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Background: The purpose of this study was to evaluate the feasibility of continuous quantitative 

measurement of the proximal airways, using dynamic ventilation computed tomography (CT) 

and our research software.

Methods: A porcine lung that was removed during meat processing was ventilated inside a 

chest phantom by a negative pressure cylinder (eight times per minute). This chest phantom 

with imitated respiratory movement was scanned by a 320-row area-detector CT scanner for 

approximately 9 seconds as dynamic ventilatory scanning. Obtained volume data were recon-

structed every 0.35 seconds (total 8.4 seconds with 24 frames) as three-dimensional images and 

stored in our research software. The software automatically traced a designated airway point 

in all frames and measured the cross-sectional luminal area and wall area percent (WA%). The 

cross-sectional luminal area and WA% of the trachea and right main bronchus (RMB) were 

measured for this study. Two radiologists evaluated the traceability of all measurable airway 

points of the trachea and RMB using a three-point scale.

Results: It was judged that the software satisfactorily traced airway points throughout the 

dynamic ventilation CT (mean score, 2.64 at the trachea and 2.84 at the RMB). From the 

maximum inspiratory frame to the maximum expiratory frame, the cross-sectional luminal area 

of the trachea decreased 17.7% and that of the RMB 29.0%, whereas the WA% of the trachea 

increased 6.6% and that of the RMB 11.1%.

Conclusion: It is feasible to measure airway dimensions automatically at designated points 

on dynamic ventilation CT using research software. This technique can be applied to various 

airway and obstructive diseases.

Keywords: computed tomography, dynamic ventilation CT, airway, luminal area, wall area 

percent, COPD

Introduction
Dynamic ventilation computed tomography (CT), also called four-dimensional chest CT  

or dynamic pulmonary CT, is a new concept for chest CT, and can depict abnormal 

airway or lung movement during tidal breathing or forced inspiration/expiration. 

Although a limited number of relevant publications are available,1–3 pathophysiologi-

cal movement of the central or peripheral airways could be observed exclusively on 

dynamic ventilation CT, which can be applied to chronic obstructive pulmonary disease 

(COPD) or other obstructive diseases.

This scanning method is solely plausible using a multi-detector CT (MDCT) scanner  

with a very long scanning field and powerful iterative reconstruction techniques. 
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Currently, dynamic ventilation CT can be provided by Aquilion 

ONE scanners (320-row MDCT scanner, Toshiba Medical Sys-

tems, Otawara, Japan) and Revolution CT scanners (256-row 

MDCT scanner, GE Healthcare, Milwaukee, WI, USA). Both 

scanner models can cover a very long scanning field in the cran-

iocaudal axis (maximum 160 mm in length) by a single gantry 

rotation, and are equipped with new iterative reconstruction 

techniques that enable CT fluoroscopy for a longer time.

When using dynamic ventilatory scan data for clinical or 

research purposes, a major limitation is the difficulty in per-

forming quantitative airway measurements. Since the whole 

lung and airways dynamically change their shape and location 

during ventilation, an airway point to measure a certain respi-

ratory phase would be dislocated at the next phase, resulting 

in difficulty with the measurement of the corresponding points 

at the other phases with common two-dimensional viewing. 

Thus, currently available software and workstations that are 

dedicated to measuring airways on static chest CT are not 

suitable for investigating dynamic ventilation CT.

If software were available that could automatically trace a 

designated airway point throughout dynamic ventilation CT  

and provide quantitative airway measurements on corre-

sponding airway points at all respiratory phases, it would 

be of great use for monitoring respiratory airway movement 

in COPD and airway diseases. Based on this idea, we have 

developed new research software that can be applied to 

dynamic ventilation CT.

Thus, the aims of this technical note are to introduce our 

research software, and to evaluate the feasibility of continu-

ous quantitative measurement of proximal airways using 

dynamic ventilation CT.

Materials and methods
This study was conducted as part of the Area-detector 

Computed Tomography for the Investigation of Thoracic Dis-

eases (ACTIve) study, an ongoing multicenter research project 

in Japan. The research committee for the study project outlined 

and approved all study protocols. Since no human subjects or 

live animals were needed for this study, we did not apply for 

approval of the institutional review boards at each institution.

Based upon a request from the ACTIve Study Group,  

a working group consisting of members of the research group 

and engineers of Toshiba Medical Systems started creating 

new research software in 2012. This study was planned 

as a preliminary investigation to estimate the stability and 

reliability of the software, which was designed for fully 

automatic continuous measurement of human airways on 

dynamic ventilation CT. 

Summary of the software
For continuous airway analysis using dynamic ventilation CT,  

it is essential that a selected airway point can be reproduced and 

measured at all respiratory phases on the crosscut sections that 

are perpendicular to the airway centerlines. For the software pre-

sented here, this process is facilitated by locating the anatomical 

position in one phase (frame) and automatically transferring the 

same position to all the other phases. When a crosscut section is 

manually selected on the centerline at one phase, the software 

automatically reproduces and measures the corresponding cross-

cut sections at all other phases. The algorithm of the software has 

basic four steps (Figure 1): in the first and second steps, the air-

way lumen segmentation and centerline construction are imple-

mented on the reference phase. In the third step, the anatomical 

locations are synchronized from the reference phase to all the 

other phases. Finally, wall contours are estimated on all phases.  

By following these steps, the software is able to trace the 

designated airway point (Figure 2) and to demonstrate cross-

cut sections at all respiratory phases. Detailed information on 

the algorithm and software is available in the Supplementary 

materials section.

Porcine lung phantom 
A commercially available chest phantom was used for the 

experiment (artiCHEST trainer, MiMEDA Corporation, 

Heidelberg, Germany, http://www.mimeda.de/). The chest 

Figure 1 Flow chart of the algorithm.
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Figure 2 An example of curved multi-planar reconstruction images with and without anatomical synchronization. 
Notes: (A) the reference (inspiratory) phase. (B) the middle expiratory phase without registration. (C) the full expiratory phase without registration. (D) the middle 
expiratory phase with registration. (E) the full expiratory phase with registration. the location of the crosscut point (short red lines on each image) is indicated by the blue 
arrow. It is obvious that the crosscut points of the airway (enlarged in the small windows) slide peripherally on the unregistered images (B and C), while they keep locations 
on the registered images (D and E).

phantom was originally developed for training in broncho-

scopic interventions.4 One fresh porcine heart–lung specimen 

was obtained from a meat processing factory. The specimen 

was lubricated with ultrasound gel and placed in the cavity 

of the phantom. The trachea of the specimen was connected 

to an outlet of the imitated chest wall, and thus the whole 

airway was open to room air. The porcine lung was inflated 

by evacuation of the artificial pleural space through the other 

outlets of the phantom cavity, similar to pleural drainage for 

a pneumothorax. For the experiment, a negative pressure cyl-

inder was connected to the phantom, which was able to create 

imitated respiratory movements by changing negative pressure 

automatically (from -500 hPa to 1,013 hPa, 7.5 seconds per 

cycle [eight cycles per minute], and ratio of inspiratory time 

to expiratory time, 3:5, respectively). Thus, the porcine lung 

inflated and deflated periodically, similarly to mechanical 

ventilation using a negative pressure ventilator (Figure 3 and 

Supplementary Video S1).

Dynamic ventilation Ct
After confirming that the porcine lung inflated and deflated 

regularly, the entire chest phantom was scanned by a 320-row 

area-detector CT scanner (Aquilion ONE). Using the wide 

volume mode (non-helical mode),5 dynamic scanning 
Figure 3 Illustration of the chest phantom. A porcine lung placed in the chest 
phantom (artiCHEST) inflates and deflates by a negative pressure cylinder.

at a fixed scanning field was performed for 9.1 seconds 

(rotation time, 0.35 seconds). During the scanning, the gantry 

rotated at a fixed point without bed movement, resulting in 

a CT fluoroscopy of 160 mm in length.

Other scanning and reconstruction parameters were set as 

follows: tube currents, 20 mA; tube voltage, 120 kVp; field 

of view, 320 mm (medium); collimation, 0.5 mm; slice thick-

ness, 1 mm (without image interval or overlapping); recon-

struction kernel, FC13 (for mediastinum); reconstruction 
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interval, 0.35 seconds per frame; and time for image synthe-

sis, 8.4 seconds (0.35 seconds ×24 frames), reconstruction 

method, half reconstruction, respectively. Scan data were 

converted to CT images using an iterative reconstruction 

method (adaptive iterative dose reduction using three-

dimensional processing, standard setting).6 

Image analysis
Quantitative airway measurement on dynamic 
ventilation Ct
All scan data were stored in a research computer. Using the 

research software, the continuous image data (320 images 

per frame × total 24 frames) were at first synthesized and 

displayed as a cine-CT series (Supplementary Video S2). 

The software automatically created a centerline from the 

trachea to all tractable peripheral airways on the full inspira-

tory phase (reference frame) using three-dimensional tech-

niques, and then expanded the anatomical information to all 

the other frames. The operators could select a measurement 

point by dragging the centerline (with approximate 0.6 mm 

intervals on the centerline). Once the measurement point 

was determined by the operator, the software automatically 

measured and displayed the following airway indices on 

corresponding points on all 24 frames: the airway luminal 

area (Ai), wall thickness, outer/inner perimeters, shortest/

longest axes, and the wall area percent (WA%; Figure 4). 

If the operators were not satisfied with the crosscut sections 

or the contours that were made by the software, they could 

be adjusted manually on any or all of the frames. For this 

experiment, the Ai and WA% were measured at a single 

point of the middle trachea and at the middle right main 

bronchus (RMB). No manual correction was applied for 

the experiment.

In addition, to investigate the time correlation between 

movements of the lung and of the proximal airways, the mean 

lung density (MLD) on a single axial section at the height 

Figure 4 A sample image for the quantitative tracheal measurement provided by the software. 
Notes: A crosscut section (center square, surrounded by a yellow line) demonstrates the following: outer contour and cross-sectional area, inner contour and luminal area, 
long axis, short axis, wall area percent, respectively. Corresponding measurement points for all 24 frames are shown in the bottom of the image. the green plots in the upper 
right corner demonstrate continuous change in tracheal luminal area for this series of 24 frames.
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of the carina was measured on each frame. Since the whole 

porcine lung could not be scanned within the 160 mm scan-

ning length, the MLD was used instead of lung volume.  

A close correlation between change of the lung volume and 

that of the MLD has been reported in a previous study.7 The 

time correlation between the MLD and the airway Ai was 

evaluated by a cross-correlation coefficient (-1# R #1) 

using a commercially available statistical software package 

(JMP 8.0 software; SAS Institute, Cary, NC, USA).

Qualitative evaluation for airway traceability of the 
software
A qualitative analysis was made by two board-certified radio-

logists of the Japan Radiological Society in cooperation (TY 

and MT, 13 and 8 years of experience in thoracic radiol-

ogy, respectively). Using a three-point scale, the observers 

assessed whether or not the software correctly selected the 

corresponding measurement points on all 24 frames (score 3, 

no manual correction was needed in any of the frames; score 2,  

minimum manual correction was recommended in some 

frames; score 1, large manual correction was mandatory, 

respectively). Since the measurement points could be placed 

along the centerline with approximate 0.6 mm intervals, all mea-

surable points on the reference frame (full inspiratory phase) 

were assessed from the upper trachea to the end of the RMB. 

Bronchial branching points were not assessed since the airway 

measurements were largely skewed at the branching points.

Results
Airway traceability of the software
Eighty-four measurement points on the centerline of the 

trachea and 19 points of the RMB were scored. The mean 

score for the trachea was 2.64, whereas that of the RMB 

was 2.84. No measurement point was scored as 1 (ie, large 

manual correction was mandatory) throughout the airway 

from the trachea to the RMB.

Continuous quantitative measurement of 
the airway
From the maximum inspiratory frame to the maximum expi-

ratory frame, the Ai of the trachea gradually decreased from 

300.9 mm2 to 247.7 mm2 (17.7%) and the WA% increased 

from 36.1% to 38.5% (6.6%). The Ai of the RMB decreased 

from 186.4 mm2 to 132.4 mm2 (29.0%), whereas the WA% 

increased from 43.4% to 47.7% (11.1%; Supplementary 

Video S3).

The MLD also changed from -987.8 HU to -949.9 HU 

(from the maximum inspiratory to the maximum expiratory 

phase). Large cross-correlation coefficients were obtained 

between the time curve of the MLD and that of the airway 

Ai, suggesting that inflation/deflation of the lung and dilation/

contraction of the airway occurred simultaneously (-0.96 

between the MLD and the tracheal Ai [Figure 5]; -0.96 

between the MLD and the RMB Ai, respectively).

Radiation dose assessment
For a single gantry rotation of 160 mm (0.35 seconds), the 

CT dose index volume was 15.9 mGy and the dose-length 

product value was 254.5 mGy⋅cm. The total estimated radia-

tion exposure for 9.1 seconds was 3.6 mSv.

Discussion
In this study, using a porcine lung phantom with imitated 

respiratory movement, we first demonstrated that the research 

software successfully traced a designated airway point on 

dynamic ventilation CT, and that the continuous quantitative 

airway measurements were plausibly estimated by the soft-

ware. Although this experiment was limited to the proximal 

airways of the porcine lung, we strongly believe that this 

novel combination of dynamic ventilation CT and software 

enables researchers to observe movement of the airways in 

COPD and airway diseases that was previously impossible, 

as a new frontier in chest imaging.

It has already been reported that, in tracheobroncho-

malacia, dynamic expiratory CT is recommended to observe 

the proximal airways, since a significantly greater degree 

of airway collapse has been seen on dynamic CT than on 

conventional end-expiratory CT.8,9 However, this dynamic 

ventilation (dynamic expiratory) CT has not been applied to 
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other obstructive diseases, since conventional CT scanners 

cover a very limited length of scanning field in the z-axis 

by a single gantry rotation (from 32 to 40 mm for 64-row 

MDCT scanners), and therefore helical scanning is neces-

sary for observation of a larger lung field. Thus, the use 

of dynamic ventilation CT or CT fluoroscopy, which is 

not feasible with helical scanning, has been very limited 

using conventional CT scanners. After 320-row or 256-row 

MDCT scanners became commercially available, dynamic 

ventilation CT has been adopted gradually to observe some 

airway diseases, such as tracheobronchomalacia or con-

genital tracheal stenosis.1–3 However, since no software or 

workstation has been developed for measuring the airways 

on dynamic ventilation CT, the published papers utilizing 

CT have simply demonstrated abnormal movements of the 

proximal airways or stenotic airway points, which have not 

been measured or analyzed quantitatively. Our software was 

first designed and developed for tracking and measuring a 

selected airway point that was moving during respiratory 

cycles on dynamic ventilation CT, which was of great use 

for the evaluation of airway dimensions and movements 

during ventilation.

In COPD, the definition of the respiratory changes in 

airway dimensions on combined inspiratory and expiratory 

CT scans is still controversial. While one study concluded 

that higher respiratory collapsibility of the more peripheral 

bronchi suggested worse airflow limitation in COPD,10 

another recent paper emphasized the importance of lung 

volume changes between inspiratory and expiratory scans on 

bronchial collapsibility.11 Further, an almost opposite obser-

vation was also reported,12 which found higher collapsed 

central airways in smokers with better pulmonary function. 

These various observations have suggested that, in COPD, 

changes in airway dimension by respiratory movement are 

not straightforward and that a novel approach for assessing 

airway movement is required to comprehend the meaning 

of bronchial collapse or size change. Although this techni-

cal note only evaluated the software reliability on central 

airways because of differences in airway trees between 

human and porcine lungs,13 the software has been improved 

to observe more peripheral bronchi while tracking the exact 

locations on the original CT scan. Thus, this software could 

be expanded to use generation-based quantitative bronchial 

measurement, which has frequently been investigated by 

conventional (static) CT.10,14 

It is also of interest to note that the airway Ai and MLD 

had a close time correlation to each other on dynamic 

ventilation CT, suggesting that both the lung and proximal 

airways inflated and deflated simultaneously in a healthy pig. 

Although our experiment was performed using a mechanical 

ventilator, it would be an interesting question as to whether 

or not this correlation between lung and airway movements is 

maintained in patients with severe emphysema or COPD. A 

recent COPD study has confirmed that both emphysema and 

airway disease have independent effects on respiratory resis-

tance during respiratory cycles,15 which may be reproduced 

as a disconnection between airway and lung movements or 

paradoxical airway movements on dynamic ventilation CT.

In conclusion, using a porcine lung phantom with imi-

tated ventilation, we examined continuous airway measure-

ments with specialized software on dynamic ventilation CT. 

The software tracked the designated airway points during 

imitated ventilation and successfully measured the airway 

dimensions and wall indices continuously on dynamic 

ventilation CT.
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Supplementary materials
Multi-level airway tree segmentation with 
internal feedback mechanism
To obtain a well-segmented airway tree including peripheral 

bronchi, our method consists of three steps. For the first step, 

the trachea and partial main bronchi are segmented with a 

two-dimensional to three-dimensional region growing method 

controlled by voxel CT values and spatial coordinates. In the 

second step, the large (proximal) bronchi is initialized by 

the result of the first level segmentation and segmented by 

adaptive region growing. In the third step, after morphologi-

cal reconstruction,1 threshold processing is performed with 

optimized parameters to detect small peripheral bronchi and 

consequently generate a complete airway tree. 

After the lumen segmentation, a three-dimensional thin-

ning algorithm2 is applied to extract the centerline. Based on 

the observation that several degrees of leakage (failure at pro-

cessing) are encountered at peripheral bronchi, a novel tree 

refinement process is implemented by using feedback from 

the centerline extraction. First, a leakage score is obtained 

from features of the centerline. Second, we classify the leak-

age type into serious leakage and minor leakage according 

to the score. If it is a serious leakage, re-segmentation will 

be conducted with the parameters adaptively tuned accord-

ing to the leakage score. Basically, the peripheral bronchi 

refinement process will be applied as follows:

•	 Obtaining the accurate centerline path of each branch 

from the root (proximal) point to the end point, with 

accurately marked branching points.

•	 Re-growing the airway tree until the final branching point 

of each path; thus, the last segment of each branch is not 

reached.

•	 Processing each last segment.

•	 Merging the airway tree and the last segments to obtain 

a complete airway tree.

Figure S1 shows an example of airway lumen segmenta-

tion on CT images.

Centerline construction and optimization
The centerline is extracted from the airway tree by a binary 

three-dimensional thinning algorithm.2 By considering each 

voxel as a vertex and its 26-surrounding voxels as the edge, 

the centerline volume is firstly converted into a graph. The 

centerline path is identified by locating the shortest path 

from the root point to the terminal point using Dijkstra’s 

algorithm.3 The root point is determined according to both 

anatomical information and airway tree morphology. Since 

the binary three-dimensional thinning algorithm is very 

sensitive to image noise, false paths can sometimes be 

generated. The centerline is optimized by removing these 

false centerline paths, using several geometric features. For 

instance, the Euclidean and geodesic distance between the 

terminal vertex and the root vertex are calculated to exclude 

these false paths. Using a special structure to hold the center-

line tree as a patient coordinate system, the whole centerline 

tree is generated by merging all centerline paths.

To further improve the accuracy, re-centering, and 

smoothing are performed. Re-centering is an iterative post-

processing operation. It includes calculating both external 

and internal forces and applying to the existing centerline 

tree. Parameters required in the re-centering process, such 

as the timing of the iterative cycle and weights for calculat-

ing internal force, are determined according to the average 

radius of the segment. 

After re-centering, B-spline fitting4 is used to smooth the 

centerline. In order to maintain airway tree structure, both 

re-centering and smoothing are conducted independently. 

Figure S1 shows an example of the output image for the 

centerline construction of the airway lumen.

Synchronization for anatomical location
The synchronization is decomposed into two steps: synchro-

nization of the centerline path and synchronization of the 

target location on the path. 

A non-rigid registration algorithm facilitates the trans-

formation of the airway tree and centerline from one phase 

to the other phases. The registration algorithm uses a dense 

deformation field and a multi-scale iterative system with 

fluid and elastic regularization based on Gaussian filtering. 

Lung segmentation is applied to ensure that only the region 

of the lung is included in the registration process.5 The output 

deformation fields are then used to dictate the voxel move-

ment of the airway trees among all phases.

In general, segmenting the airway tree at the full-

inspiration phase (frame) provides better performance than 

segmenting at the other phases. Therefore, it is recommended 

to select the full-inspiration phase as the reference phase for 

the registration. Although the shapes and sizes are different 

among all phases, the whole process enables the transformed 

airway tree to keep a similar structure and the same branch-

ing points in all phases. Re-centering and smoothing are also 

performed on the transferred trees to improve the accuracy. 

After the corresponding centerline is identified, re-locating 

the target point (measurement point) is performed as a next 

step. This is achieved by locating the point on the centerline 

that is nearest to the reference position.
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Continuous airway measurement on dynamic ventilation Ct

Figure S1 (A–C) Original Ct images. (D) An example of airway lumen segmentation. (E) An example of centerline tree construction. (F) the original crosscut image.  
(G) An example of wall contour estimation (green indicates the inner wall contour, yellow indicates the outer wall contour, blue dotted line indicates the maximum diameter, 
and pink dotted line indicates the minimum diameter).

Figure 2 shows a curved multi-planar reconstruction 

(MPR) image along the constructed centerline in the refer-

ence phase. The crosscut image is sampled from the three-

dimensional image volume with a linear projection, so that the 

plane of the crosscut image is perpendicular to the centerline 

near that vertex. These examples indicate that the registration 

is effective for anatomical location synchronization in measur-

ing a certain airway point throughout a respiration cycle.

Context constrained wall contour 
estimation
A phase congruency algorithm6 is used to estimate the inner/

outer wall contours. As a model free approach, the phase 

congruency identifies the edges by finding the points with a 

maximal local phase coherency. This is considered a robust 

approach for wall contour estimation. However, due to higher 

image noise and lower spatial resolution on low-dose images, 
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the accuracy is considerably reduced, particularly for small 

bronchi. Therefore, in our method, an edge identification 

process is also adopted to enhance the lumen segmentation. 

After the location of the wall is roughly estimated by lumen 

segmentation, a phase congruency algorithm is applied to 

locate the inner/outer contours within the region. The local 

density distribution is also used to define the wall contour.
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