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Evaluation of aerosol deposition in a realistic human airway model by PET/CT 
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Abstract 

The investigation of the drug delivery into the lungs is essential for the effectiveness determination of their treatment. The 

numerical models are developed for the theoretical calculation of the particle deposition. The realistic human airway models 

were manufactured for the evaluation of the theoretical results. The overall drug accumulation is calculated but it is not 

possible to achieve the local deposition. The combined Positron Emission Tomography and X-ray Computed Tomography 

(PET/CT) imaging was applied for the local deposition analysis. The new algorithm for the precise identification of the 

individual section of the airway model in the CT data was created. PET/CT images were employed for the localization of 

deposited aerosol in the realistic model of the oral cavity and the following seven generation of the tracheobronchial tree. The 

realistic human airway model and the developed algorithm represent the new method for the precise local deposition of aerosol 

evaluation in human lungs. 

Keywords: Positron Emission Tomography, X-ray Computed Tomography, realistic human airway model, automatic 
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1 Introduction 

The investigation of lung diseases is based on the drug delivery in the form of aerosol by inhalation. From this reason, 

information about the drug distribution is important for understanding the regional and global effectiveness of the inhaled drug. 

Also aerosol accumulation and its concentration along the tracheobronchial (TB) tree and the airway surface are important for 

the evaluation of the functional features of lungs [1], [2], [3], [4]. The numerical models are exploited for the theoretical 

description of the aerosol delivery [5], [6], [7], [8]. Moreover, the realistic model of human airways was manufactured to 

support (and evaluate) theoretical simulations [9]. Observation of the aerosol in the airway model is difficult although many 

visualization techniques may be applied. Therefore, the advantage of radioactive particles added to the aerosol was taken. In 

particular, the (radioactive) aerosol deposition is visualized by the Positron Emission Tomography (PET) X-ray Computed 

Tomography (CT) as a new hybrid imaging technique [10], [11], [12]. 

Positron emission tomography is based on detection of β+
 particle annihilation. The source of this beam is a 

radionuclide connected to a molecule carrying a medical substance. The stream of positrons coming from radionuclide 

interacts with electrons in the sample or in the human body. As a result of the annihilation two photons with accurately 

opposite direction are generated. The relatively large interaction volume of β+
 particles in matter is the main cause of a lower 

resolution of PET systems in comparison with CT. The generated photons have the exact energy of 511 keV and they are 

detected by a matrix of detectors aligned in a ring surrounding the imaged scene. After the detection the line along indicated 

photons trajectory is calculated. The positions of radionuclides are determined by summing the trajectory lines of all photon-

couples. The biggest advantage over other techniques is the visualization in three dimensions (3D). The third dimension 

enables going through the cross-sections and focus on relevant parts [13]. 

X-ray computed tomography is utilized for visualization of individual parts and structures of objects. This method 

uses the X-ray beam that penetrates the sample and its attenuation is detected. The measured X-ray projections are then 

reconstructed and 3D data are visualized as cross sections through the sample. The CT gives the resolution down to one 

millimeter in medical systems. CT has better resolution than PET technique and it provides accurate anatomy localization of 

inner structures. The result of a measuring by hybrid PET/CT imaging system is a fusion of images obtained by both PET and 

CT devices. The reconstructed images are co-registered and provide the physiological and structural analysis with the benefits 

of both methods [14].  

 In human medicine the investigations and analysis by techniques exploiting the radionuclide are limited for the health 

reasons. Instead of the exposition of patients to this risk the substitution by the realistic human airways model can be done [9], 

[10]. The model enables realistic measurements of the local particle deposition and it gives data suitable for the validation of 

numerical simulations [15], [16]. 

 Human airways model is a gadget, which is used for observation of local aerosol deposition [10]. The construction of 

the model is based on real lungs anatomy. In particular, the airways geometry model comes from a CT of the TB tree excised 
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from an adult male free of pathological alterations. The original (inner) geometry was transformed into the stereo-lithographic 

(STL) format and model was fabricated by the sterolithography. The model is constructed from sections according to the real 

anatomical lung parts (oral cavity, laryngopharynx to trachea, and seven bronchi bifurcations). The aerosol deposition is 

measured in this sections and analysis provide the information about local effects of the radionuclide substance. In this model 

generation, the sections were connected together by metal screws. The terminal bronchi of the model (the seventh bronchi 

generation) were connected to 10 outlets [10], [17]. The model is attached to the box which surrounds the essential sections.  

In the presented study, the human airways model was scanned with PET/CT device and the model structure was 

segmented from the obtained images. In the analysis of the airways model PET/CT images was necessary to create more 

advanced procedure for the model segmentation. The creation of the regions of interest (ROI’s) according to the model 

sections is an essential part for the required analysis of local aerosol deposition. The image processing software products 

usually require manual definition of ROI’s because it is not possible to assign the knowledge about the airways model sections 

to the software. Also, setting up the ROI’s manually is not always simple and accurate enough. The ROI’s determination takes 

many hours for a specialist because of the complicated orientation of the model structure. These disadvantages represent the 

motivation for this work. The presented algorithm was invented to segment the model from CT images and evaluate local 

aerosol deposition in PET images. The algorithm works automatically without any manual interventions. The segmentation is 

performed on the base of the anatomical knowledge. Thus, the algorithm speeds up the image processing. The algorithm 

creates a mask for each part of the realistic airways model from CT images and applies it on PET data. The local deposition in 

the meaning of radionuclide activities is then calculated for all model sections. 

2 Materials and methods 

The realistic airways model [10] includes the oral cavity and the following seven generations of TB tree branching. The oral 

portion of the model was acquired from Lovelace Respiratory Research Institute (Albuquerque, NM, USA). The anterior oral 

cavity was molded from in vivo dental impression of a living Caucasian male in approximately 50 % of the full opening. The 

TB airways geometry comes from a high-resolution CT of the lungs of an adult male free of pathological alterations [10]. The 

model is in Fig. 1. 

 

Figure 1: A photograph of the model. 

 Aerosol particles were generated by a TSI 3475 Condensation Monodisperse Aerosol Generator (CMAG) from TSI, 

Inc., Shoreview, MN, USA which works on the controlled heterogeneous condensation principle. Vapors of a suitable material, 

specifically DEHS, condense by a controlled method on small sodium chloride particles serving as the condensation nuclei. 

The advantage of DEHS is that it is not hydrophilic and does not evaporate resulting in a constant size of generated particles. 

Fluorine 18 was used as a positron emitting tracer due to its suitable half-life (109 min). The exposure of the model to the 

aerosol was approaching 15 min. For details of the experimental setup please see [10], [18]. 

 The human airways model was scanned by Siemens Biograph mCT (Siemens Healthcare GmbH, Erlangen Germany) 

PET/CT system (Masaryk Memorial Cancer Institute, Brno, Czech Republic). CT setting for the tube voltage and tube current 

was 12 kVp and 134 mA, respectively. The achieved voxel resolution was 1 mm and the exposure time was 500 ms. 

The presented analysis and processes of the algorithm works on common desk computer with 16 GB RAM and Intel
® Core™ 

i7 CPU. 
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3 Algorithm 

The PET/CT images are analyzed for the assessment of the aerosol particle deposition and transportation through the airways 

model. The main step is to segment the model and analyze its inner area. The CT images show the structure of the model;  

thus they are used for the model segmentation and for splitting to the model sections. The mask of each section is then used for 

the evaluation of the aerosol deposition in PET images. Algorithm processes are more described in the following text. 

 The scanned volume is decreased to contain the essential parts of the model and to avoid the model construction 

which is visible in CT images. Also, the smaller volume shortened the computational time. CT images are processed 

by median filter to avoid the salt-and-pepper noise. The median window was set to the size of 3×3 pixels which helped to not 

only reduce the amount of the noise in the images but also to keep the edges during the noise filtering of the analyzed model 

images. After the filtration, the images are sharpened by the local operator using Laplacian kernel mask [19], [20], [21]. The 

filtering and sharpening help in areas where the model possesses only hardly-recognizable small sections. These sections 

become now clearly visible and so their analysis is more precise. 

 After the pre-processing phase, parts of the volume are loaded and processed. The division into the smaller parts is 

done for the reduction of high demands on the PC. The presented algorithm uses an automatic segmentation of individual parts 

of the human airways model based on anatomical significant sections. The whole model is segmented using the threshold 

obtained by Otsu method as a fast and robust technique for threshold calculation [22]. The histogram differentiation (model, 

background) and the threshold selection are shown in Fig.2. 

 
Figure 2:Characterization of CT images histogram with logarithmic frequency axis and automatic selection of the threshold for airways 

model segmentation.  

A good contrast between the model and background enable the global segmentation without use of any local 

thresholding or more advanced segmentation technique. However, the problem arises in areas where the parts of the lungs 

model are joined together by the metal screws. The screws are visible in the CT images and their presence caused the metal 

artifacts and the beam hardening effect. The model is segmented by the selected threshold even in these cases; however, other 

morphological operations (closing) with binary images are needed for precise localization of the model. The small gaps arising 

during the segmentation due to the artifacts are closed by the closing procedure. The closing operation is set to mark the 

neighborhood of one pixel. 

 The binary mask of the model is used as the initial region. Now, the binary mask represents the structure of the model 

and it surrounds completely the inner space where the aerosol is flowing. The utilization of the filling technique produce  

the mask of as the model structure as its inner area [23]. The automatic and precise filling helps remarkably in cases when  

the model is not easily recognizable and the manual indication of the structure is not done precisely. 

 The airways model is jointed from sections and the transitions among these sections are visible in the CT images. 

Then, the 3D model is separated via these joints in to the ROI’s corresponding with model sections. The precise location of 

these regions helps with the required analysis of the local information about the aerosol deposition. The workflow of the 

proposed algorithm is described by the diagram in Fig. 3. 
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Figure 3: Diagram of the presented algorithm 

 The PET and CT images are co-registered so no any extra registrations are necessary. The areas in PET images are 

determined by the binary mask from the CT images. The results of the analysis are amounts of radionuclide activities 

in individual sections of the model. Thus the local aerosol deposition and drug delivery are determined. 

4 Results and discussion 

At the beginning, there was a project of numerical simulation of local aerosol deposition in human lung. The realistic model  

of the human airways was created for validation of the numerical simulations [15], [24]. The aerosol carrying fluorine 

radionuclide was used for deposition visualization and the model was scanned by a PET/CT scanner. New algorithm based  

on the Matlab
®
 programming environment was developed to segment the airways model from the CT images. Created masks 

representing the model sections were applied on PET images and the aerosol deposition was calculated in each section.  

 At first, the CT images were filtered and sharpened and the resulting image after the preprocessing phase is in  

fig. 4 A. The pre-processing allows more precise segmentation and so analyzation of the model. After the preprocessing phase, 

the segmentation based on Otsu thresholding method was performed (fig. 4 B). The morphological operations (filling) were 

used to fit the segmented part with the real model and its inner are (see the fig. 4 C).  The 3D analysis allowed the easy 

recognizable of inner areas of the tube and no misnomers in this areas were done against the manual segmentation of the 

model. Quality of the segmentation done by proposed algorithm was compared with manually made results. The comparison 

shows similar region selection and better outcome. Therefore, the mask created by the algorithm was considered correct for use 

of following analysis.  

 

 
Figure 4: A) Original CT cross section (top view), B) segmented structure of the airways model, C) binary image of the model after the 

filling process. 

 The advantage of using the hybrid system lies in the fact that PET and CT systems are already co-registered. Then, 

there are no other registrations of CT and PET images necessary. The mask made in the CT images is applied on PET data and 

the local aerosol deposition can be calculated for all models sections. The goal of the article is to demonstrate the algorithm. 

Therefore, the results of only first part of the model will be presented here. The co-registered PET and CT images together 
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with 3D render of the first model section are shown in Fig.5.PET image is displayed by the BGRY color system as a general 

setting for activities visualization. The activities are generally presented in units of Bq/ml. 

 

 
Figure 5: Resulting co-registered image from PET and CT scan with color coding by amount of radionuclide activities (Bq/ml). 3D render of 

the model first section created in VG Studio MAX 3.1 (Volume Graphics GmbH, Germany).  

 The model was composed of sections connected by metal screws. The analysis was difficult in the CT images due to 

the created metal artefacts and beam hardening effect. In the next model generation the plastic screws were used so the metal 

artifacts were reduced. The segmentation of the model section would be done more precisely without use of any morphological 

operations.  

 The voxel resolution of the CT images is 0.5 mm and allows the precise determination of the model and analyzes of 

the CT images. Four millimeters spatial resolution of PET measurements gives enough information for analysis in areas where 

the tubes have large diameter (e.g. oral cavity, laryngopharynx, trachea). Also it makes inaccuracy and uncertainty in areas of 

advanced TB tree generations where the tubes have diameter less than 3 millimeters. The created ROI’s involved the structure 

of the model and also the inner area of the tubes. This is essential for the analysis because the positrons penetrate the structure 

of the model and goes even through it. Also the PET system’s small resolution creates problematic analysis of aerosol 

deposition on the wall of the tubes. The usage of the Single Photon Emission Computed Tomography (SPECT) technique 

would probably give better resolution and more precise localization of radionuclide deposition but it also requires different 

workplace and change of the radionuclide carrier.  

5 Conclusions  

This article presents a method for local deposition calculation from PET/CT images. The human airways model was scanned 

by PET/CT device. The individual sections of the model were segmented by the developed algorithm. The main step was to 

separate the model in to the section according to the real lungs parts. The segmentation was done by the global thresholding as 

a fast and robust method. The separation in to the individual section was done due to the knowledge of the model. Created 

mask was applied on PET images and the aerosol deposition in the individual sections was calculated. In the following 

research is demanding to find a way to monitor the particle deposition with better resolution. It will give more precise 

information in case of more advanced generations of TB tree. As the airway model can be developed with more than seven 

generations with diameter less than 1 mm. With the better resolution it would be also possible to segment the regions 

corresponding with the tubes inner surfaces.  
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