneumothorax-associated deformations using ten paired CT im- 

ges of the lungs of Beagle dogs. The proposed DMR framework 

chieved stable registration with a Hausdorff distance error of less 

han 1 mm and a target registration error of less than 5 mm. Our 

esults show that spatial deformation of the collapsed lung was 

eterogeneous. The means ± standard deviation of the strains in 

he bronchi and lung parenchyma were 0.292 ± 0.141 and 0.395 ±
.96, respectively, with the mean value of the parenchyma region 

eing 35% higher. We believe that the registered models and find- 

ngs are suitable for statistical lung modeling and intraoperative 

umor localization. Deformable registration of topological features 

ith incomplete correspondence will have other important clinical 

pplications, such as registration of CBCT images with partial organ 

hapes. 
10 
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