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ABSTRACT OF THE DISSERTATION 

 

QUANTITATIVE ASSESSMENT OF PULMONARY DISEASE 

USING LOW-DOSE COMPUTED TOMOGRAPHY  

By 

Yixiao Zhao 

Doctor of Philosophy in Electrical Engineering  

University of California, Irvine, 2021 

 Professor Sabee Molloi, Chair 

 

Various lung disorders can lead to respiratory failure that causes significant morbidity and 

mortality, such as pulmonary thromboembolic disease, obstructive airway disease, and lung 

cancer. At present, computed tomography (CT) imaging of the chest plays a vital role in identifying 

distinct patterns between pulmonary diseases with varied clinical presentations. Pulmonary 

embolism (PE) is the third most common cardiovascular disease after cardiac infarction and 

stroke. While CT pulmonary angiography (CTPA) has become the first-choice imaging technique 

for including and excluding PE, it can only provide the morphological severity of PE without the 

physiological assessment regarding the pulmonary blood flow circulation. Hence, it is essential to 

understand physiological and pathophysiological mechanisms of pulmonary disorders via the 

assessment of pulmonary perfusion. Unfortunately, existing contrast-enhanced dynamic CT 

pulmonary perfusion techniques are limited by their unacceptable high radiation dose, systematic 

estimation bias, and limited scan coverage in the quantification of absolute perfusion for the entire 

lung, precluding their widespread clinical use. As such, there is a clinical necessity to develop an 

accurate, low-dose, whole-lung dynamic CT perfusion technique at a low radiation dose in 
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conjunction with the CTPA image.  Such a technique should be capable of providing a 

comprehensive assessment with both morphological and physiological information and potentially 

improve the diagnosis and management of pulmonary diseases at early stages. 

This dissertation tackles all these limitations of existing dynamic CT perfusion techniques. 

An accurate, low-dose, quantitative pulmonary CT-based technique incorporating CT pulmonary 

angiography and CT perfusion acquisition was developed, validated, and equipped for clinical 

translation. Such a comprehensive CT technique can accurately measure the absolute whole-

lung perfusion on a voxel-by-voxel basis and evaluate regional perfusions on a lobar basis, while 

simultaneously providing the CTPA within a single contrast injection at a reduced effective 

radiation dose. Therefore, the morphological and physiological assessment of pulmonary disease 

is feasible using a single low-dose CT examination, making the CT-based evaluations of 

pulmonary diseases more reliable, accessible, and impactful to patients in need. 
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Chapter 1  Introduction 

1.1 Research Background 

Pulmonary Thromboembolic disease 

Among life-threatening cardiovascular conditions,  pulmonary embolism (PE) is the third 

most common cardiovascular disease after cardiac ischemic syndromes and stroke. (1–3). An 

earlier report estimated that the annual incidence of PE is approximately 100,000 cases in the 

United States , while the true incidence of PE remains uncertain as many cases are undiagnosed 

(4–6).  

Pulmonary embolism (PE) occurs when a thrombus or multiple thrombi migrate from the 

systemic circulation to the pulmonary vasculature. From the clinical standpoint,  PE shares risk 

factors with deep vein thrombosis (DVT) as they are both regarded as a consequence of venous 

thromboembolism (7). The diagnosis of PE has been challenging as the presentation of PE is 

often variable, non-specific, and can be completely asymptomatic at times (8). Patients with 

suspected PE should be evaluated efficiently as early as possible for the management of 

therapeutic strategies to reduce morbidity and mortality (9–11). 

Pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH), a chronic and progressive disease of pulmonary 

vasculature, is characterized by fibrotic and proliferative changes  in the pulmonary arterioles, 

leading to endothelial and smooth muscle proliferation and dysfunction, inflammation and 

thrombosis (12–14). Without therapy, the increase in pulmonary vascular resistance and 

subsequent pulmonary arterial pressure may cause inexorable right ventricular failure, functional 

decline, and ultimately death. Even with increased physician awareness and rapid development 

of therapies in recent years, PAH remains difficult to diagnose and refractory to therapy(15). 
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Chronic Obstructive Pulmonary disease (COPD) 

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and 

mortality  with an estimation of three million deaths worldwide every year (16,17). In general, 

COPD refers to several lung conditions such as emphysema and chronic bronchitis, which lead 

to increased airway resistance and airflow obstruction. Tobacco smoking is the main cause of 

COPD universally (18). Despite advances in lung imaging enabled a more detailed visualization 

of airway and lung parenchyma abnormalities, the high prevalence and difficulty in early-stage 

diagnosis of COPD make it become more severe with time(19). 

 

Pulmonary Perfusion Imaging  

The lung performs multiple functions including gas exchange, regulation of blood 

pressure, hemostasis, as well as inflammatory and immunologic reactions in the systemic 

circulation (20). The process of gas exchange requires the ventilation, passive diffusion across 

the alveolar surface and pulmonary  perfusion to be cooperatively regulated (21). Hypoxemia and 

carbon dioxide retention can be observed in various pulmonary diseases, resulting in the 

mismatch of ventilation and perfusion in the lung (22). The balance between pulmonary perfusion 

and ventilation varies depending on the physiopathology of different types of pulmonary diseases. 

Therefore, the assessment of regional pulmonary perfusion pattern change is essential to 

understand multiple physiological and pathophysiological mechanisms and to evaluate various 

types of pulmonary diseases or disorders(23). So far, multiple perfusion imaging modalities have 

been qualitatively and quantitatively used to evaluate pulmonary perfusion.  

Single photon emission computed tomography (SPECT) 

https://www.sciencedirect.com/topics/medicine-and-dentistry/lung-parenchyma
https://www.sciencedirect.com/topics/medicine-and-dentistry/single-photon-emission-computed-tomography
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SPECT is currently one of the major clinical ventilation/perfusion lung scintigraphy, which 

has been frequently performed in the diagnosis of pulmonary embolism (24). Such radionuclide 

scanning requires the injection of 99mTc labelled macroaggregated albumin for arterial sampling, 

resulting in exposure to ionizing radiation (24). SPECT imaging is also limited by its low spatial 

and temporal resolution, soft tissue attenuation and motion artefacts. 

Magnetic resonance imaging (MRI)   

MRI  allows for the assessment of capillary level tissue perfusion without risk from ionizing 

radiation (25).  The dynamic first-pass contrast-enhanced perfusion MRI allows the quantitative 

assessment in pulmonary perfusion in academic and clinical settings(26–28). This technique 

measures regional pulmonary blood flow (PBF), pulmonary blood volume (PBV) and mean transit 

time (MTT) within the entire lung on 3-dimentional sequences. Nevertheless, the MRI perfusion 

is still limited by three main factors: the low signal due to low proton density, the rapid signal decay 

due to susceptibility differences between multiple air-tissue interfaces, and the mis-registrations 

caused by cardiac and respiratory motions (29,30).  

CT-based perfusion imaging 

The advent of computed tomography (CT) imaging techniques has enabled better 

visualization and quantification of pulmonary diseases such as pulmonary embolism, chronic 

obstructive pulmonary disease (31,32) and lung cancer (33–35).  With the capability of imaging 

regional pulmonary blood volume by multidetector CT in the late 1990’s, dynamic first-pass 

contrast-enhanced perfusion CT examination has been clinically implemented for improved 

structural and functional assessment of pulmonary nodules, thromboembolism, and therapeutic 

effect (36–38).   

https://www.sciencedirect.com/topics/medicine-and-dentistry/scintigraphy
https://www.sciencedirect.com/topics/medicine-and-dentistry/single-photon-emission-computed-tomography


6 

The development of dual-energy CT enabled the differentiation between different contrast 

materials (i.e. iodine or xenon) and lung parenchyma for assessment of regional perfusion or 

ventilation in pulmonary vascular diseases (39,40).  Various dual-energy CT techniques such as 

dual x-ray sources, dual-layer detectors, or fast kilovoltage-switching methods have made it 

possible to obtain or reconstruct the two registered high-energy and low-energy x-ray image 

series(41–43). The basic principle of dual-energy CT involves material decomposition based on 

attenuation differences at the high- and low-energy x-ray spectra(44). As a three-component 

system, the lung consisting of air, soft tissue, and iodine, the additional iodine component can be 

derived to each voxel using the CT data acquired at both energy levels(45–47). However, several 

factors including low signal-to-noise ratio(SNR), mis-registration between the two image datasets 

are identified as limitations of these techniques (48). 

CT pulmonary angiography (CTPA) 

In the last decades, computed tomography pulmonary angiography (CTPA) has become 

the first-line imaging choice for the structural analysis of the pulmonary vasculature due to its high 

diagnostic accuracy, wide availability, and low invasiveness (49–51). Recent technical advances 

in CT have made the management of patients with suspected PE more prompt, safer, and well-

standardized. The resolution has allowed for more sensitive PE diagnosis in subsegmental 

pulmonary arteries (2-3mm in diameter) (52,53). 

1.2 Motivation 

Existing dynamic CT perfusion techniques have several major drawbacks in the 

quantitative pulmonary perfusion measurement (54–58). First, despite that the number of detector 

rows has been increased by 4 to 64-detector row CT systems after clinical implementation of 

MDCT, most of CT perfusion techniques are still limited by its small scan ranges (38,55–57). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/pulmonary-vasculature
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several small volumes-of-interest (VOIs) have been used to monitor the contrast enhancement 

change over the lung parenchyma at different time points (38,55–57). Unfortunately, the use of 

small VOIs may lead to the contrast material loss during the measurement period due to its short 

contrast pass time (<1 sec), resulting in a systematic bias of underestimation. Second, a large 

number of consecutive acquisitions is needed to apply a mathematical model for the first-pass 

perfusion measurement, such as the maximum slope model (MSM) and the de-convolutional 

model. As a result, a high radiation dose is generated per  dynamic CT perfusion examination, 

along with the motion misregistration artifacts caused by a long breath-hold time  (33–35,57,59–

61). These limitations have hampered the widespread use of existing dynamic CT for assessment 

of pulmonary disease. 

The purpose of this dissertation is to develop a low-dose, first-pass, dynamic CT perfusion 

technique for the quantification of pulmonary perfusion using only two prospectively acquired 

volume scans. A 320-slice CT scanner with 16 centimeters of cranio-caudal coverage was used 

to enlarge compartment size to encompass the entire lobe, fundamentally improving the perfusion 

measurement accuracy by preventing the contrast outflow during the measurement period as 

compared to the small VOIs (62,63).  In addition, by significantly reducing the temporal sampling 

rate of the dynamic CT perfusion to two volume scans, it is possible to use a fast helical scan 

mode to acquire the pre- and post- contrast-enhanced images of the entire lung parenchyma for 

the whole-lung, first-pass perfusion measurement. Furthermore, by using an optimal contrast-

specific timing protocol, the second volume scan of the CT perfusion scans can be acquired at 

the maximal arterial contrast enhancement and serve as the CT angiography; thus, anatomical 

and physiological assessment of pulmonary disease may be feasible with a single contrast 

injection.  Lastly, given the simultaneous acquired CTPA data, automatic delineation of vessel-

specific perfusion territories was determined, enabling further assessment of regional CT 

perfusion measurement on a lobar basis. As a result, by integrating the dynamic CT perfusion 
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and CTPA into a single CT examination, the radiation and contrast dose can be dramatically 

reduced while providing a comprehensive morphological and physiological assessment of 

multiple pulmonary diseases. The accuracy, reproducibility and feasibility of such technique were 

investigated in this dissertation for the translation to clinical practice. 

 

1.3 Dissertation Structure 

The organization of this dissertation is summarized as follows:  

Chapter 2 evaluates the accuracy of a low-dose first-pass analysis (FPA) CT pulmonary 

perfusion technique in comparison to fluorescent microsphere measurement as the reference 

standard. The theory of the FPA pulmonary perfusion technique as described in this chapter. 

Chapter 3 develops and validates an optimal timing protocol for a low-radiation-dose CT 

pulmonary perfusion technique using only two volume scans. The contrast time-to-peak delay 

between the two volume scans was empirically correlated to one-half of contrast injection time 

and a specific dispersion delay.  Using the optimal timing protocol, simulated two-volume 

prospective dynamic CT perfusion technique was assessed as compared to the previous 

validated retrospective FPA perfusion technique 

Chapter 4 compares the image quality of CT pulmonary angiography (CTPA) using the 

proposed patient-specific timing protocol to the standard fixed-delay timing protocol, using 

retrospective CT pulmonary arterial enhancement with multiple volume scans as the reference 

standard. The patient-specific timing protocol is developed to improve CTPA image quality, both 

quantitatively and subjectively, and further reduce the contrast volume for CTPA while 

maintaining adequate diagnostic image quality. 
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Chapter 5 validates an automated minimum-cost path (MCP) technique to accurately 

calculate the subtended lung tissue distal to a PE using the CTPA image. The application of the 

MCP technique for pulmonary lobar segmentation is also implemented. 

Chapter 6 validates a whole-lung, first-pass analysis perfusion technique with only two 

prospectively acquired scans, using either volume scan mode or helical scan mode. The 

reproducibility of the prospective, two-volume perfusion technique is also evaluated. Both global 

and regional lung perfusions are quantitatively compared.  

Chapter 7 quantitatively assesses the small airway dimensions using both high-resolution 

CT and conventional normal-resolution CT for better assessment of airway obstructive diseases. 

The accuracy and limitations of measurements are evaluated at different dose levels using an 

airway phantom. 

Chapter 8 assesses the accuracy of a new integrated intensity-based technique and a 

standard full-width half-maximum method for quantifying small airway dimensions. Such a 

technique can fundamentally overcome the partial volume effect caused by the spatial resolution 

in small airway assessment.  

Chapter 9 concludes the dissertation and gives the future prospective for clinical 

translation of the low-dose pulmonary computed tomography.  
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Chapter 2  Validation of Dynamic Pulmonary Computed 

Tomography Perfusion using First-Pass Analysis Technique 

Against Quantitative Microsphere Perfusion Measurement 

 

Abstract 

The aim of this chapter was to evaluate the accuracy of a low-dose first-pass analysis 

(FPA) CT pulmonary perfusion technique in comparison to fluorescent microsphere measurement 

as the reference standard. The first-pass analysis CT perfusion technique was validated in six 

swine (41.7 ± 10.2 kg) for a total of 39 successful perfusion measurements. Different perfusion 

conditions were generated in each animal using serial balloon occlusions in the pulmonary artery. 

For each occlusion, over 20 contrast-enhanced CT images were acquired within one breath (320 

x 0.5mm collimation, 100kVp, 200mA or 400mA, 350ms gantry rotation time). All volume scans 

were used for maximum slope model (MSM) perfusion measurement, but only two volume scans 

were used for the FPA measurement. Both MSM and FPA perfusion measurements were then 

compared to the reference fluorescent microsphere measurements. As a result, the mean lung 

perfusion of MSM, FPA, and microsphere measurements were 6.21 ± 3.08 (p = 0.008), 6.59 ± 

3.41 (p = 0.44) and 6.68 ± 3.89 ml/min/g, respectively. The MSM (PMSM) and FPA (PFPA) perfusion 

measurements were related to the corresponding reference microsphere measurement (PMIC) by 

PMSM = 0.51PMIC + 2.78 (r = 0.64) and PFPA = 0.79PMIC + 1.32 (r = 0.90). The root-mean-square-

error for the MSM and FPA techniques were 3.09 and 1.72 ml/min/g, respectively. The CT dose 

index for MSM and FPA techniques were 138.7 and 8.4mGy, respectively. To conclude, the first-

pass analysis technique can accurately measure regional pulmonary perfusion and has the 

potential to reduce the radiation dose associated with dynamic CT perfusion for assessment of 

pulmonary disease.  



11 

Introduction 

The advent of quantitative computed tomography (CT) imaging techniques has enabled 

better evaluation of pulmonary disease. Multidetector CT has previously been used for detection 

of emphysema (52,53) and the development of the dual-energy CT has improved the 

differentiation between different contrast materials (i.e. iodine or xenon) and lung parenchyma for 

assessment of regional perfusion or ventilation (39,40). With the capability of imaging regional 

pulmonary blood volume, CT has been clinically implemented, thus contributing to assessment 

for pulmonary embolism, chronic obstructive pulmonary disease (31,32) and lung cancer(33–35). 

Despite positive correlation with microsphere perfusion measurement, existing dynamic 

CT perfusion techniques have been hampered by a number of limitations (54–58). First, CT 

perfusion techniques such as the maximum slope model (MSM), derive pulmonary blood flow by 

monitoring the contrast enhancement over time using several small volumes-of-interest (VOIs) 

(57). However, this approach can be limited by short contrast transit time (<1 sec) through the 

small VOIs, which are inherently subject to contrast material loss from the small compartments 

over the measurement period. Second, curve-fitting is performed on these time-series data, which 

requires a large number of consecutive acquisitions for pulmonary blood flow measurement 

leading to high radiation dose and motion misregistration artifacts (33–35,57,59–61).Thus, the 

limitations of the existing perfusion models have hampered the widespread use of dynamic CT 

for assessment of pulmonary disease. 

The purpose of this study was to validate a new low-dose dynamic CT perfusion technique 

based on first-pass analysis (FPA) for perfusion measurement in a swine model, with the MSM 

technique also implemented for comparison. The FPA CT perfusion technique has previously 

been validated for myocardial perfusion measurement in phantom and animal studies (64–66) 

and addressed the underestimation of the flow measurement by imaging the whole heart within 
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each cardiac cycle. The use of the whole organ as the perfusion compartment allows adequate 

time for image acquisition and contrast accumulation before contrast exits the perfusion 

compartment(62,63). By increasing the perfusion compartment within the spatial domain, it is 

possible to reduce the temporal sampling to a minimum of only two time points for FPA 

measurement.  The central hypothesis is that pulmonary perfusion can be accurately measured 

with the CT FPA technique using only two volume scans, as compared  to fluorescent microsphere 

perfusion method as the reference standard(67).  

 

Material and Methods 

Ethics Statement and General methods 

The experimental protocol was approved by the Institutional Animal Care and Use 

Committee (IACUC, Protocol Number: AUP-18-191) at University of California, Irvine.  All studies 

were performed under isoflurane anesthesia, and all efforts were made to minimize suffering.  

Each swine was housed in a single cage in the vivarium and food was withdrawn but water 

was provided for 12 hours before the study. A total of six swine (41.7 ± 10.2 kg, male, Yorkshire) 

were used for validation of the FPA technique with fluorescent microsphere perfusion 

measurements. A standard MSM dynamic CT perfusion technique was also used for comparison.  

All experimental data were successfully acquired between June 2016 and July 2017 and analyzed 

between September 2016 and December 2018. All authors conducted the experiments and data 

acquisition. Three authors (Y.Z., L.H., S. Malkasian.) with more than 3 years of medical imaging 

research experience conducted the data analysis. One author (P.A.) with 19 years of clinical 

radiology experience, helped with the intubation, anesthesia, catheters placement and other 

interventional procedures. 

First-Pass Analysis (FPA) Theory 
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In this study, the entire lung or lobe was used as the first-pass compartment in the 

pulmonary perfusion measurement.  The FPA technique measures the accumulation of iodine 

mass (𝑴𝒄(𝒕), 𝒎𝒈) within the perfusion compartment (63,68), as represented by: 

𝑴𝒄(𝒕) = ∫ [𝑸𝒊𝒏(𝒕)𝑪𝒊𝒏(𝒕) −  𝑸𝒐𝒖𝒕(𝒕)𝑪𝒐𝒖𝒕(𝒕)]𝒅𝒕
𝒕

𝟎
                   (2.1) 

where 𝑴𝒄(𝒕) is the accumulated iodine mass (mg) within the compartment; 𝑸𝒊𝒏(𝒕), 𝑸𝒐𝒖𝒕(𝒕) are the 

inflow and outflow for the compartment (𝒎𝒍/𝒎𝒊𝒏);  𝑪𝒊𝒏(𝒕), 𝑪𝒐𝒖𝒕(𝒕)  are the incoming and outgoing 

concentration of iodine (𝒎𝒈/𝒎𝒍).   

For pulmonary flow measurement, the accumulation of contrast mass is only caused by 

pulmonary circulation. Assuming no contrast material outflow from the measurement 

compartment over the measurement period, Eq 2.1 can be simplified as: 

𝑴𝒄(𝒕) = ∫ 𝑸𝑷(𝒕)𝑪𝒑𝒂(𝒕)𝒅𝒕                                    (2.2) 

where 𝑸𝑷(𝒕) is the pulmonary blood flow,  𝑪𝒑𝒂(𝒕) is the iodine concentration (𝒎𝒈/𝒎𝒍) within the 

pulmonary artery. 

By taking derivative on both sides of Eq 2.2, the pulmonary flow ( 𝑸𝒂𝒗𝒆, 𝒎𝒍/𝒎𝒊𝒏) is given by: 

    𝑸𝒂𝒗𝒆 =
𝟏

𝑪𝒊𝒏_𝒂𝒗𝒆
 
𝜟𝑴𝒄

∆𝒕
                                                (2.3) 

where 𝜟𝑴𝒄 is the overall contrast mass change within the compartment over the measurement 

period (∆𝒕), 𝑪𝒊𝒏_𝒂𝒗𝒆  is the average input concentration of pulmonary artery. 

In this study, twenty dynamic CT volume scans were acquired for the MSM technique, but 

only two volume scans were systematically chosen for the FPA perfusion technique. Specifically, 

the first volume acquisition (V1) was chosen as the contrast started to enter the compartment with 

a threshold of 80 HU above the background blood pool enhancement, and the second volume 

scan (V2) was chosen near the peak of the pulmonary arterial input function as shown in Figure 

2.1. Hence, the lung tissue compartment time attenuation curve (TAC) was used to calculate the 
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change in the integrated contrast mass (𝜟𝑴𝒄/∆𝒕) between the first (V1) and second (V2) volume 

scans for the blood flow ( 𝑸𝒂𝒗𝒆, 𝒎𝒍/𝒎𝒊𝒏) measurement (Eq. 2.3). The average incoming contrast 

material concentration (𝑪𝒊𝒏_𝒂𝒗𝒆, 𝒎𝒈/𝒎𝒍) was estimated using the two volume scans from the 

arterial input function (AIF) in the pulmonary artery (66).  

 

Figure 2.1 The first-pass analysis acquisition protocol. 

The lung tissue compartment time attenuation curve (TAC) was used to calculate the change in the 

integrated contrast mass (𝛥𝑀𝑐/𝛥𝑡) between the first (V1) and second (V2) volume scans.  The pulmonary 

arterial input function (AIF) was used to estimate the average input concentration (𝐶𝑖𝑛_𝑎𝑣𝑒) between V1 and 

V2. The first volume scan (V1) was acquired with a threshold of 80 HU above the background blood pool 

enhancement. 
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Voxel-by-voxel Blood Flow Normalization  

Since the contrast concentration change (∆𝑯𝑼) within the entire compartment is 

approximately proportional to the contrast material mass change, i.e. the average pulmonary flow 

( 𝑸𝒂𝒗𝒆), the voxel-by-voxel contrast concentration change (∆HUx,y,z) can be used to estimate 

pulmonary blood flow on a voxel-by-voxel basis ( 𝑸𝑷𝒙,𝒚,𝒛 , 𝒎𝒍/𝒎𝒊𝒏) as: 

                      𝑸𝑷𝒙,𝒚,𝒛 =  𝑸𝒂𝒗𝒆
∆𝑯𝑼𝒙,𝒚,𝒛

∆𝑯𝑼
                           (2.4) 

Voxel-by-voxel Perfusion Normalization 

The pulmonary blood flow is normalized to tissue mass to account for its spatial 

heterogeneity.  The fraction of non-air tissue ( 𝑻𝒇, %) is calculated from the non-contrast enhanced 

image V1 with decomposition of the pure soft tissue (greater than 50 HU) and air (less than -1000 

HU) (55,69). The mass of each voxel (𝑴𝒙,𝒚,𝒛) is the product of tissue fraction (𝑻𝒇), voxel size 

(𝑽𝒐𝒙𝒆𝒍𝒙,𝒚,𝒛, 𝒄𝒎𝟑) and the non-air tissue density (1.04 𝒈/𝒄𝒎𝟑) (69) as: 

                   𝑻𝒇 =
𝑯𝑼𝒙,𝒚,𝒛−𝑯𝑼𝑨𝒊𝒓

𝑯𝑼𝑻𝒊𝒔𝒔𝒖𝒆−𝑯𝑼𝑨𝒊𝒓
                                          (2.5) 

               𝑴𝒙,𝒚,𝒛 = 𝑻𝒇 × 𝑽𝒐𝒙𝒆𝒍𝒙,𝒚,𝒛 × 1.04                                            (2.6) 

where 𝑯𝑼𝒙,𝒚,𝒛  represents the Hounsfield unit number per each voxel in V1 image,  HUTissue = 50 

HU,  HUAir = −1000HU.  𝑴𝒙,𝒚,𝒛 is the tissue mass per voxel in gram,   𝑻𝒇 ≥ 1 is set as 1.  

The ultimate voxel-by-voxel pulmonary perfusion ( 𝑷𝑷𝒙,𝒚,𝒛 , 𝒎𝒍/𝒎𝒊𝒏/𝒈) is derived as: 

                           𝑷𝑷𝒙,𝒚,𝒛 =
 𝑸𝑷𝒙,𝒚,𝒛

𝑴𝒙,𝒚,𝒛
                                                      (2.7) 

Animal Preparation 



16 

 Each swine was premedicated via intramuscular injection of Telazol (4.4mg/kg), 

Ketamine (2.2 mg/kg), and Xylazine (2.2 mg/kg), intubated (Mallinckrodt, tube 6.0/6.5/7.0, 

Covidien, Mansfield, MA), then ventilated (Surgivet, Norwell, MA, and Highland Medical 

Equipment, Temecula, CA) with 1.5-2.5% Isoflurane (Baxter, Deerfield, IL) to maintain 

anesthesia. Under ultrasound guidance (9L Transducer, Vivid E9, GE 145 Healthcare), four 

introducer sheaths (AVANTIR, Cordis Corporation, Miami Lakes, FL) were placed in the left 

jugular vein (intravenous contrast injection), left femoral vein (intravenous fluid and drug 

administration), right femoral vein (intravenous microsphere injection), and the right femoral artery 

(mean arterial pressure monitoring), respectively. Two more introducer sheaths were placed in 

the right jugular vein for the insertion of a pulmonary arterial Swan-Ganz-balloon catheter and for 

reference microsphere blood withdrawal catheters. Specifically, under fluoroscopic guidance, the 

Swan-Ganz catheter was placed distally in the left-caudal lobe pulmonary artery branch for 

induction of balloon occlusion. An additional pulmonary arterial catheter was placed proximally in 

the left main pulmonary arterial trunk for blood sample withdrawal for microsphere perfusion 

measurement. Several perfusion conditions were then induced by inflating a balloon in several 

different locations in the left caudal lobe. ECG, mean arterial pressure (mmHg), end-tidal CO2 

(mmHg), and O2 saturation (%) were monitored and recorded. After the final acquisition, each 

animal was euthanized with 10 cc of saturated KCL under deep anesthesia and both lungs were 

resected without draining the blood for tissue sample extraction. 

Reference Fluorescent Microsphere Perfusion Measurement 

 Figure 2.2 shows a summary of data acquisition protocol. The protocol includes vascular 

access using fluoroscopy, dynamic CT acquisition, microsphere measurement, and postmortem 

tissue processing. Immediately before each CT perfusion acquisition, one color of fluorescent-

labeled microspheres (NuFLOW™, IMT Laboratories, Lawrence, KS) was diluted and injected 

into the vena cava. A reference blood sample was then withdrawn using a syringe pump at 
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10ml/min via a pulmonary arterial catheter proximal to the balloon occlusion (GenieTouch; Kent 

Scientific, Torrington, Conn). The pump was turned on 5 seconds prior to the microsphere 

injection and was run for a total of 2 minutes. A total of 5 to 8 different color microspheres were 

used for each animal. Each color of microsphere was used for an independent CT perfusion 

acquisition. After all acquisitions were completed, the animal was euthanized, and 6 to 8 tissue 

samples (approximately 10g per sample) were excised from different lobes of both lungs. 

Microsphere (15.5±1.10μm in diameter)  analyses were conducted independently by IMT 

Laboratories (67). 

 

 

Figure 2.2 Data acquisition protocol timeline. 

The protocol includes vascular access using fluoroscopy, dynamic CT acquisition, microsphere 
measurement, and postmortem tissue processing.  The contrast and microsphere injections were made 
before the continuous dynamic CT scan. The blood sample withdrawal was started 5 seconds prior to the 
microsphere injection and lasted for two minutes. 

 

CT Scanning Protocol 

Each animal was first positioned supine, head first through the gantry (320-slice Aquilion 

One, Canon Medical Systems, Tustin, CA), and a localization scan was performed with a 16-cm 

z-coverage to include the balloon placed in the base of the lung. Balloon occlusion was then 
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induced followed by contrast (0.5 or 1 ml/kg, Isovue 370, Bracco Diagnostics, Princeton, NJ) and 

saline chaser (0.25 or 0.5 ml/kg) injection at 5 ml/s (Empower CTA, Acist Medical Systems, Eden 

Prairie, MN). For each occlusion, the ventilator was turned off to simulate a breath hold, and ECG-

gated volume acquisitions were acquired at functional residual capacity for approximately 20 

seconds (100kVp, 200mA or 400mA, 0.35s rotation time, 320 x 0.5 mm collimation, FOV: 240-

400mm). Detailed injection and scan parameters are summarized in Table 2.1. Dynamic CT 

perfusion acquisition was repeated approximately every 20 minutes. All volume acquisitions were 

reconstructed using 360 degree projection data using a soft tissue kernel (FC07) with a 0.5-mm 

slice thickness and an adaptive iterative dose reduction 3D (AIDR 3D) reconstruction algorithm. 

The CT dose index (𝑪𝑻𝑫𝑰𝒗𝒐𝒍
𝟑𝟐 ) was recorded and the size-specific dose estimate (SSDE) was also 

calculated to account for the small effective chest diameter of the swine used in the study(70,71). 

In combination with the chest conversion factor, the effective dose for perfusion measurement 

with the FPA technique was also estimated (72). 

Table 2.1 Acquisition Protocols and Dose Metrics for the FPA and MSM perfusion measurement. 

Note.— 𝑪𝑻𝑫𝑰𝒗𝒐𝒍
𝟑𝟐  is the CT dose index for a 32 cm diameter body dosimetry phantom, SSDE is the size-

specific dose estimate based on the effective diameter of the swine in the study (conversion factor : 2.06). 
Noted that the listed CT dose index for the FPA technique with only 2 volume scans.  

 

FPA Perfusion Measurement 

Dynamic volume acquisitions were first registered to a single coordinate system by 

applying a GPU-based affine and deformable registration algorithm (73). The volume-of-interest 

was then placed in the pulmonary artery to derive the pulmonary arterial input function (AIF, 

Figure 2.1 1). For pulmonary flow measurement, only two volume scans (V1 and V2) were 

Number of 
Samples 

(N) 

Contrast  
(ml/kg) 

FPA Perfusion 
 (mGy) 

MSM Perfusion  
(mGy) 

  𝐶𝑇𝐷𝐼𝑣𝑜𝑙
32  SSDE 𝐶𝑇𝐷𝐼𝑣𝑜𝑙

32  SSDE 

200 mA (N = 2) 1 8.2 17.4 138.7 285.8 
400 mA (N = 4) 0.5 26.3 54.2 434.1 894.3 
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systematically selected from the AIF, where V1 was defined as the first volume scan at 80 HU 

above the baseline blood pool enhancement as the indication of contrast arrival time, and V2 

was defined as the peak of the AIF (Figure 2.1). Lung segmentation (lung parenchyma in the 

FOV) was conducted based on V1. The contrast mass change (∆𝑴𝒄) in the lung parenchyma 

and the average arterial input concentration (𝑪𝒊𝒏_𝒂𝒗𝒆) were used to derive the pulmonary blood 

flow (Eqs.2.1-2.3). Finally, to calculate perfusion, the average blood flow was normalized to 

each voxel (Eq. 2.4) and the non-air tissue mass for each voxel was calculated based on V1 

(Eqs. 2.5–2.6). The final pulmonary perfusion per voxel was calculated as the voxel flow 

normalized by voxel mass (Eq.2.7). 

To derive regional pulmonary perfusion measurements for the validation of microsphere 

measurements, digital segmentations (ViTAL Images; Canon Medical Systems) were made by a 

chest radiologist (P.A.) with 19 years of clinical experience, to correspond with the excised 

tissue samples used for the reference microsphere perfusion measurements. Anatomical 

landmarks were used as a guide for correspondence between excised tissue samples and 

digital segmentation. Blood vessels were excluded by excluding voxels greater than 100 HU 

(52,74). The average CT perfusion within each digital segment was compared to the 

corresponding reference fluorescent microsphere perfusion measurement. 

 MSM Perfusion Measurement 

 Maximum slope model (MSM) perfusion data were generated using a standard 

commercial software (ViTAL Images, CT Body Perfusion 4D, Dual-Input Lung Workflow). After 

automatic registration, small regions-of-interest (ROIs) were placed within the pulmonary trunk 

and lung parenchyma to generate arterial input functions and tissue attenuation curve, 

respectively. A parametric pulmonary perfusion map (ml/min/100ml) was then generated. The 

perfusion maps were rescaled into ml/min/g by using the same mass distribution map 
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(𝑴𝒙,𝒚,𝒛, 𝒈/𝒎𝒍, Eq.2.6) as the FPA perfusion measurement. Regional perfusion measurements 

were also averaged using the same regional segmentations as the FPA measurement. 

Statistical Analyses 

 For all microsphere perfusion measurements (including all tissue samples under all 

perfusion conditions), the combined variance within each subject was compared with the 

combined variance of measurements between subjects with intra-cluster correlation. To evaluate 

the performance of the FPA and MSM techniques, linear regression (Pearson’s r) and Bland-

Altman analyses were performed as compared to the reference fluorescent microsphere perfusion 

measurements. The root-mean-square error (RMSE) (mean prediction error between the 

measurement and the gold standard measurement), the root-mean-square deviation(RMSD) 

(mean prediction error between the measurement and the line of best fit in the regression 

analysis) and Lin’s concordance correlation coefficient (75) (concordance between the 

measurement and the gold standard measurement) were also determined. Student’s t-tests were 

used to assess mean differences of the FPA and MSM techniques with the reference microsphere 

perfusion measurements. Statistical software (SPSS, version 22, IBM, Armonk, NY) was used for 

all statistical analyses. 

 

Results 

Vitals and Statistics 

 The FPA CT perfusion technique was validated in six swine (41.7 ± 10.2 kg) for a total of 

44 perfusion measurements. Five acquisitions were excluded from the dataset since reference 

microsphere measurements were not available.  Among the 39 successful perfusion 
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measurements, 287 segments from different lobes of both left and right lungs (7 segments per 

animal on average) were used in the data analysis, as shown in Table 2.2.  

The overall heart rate and mean arterial pressure during all the CT perfusion acquisitions 

were 94.7 ± 18.9 bpm and 68.8 ± 22.8 mmHg, respectively. The intra-cluster correlation was 

calculated to be r = 0.19, indicating negligible correlation within intra-cluster measurements and 

statistical independence (76). The effective sample size was found to be 28, showing that 28 

independent individual subjects were equivalently used in this study (77). 

Lung Mass Validation 

The average CT-measured lung mass and the actual ex-vivo mass were 455.4 g (372.5  

̶  496.0 g) and 434.3 g (347.2   ̶  487.4g), respectively (p=0.20, RMSE=38.2g).  

Qualitative Validation 

 No significant image quality differences were found between images acquired using 400 

and 200mA.  Representative FPA and MSM pulmonary perfusion maps under 4 different 

balloon occlusion conditions acquired at 400 mA are shown in Figures 2.3 and 2.4. Additional 

FPA pulmonary perfusion maps with and without balloon occlusion acquired at 200 mA are 

shown in Figure 2.5.  
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Figure 2.3 FPA pulmonary perfusion maps for different balloon occlusions acquired at 400mA. 

Axial, coronal, and 3D posterior-lateral views in the presence of no occlusion (first row), a distal occlusion 
(second row), a distal-to-proximal occlusion (third row) and a proximal occlusion (fourth row) are shown. 
The arrows indicate the location of the balloon for each occlusion. The color bar indicates perfusion in the 
range of 0-20 ml/min/g. 
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Figure 2.4  MSM pulmonary perfusion maps for different balloon occlusions acquired at 400mA. 

Axial, coronal, and sagittal views in the presence of no occlusion (first row), a distal occlusion (second 
row), a distal-to-proximal occlusion (third row) and a proximal occlusion (fourth row) are shown. The 
arrows indicate the location of the balloon for each occlusion. The color bar indicates perfusion in the 
range of 0-600 ml/min/100ml. 
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Figure 2.5 FPA pulmonary perfusion maps for different balloon occlusions at 200mA. 

Axial, coronal, and 3D posterior views in the presence of no occlusion (first row) and a distal occlusion 
(second row) are shown. The color bar indicates perfusion in the range of 0-20 ml/min/g. Images were 
acquired at 200 mA. 
 
 

Quantitative Analysis 

 For all segments combined, the mean lung perfusion of the FPA and MSM techniques 

were 6.59 ± 3.41 (p = 0.44) and 6.21 ± 3.08 (p = 0.008) ml/min/g, respectively, while the mean 

microsphere perfusion was 6.68 ± 3.89 ml/min/g. Detailed pulmonary perfusion comparisons (n 

= 287) are summarized in Tables 2.2 and 2.3. Since the balloon occluded the arterial branch in 

the left caudal lobe, a reduction in perfusion can be found in the occluded regions in the left 

caudal anterior lobe (n = 39, FPA: 4.65 ± 2.98 vs. microsphere: 4.55 ± 2.95  in ml/min/g) and  

left caudal posterior lobe (n = 28,  FPA: 2.76 ± 3.57 vs. microsphere: 2.17 ± 3.37 in ml/min/g) as 
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compared to the other lobes. Except for the occluded regions, the mean perfusion values 

gradually decreased from the caudal lobe to the cranial lobe, indicating the change in the lung 

perfusion by gravitational effects, as shown in Table 2.2. Significant differences from the middle 

lobes, cranial lobes are mainly caused by the beam hardening artifacts by the contrast in vena 

cava and heart. 

Table 2.2 FPA and MSM mean pulmonary perfusion versus reference microsphere mean 
perfusion. 

  Microsphere FPA MSM 

 Number of 
Samples 

Reference 
Perfusion 
(ml/min/g) 

CT 
Perfusion 
(ml/min/g) 

P-value 
(α < 
0.05) 

CT 
Perfusion 
(ml/min/g) 

P-value 
(α < 
0.05) 

 n Mean ± SD Mean ± SD  Mean ± SD  

Right Lung  155 7.49 ± 3.51 7.40 ± 2.82 0.513 7.08 ± 2.78 0.128 

 Right Cranial Lobe 12 6.79 ± 4.45 5.93 ± 3.36 0.038* 4.03 ± 1.91 0.005* 

 Accessory Lobe 39 7.88 ± 2.47 7.97 ± 4.67 0.776 8.23 ± 2.62 0.537 

 Right Middle Lobe 39 5.80 ± 2.60 6.44 ± 1.91 0.013* 7.32 ± 2.48 0.004* 

 Right Caudal 
Anterior Lobe 

39 8.95 ± 2.79 8.49 ± 1.88 0.174 6.93 ± 1.80 <0.001* 

 Right Caudal 
Posterior Lobe 

19 7.62 ± 5.24 7.04 ± 4.81 0.023* 6.64 ± 3.81 0.036* 

       

Left Lung 132 5.71 ± 4.09 5.63 ± 3.78 0.542 5.22 ± 3.16  0.037* 

 Left Cranial Lobe  12 4.45 ± 2.21 4.22 ± 2.54 0.583 4.28 ± 2.58 0.728 

 Left Middle Lobe 27 7.76 ± 1.97 7.25 ± 2.27 0.126 7.97 ± 2.67 0.787 

 Left Caudal 
Superior Lobe 

26 9.72 ± 4.26 9.14 ± 3.45 0.156 6.71 ± 2.61 <0.001* 

 Left Caudal 
Anterior Lobe 

39 4.55 ± 2.95 4.65 ± 2.98 0.701 4.63 ± 2.03 0.814 

 Left Caudal 
Posterior Lobe 

28 2.17 ± 3.37 2.76 ± 3.57 0.001* 2.28 ± 2.44 0.055 

Both Lungs  287 6.68 ± 3.89 6.59 ± 3.41 0.440 6.21 ± 3.08 0.008* 

 

Note.— SD: Standard Deviation.  

1. The mean perfusion values are the average perfusion values of each lobe sample, the SD values 
are the perfusion value variations from the same sample, not the measurement errors.  

2. The P-values are calculated by the paired-samples t-test statistics. The larger P-values indicate 
higher similarity between the two groups of data. 

3. * Denotes mean CT perfusion values that are significantly different from reference microsphere 
perfusion values. 
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Table 2.3 FPA and MSM pulmonary perfusion regression versus reference microsphere perfusion. 

Technique Slope Intercept Pearson r CCC RMSE 
(ml/min/g) 

RMSD 
(ml/min/g) 

FPA       

Right Lung 
(n = 155) 

0.69* 
(0.63, 0.76) 

2.22* 
(1.68, 2.77) 

0.85* 
(0.80, 0.89) 

0.83*  
(0.77, 0.88) 

1.81 0.87 

Left Lung 
(n = 132) 

0.85*  
(0.79, 0.91) 

0.78*  
(0.34, 1.22) 

0.92*  
(0.89, 0.94) 

0.92*  
(0.88, 0.94) 

1.61 0.58 

Both Lungs 
(n = 287) 

0.79*  
(0.75, 0.84) 

1.32*  
(0.98, 1.67) 

0.90*  
(0.87, 0.92) 

0.89*  
(0.86, 0.91) 

1.72 1.50 

MSM       

Right Lung 
(n = 155) 

0.36 
(0.24, 0.47) 

4.42 
(3.49, 5.36) 

0.45 
(0.30, 0.57) 

0.43 
(0.29, 0.56) 

3.38 2.48 

Left Lung 
(n = 132) 

0.59 
(0.51, 0.68) 

1.83 
 (1.24, 2.44) 

0.77  
(0.69, 0.84) 

0.74  
(0.65, 0.81) 

2.69 2.05 

Both Lungs 
(n = 287) 

0.51  
(0.44, 0.58) 

2.78  
(2.24, 3.33) 

0.64  
(0.57, 0.71) 

0.62  
(0.54, 0.69) 

3.09 2.38 

Note.—Data in parentheses are 95% confidence intervals. CCC: concordance correlation coefficient, 
RMSD: root-mean-square deviation, RMSE: root-mean-square error.  

* Denotes FPA perfusion regression parameters that are significantly different than MSM perfusion 
regression parameters, as indicated by non-overlap of each 95% confidence interval, respectively.  
 

FPA perfusion measurements (PFPA) were related to the reference fluorescent 

microsphere measurements (PMIC) by PFPA=0.79PMIC+1.32 (r = 0.90), with a concordance 

correlation coefficient (CCC) of 0.89, a root-mean-square deviation (RMSD) of 1.50 ml/min/g and 

a root-mean-square error (RMSE) of 1.72 ml/min/g (Figure 2.6a). MSM perfusion measurements 

(PMSM) were related to reference fluorescent microsphere perfusion measurements by 

PMSM=0.51PMIC+2.78 (r = 0.64), with a CCC of 0.62, RMSD of 2.38 ml/min/g and RMSE of 3.09 

ml/min/g (Figure 2.6c). Both FPA and MSM measurements had a downward trend in the Bland-

Altman plot (Figures 2.6b and 2.6d), but the MSM technique showed worse correspondence at 

higher perfusion measurements. With respect to the two different tube currents, the overall 

measurement error was slightly lower for high tube currents as compared with the low tube 

currents. Specifically, for 400mA data, the RMSE and RMSD for the FPA technique were 1.37 

and 1.29 ml/min/g, for the MSM technique were 2.69 and 2.14 ml/min/g, respectively. For 200 mA 

data, the RMSE and RMSD for the FPA technique were 2.34 and 1.92 ml/min/g, for the MSM  
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technique were 3.87 and 2.87 ml/min/g, respectively. 

 

Figure 2.6 Quantitative analysis of FPA and MSM perfusion measurements versus reference 
fluorescent microsphere perfusion measurements. 

(a,c) Regression analysis comparing the results of two perfusion measurements to the reference standard 
perfusion measurements. (b,d) Bland-Altman analysis was performed for both techniques, with the limits 
of agreement. 𝑃𝐹𝑃𝐴: FPA perfusion measurements, 𝑃𝑀𝐼𝐶: Reference fluorescent microsphere 

measurements, 𝑃𝑀𝑆𝑀:  MSM perfusion measurements 
RMSD = root-mean-square deviation, RMSE = root-mean-square error, CCC = concordance correlation 
coefficient.  
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The repeatability analysis of the FPA and MSM perfusion measurements are shown in 

Figure 2.7. Two repeated contrast injections were made in two animals with the same occlusion. 

The interval between the two acquisitions,  the average change in heart rate and blood pressure 

were 15 minutes, 2.18%  and 12.75%, respectively. The results of the first (PT1) and the second 

(PT1) measurements were related by PT1_FPA = 0.94 PT2_FPA + 0.32 (r = 0.99, RMSE: 0.60 ml/min/g, 

RMSD: 0.17 ml/min/g) for the FPA technique and PT1_MSM = 1.08 PT2_MSM – 0.54 (r = 0.97, RMSE: 

0.86 ml/min/g, RMSD: 0.23 ml/min/g) for the MSM technique (Figures 2.7a and 2.7c). The 

repeatability for FPA and MSM measurements had negligible bias and lower variability (Figures 

2.7b and 2.7d) as compared to the accuracy measurements (Figure 2.6). 
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Figure 2.7 Repeatability analysis of FPA and MSM perfusion measurements. 

Two repeated contrast injections were made in two animals under the same perfusion condition. (a,c) 
Regression analysis comparing the result of the Trial #1 to Trial #2 using the FPA and MSM perfusion 
measurements. (b,d) Bland-Altman analysis was performed for both techniques, with the limits of 
agreement.  
𝑃𝑇1_𝐹𝑃𝐴  , 𝑃𝑇2_𝐹𝑃𝐴: FPA perfusion measurements,  𝑃𝑇1_𝑀𝑆𝑀 , 𝑃𝑇2_𝑀𝑆𝑀:  MSM perfusion measurements. 

RMSD = root-mean-square deviation, RMSE = root-mean-square error. 

 

Dose estimation 

 For the retrospectively acquired perfusion images at 200mA, the CT dose index for the 

MSM techniques was 138.7mGy. For the FPA technique, if the two volume scans were acquired 

prospectively, the CTDI would have been 8.4mGy. All other dose metrics are reported in Table 

2.1.  

Discussion 

The results indicate that the FPA technique can accurately measure pulmonary perfusion 

on a voxel-by-voxel basis as indicated by the good agreement with reference fluorescent 

microsphere perfusion measurement. The FPA technique also has high precision for repeated 
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perfusion measurements.  Furthermore, the pulmonary perfusion measurement can be made 

using only two volume scans, indicating significant potential for dose reduction with its prospective 

implementation. Moreover, the second volume acquisition for the pulmonary perfusion 

measurement could potentially be used for CT pulmonary angiography; hence, the FPA technique 

has the potential to provide anatomical and physiological assessment of lung disease following a 

single contrast injection, while also reducing the radiation dose, although further validation is still 

necessary.  

Previously reported MSM techniques (56–58) use small regions-of-interest (ROIs) for 

perfusion measurements, resulting in underestimation of the perfusion due to the problem of 

contrast loss during the measurement time.  Our results agree with previous reports showing the 

underestimation of the MSM technique, especially at higher perfusion rates. Deconvolution-based 

techniques have been used to resolve the underestimation issue by estimating the venous 

contrast outflow over the measurement time (78,79). However, these techniques require the entire 

contrast-pass curve and involve high radiation doses. On the other hand, for the proposed FPA 

technique, the expansion of the compartment size to encompass the whole lobe enables the 

possibility of measuring blood flow using only two volume scans and minimizes the problem of 

contrast loss over the measurement time, improving the accuracy of the perfusion measurement.  

Apart from the measurement accuracy, the prospective implementation of the FPA 

technique with two-volume scan is the most critical issue to be solved in reducing the radiation 

dose. A prospective timing protocol for FPA technique has recently been reported for the optimal 

capture of the two-volume scans at the base and peak of the aortic enhancement (80).  It was 

shown that V1 can be acquired based on a bolus-tracking technique and V2 can be acquired after 

a pre-defined time-to-peak delay based on contrast injection time interval.  A robust relation 

between the contrast injection time and the aortic enhancement time-to-peak delay was 

investigated to predict V2 timing, which can be further studied for the pulmonary system. A 
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previous report has shown that accurate perfusion measurements can be made using the FPA 

technique for different timing protocols of the first (V1) and second (V2) volume scans (34).  

Furthermore, a diluted test-bolus technique(81) was also reported to prospectively determine the 

timing for the two-volume scans, however, with slightly increased contrast and radiation dose. By 

injecting the same amount of diluted contrast as the actual contrast bolus, the contrast arrival 

timing (V1) and maximal enhancement timing (V2) can be monitored and used for the prospective 

FPA volume scans(81).  

The breath-hold difficulty is another limitation in clinical practice due to the length of time 

required for image acquisition. Previously reported dynamic CT perfusion techniques (33–

35,40,56,57,59,79,82) require sampling most of the contrast pass curve with a large number of 

volume acquisitions for approximately 30 seconds.  Images are often acquired during shallow 

breathing, resulting in major motion artifacts. Fortunately, given the unique two-volume sampling 

protocol of the FPA technique, its prospective implementation will only require a short breath hold 

of approximately 10 seconds. The relatively short breath-hold time is expected to substantially 

reduce the motion misregistration artifacts and make the FPA technique more feasible for patients 

with lung disease.  

The effective radiation dose of dynamic CT perfusion techniques for volume CT scanners 

with equivalent 16-cm detector has been reported to be in the range of 4.55-50mSv (33–

35,57,59–61), using a continuous dynamic volume scanning mode. If implemented prospectively, 

the effective radiation dose for the two-volume FPA technique is expected to be approximately 

3.98mSv at 200mA using the SSDE and a chest conversion factor of 0.014mGy∙cm (72). Future 

studies are necessary to optimize the radiation dose associated with the FPA technique, including 

optimization of tube current, beam energy, and other scanning parameters.  Nevertheless, 

significant potential exists for radiation dose reduction in the proposed dynamic FPA CT perfusion 

technique. 
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Limitations  

Despite improvements in quantitative pulmonary perfusion, our study had limitations. 

Firstly, the comparison between the physical tissue samples and the corresponding digital 

segmentations is challenging. Potential errors were minimized using anatomical landmarks for 

improved registration during the regional segmentation process. Larger physical sample sizes 

could help to reduce the measurement variation caused by spatial misregistration and motion. 

Secondly, images were acquired at a relatively high tube current, which is not necessary for 

accurate perfusion measurement. Therefore, additional radiation dose optimization studies will be 

required. Thirdly, highly attenuating contrast material in the vena cava, heart, and aorta generated 

significant streaking artifacts that impacted all adjacent lobes. These artifacts potentially degrade 

the CT perfusion measurement accuracy and precision. Further contrast dose reduction and the 

use of beam hardening correction algorithms (83,84) can be helpful in reducing such artifacts. 

Fourthly, the z-axis range was limited to 16 cm, which is smaller than the range necessary for 

whole lung imaging in human subjects. However, using an individual lobe as the compartment 

would be sufficient for the FPA model. Finally, image quality degradation is expected in the 

periphery of the scan range. However, this effect was difficult to quantify since all the 

measurements were made at approximately the same distance from the iso-center.   

 

Conclusions 

The proposed FPA technique can provide pulmonary perfusion measurement using two volume 

scans. In summary, the first-pass analysis technique for pulmonary perfusion measurement was 

validated in a swine model and has the potential to reduce the radiation dose associated with 

dynamic CT perfusion for assessment of pulmonary disease.  
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Chapter 3 Prospective Acquisition Timing Protocol for the 

Two-Volume Dynamic CT Pulmonary Perfusion Technique 

 

Abstract 

The aim of this chapter is to develop and validate an optimal timing protocol for a low-radiation-

dose CT pulmonary perfusion technique using only two volume scans. A total of 24 swine 

(48.5±14.3 kg) underwent contrast-enhanced dynamic CT. Multiple contrast injections were made 

under different pulmonary perfusion conditions, resulting in a total of 147 complete pulmonary 

arterial input functions (AIF). Using the AIFs, an optimal timing protocol for acquisition of two 

volume scans was developed for the first-pass CT perfusion technique. Specifically, the first 

volume scan was obtained at the base of the AIF using the bolus-tracking; the second volume 

scan was obtained at the peak of the AIF using a time-to-peak relation derived by regression 

analysis. Additionally, a subset of 14 swine with 60 CT acquisitions were used to validate the 

optimal timing protocol. The prospective perfusion measurements using the two-volume scans, 

were quantitatively compared to the retrospective perfusion measurements using the entire AIF 

with t-test, linear regression, and Bland-Altman analysis. The CT dose index (CTDIvol
32 ) and size-

specific dose estimate (SSDE) of the two-volume perfusion technique were also determined. As 

a result, the pulmonary artery time-to-peak ( 𝑇𝑃𝐴) can be related to one-half of the contrast 

injection duration( 
𝑇𝐼𝑛𝑗

2
) by  𝑇𝑃𝐴 = 1.06

𝑇𝐼𝑛𝑗

2
+ 0.90 (r=0.97). With such timing protocol, simulated 

prospective two-volume perfusion measurements (PPRO) were related to the retrospective 

measurements (PRETRO) by PPRO= 0.87PRETRO + 0.56 (r=0.88). The CTDIvol
32  and SSDE of the two-

volume CT technique were estimated to be 28.4 and 47.0mGy, respectively. In conclusion, the 

optimal timing protocol can enable an accurate, low-radiation-dose two-volume dynamic CT 

perfusion technique. 
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Introduction 

Computed tomography (CT) has enabled the non-invasive quantification of pulmonary 

perfusion allowing for the assessment of pulmonary embolism and pulmonary hypertension 

(56,60,85–87). Existing dynamic CT perfusion techniques require the entire contrast pass curve 

over many cardiac cycles for perfusion measurement, resulting in high radiation dose (55–58,60). 

Moreover, the pulmonary perfusion measured by such techniques is known to be underestimated 

due to the use of small tissue volumes for measurement (59,66,66,88). Although dual-energy CT 

iodine map is also used to depict pulmonary perfusion defects, it has limited contrast-to-noise 

ratio and cannot provide absolute pulmonary blood flow (89–92). Hence, an accurate, low-dose 

dynamic CT perfusion technique is necessary for improved physiological assessment of 

pulmonary disease.  

Fortunately, previous studies have demonstrated that accurate cardiac and pulmonary 

perfusion measurement is feasible with a first-pass analysis (FPA) technique using only two 

volume scans (65,66,93): one at the base (V1) and one at the peak (V2) of the arterial input 

function (AIF). Nevertheless, these prior validations required the entire AIF curve and 

retrospectively down-sampled to two volume scans for blood flow measurement. Hence, a timing 

protocol for the true prospective implementation of two-volume FPA technique remains 

necessary, where such protocol can also account for different hemodynamic conditions and 

cardiac outputs (94–97). 

Thus, the purpose of this study was to develop an optimal timing protocol for the prospective 

two-volume FPA dynamic CT pulmonary perfusion technique. The central hypothesis is that the 

time-to-peak relation between the two volume scans, V1 and V2, can be predicted using one-half 

of contrast injection time and an empirically derived dispersion delay.  Finally, using the optimal 

timing protocol, the accuracy of the two-volume prospective FPA dynamic CT perfusion technique 
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was assessed as compared to the previously validated retrospective FPA perfusion technique 

(93). 

Materials and Methods 

General Method 

 The study was approved by the Institutional Animal Care and Use Committee (IACUC, Protocol 

Number: AUP-18-191). A total of 24 male Yorkshire swine (48.5±14.3 kg) were used with 154 

contrast injections, where seven were excluded due to injection failures (Figure 3.1). In total, 147 

successful contrast injections were used to retrospectively develop an optimal timing protocol for 

the two-volume perfusion technique (Figure 3.1). The time-to-peak delay between V1 and V2 

was then predicted using the contrast injection duration and a dispersion delay. Finally, using the 

predicted time-to-peak, prospective acquisition of V1 and V2 was simulated in a subset of fourteen 

swine, where the accuracy of the two-volume prospective technique was compared to the 

previously validated retrospective perfusion measurement (93). All experimental data was 

prospectively acquired by all authors between March 2016 and December 2017 and was 

retrospectively analyzed between June 2018 and July 2019.  

Animal Preparation 

All 24 swine were premedicated with Telazol (4.4 mg/kg), Ketamine (2.2 mg/kg) and 

Xylazine (2.2 mg/kg) then intubated (Mallinckrodt, tube 6.0 - 8.0 mm, Covidien, Mansfield, MA). 

Anesthesia was maintained with 1.5% - 2.5% Isoflurane (Baxter, Deerfield, IL) in oxygen via 

mechanical ventilation (Surgivet, Norwell, MA, and Highland Medical Equipment, Temecula, CA). 

Two femoral venous and one femoral arterial introducer sheaths (5-Fr AVANTIR, Cordis 

Corporation, Miami Lakes, FL) were placed for intravenous contrast medium injection, fluid and 

drug administration, and arterial pressure monitoring, respectively. An introducer sheath and 
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Swan-Ganz catheter were then placed into a distal pulmonary arterial branch, via the jugular vein, 

under fluoroscopic guidance for the eventual induction of balloon occlusion. The cardiac output 

was varied by producing the balloon occlusion in the left caudal lobe at different locations of the 

pulmonary artery. At the conclusion of each experiment, all animals were euthanized with 

saturated KCI.  

 

Figure 3.1 Flowchart and inclusion criterions of the study. 

N = number of swine.  

 

CT Imaging Protocol  

 Contrast material (Isovue 370, Bracco Diagnostics, Princeton, NJ) was injected followed 

by a saline chaser (Empower CTA, Acist Medical Systems, Eden Prairie, MN). Different injection 
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rates and volumes were used as shown in Table 3.1. ECG-gated dynamic scanning was then 

performed with a 320-slice CT scanner (Aquilion One, Canon America Medical Systems, Tustin, 

CA) for approximately 30 cardiac cycles during a ventilator-controlled inspiratory breath hold. The 

following scan parameters were used: tube voltage, 100 kV; tube current, 200mA; detector 

collimation, 320 x 0.5 mm; volume scanning mode; gantry rotation time, 0.35 seconds; slice 

thickness, 0.5 mm; scan field-of-view, 240-400 mm; voxel raster, 512×512; and a FC07 soft tissue 

reconstruction kernel with AIDR3D iterative reconstruction.  A 20-minute time delay was used 

between all acquisitions to allow for adequate contrast material recirculation and redistribution. 

Table 3.1 Contrast injection protocols. 

 

Bolus Characterization and Time-to-Peak Delay Estimation 

Bolus tracking is commonly used to detect the contrast arrival time within a region of 

interest in a monitoring artery. A fixed time delay is then used to estimate the time to peak of the 

contrast bolus. In this study, we will use a patient-specific time to peak estimation. Prior to 

recirculation phase of the contrast agent bolus passage, the geometry of the arterial input function 

(AIF) is predominantly determined by the contrast bolus injection geometry and the bolus 

dispersion within the circulatory system, given a short contrast injection duration (< 15 seconds) 

(94,98). Specifically, the initial rectangular geometry of an undiluted contrast bolus injection will 

dilute and disperse into a contrast pass curve, where the area under the curve remains conserved 

and the width of the curve remains proportional to the amount of the contrast volume injected at 

a fixed rate (96,99,100). Moreover, despite contrast mixing and hemodynamic perturbation, the 

Injection Protocols 
(N = Number of swine) 

Iodine dose per body 
weight 
(ml/kg) 

Saline Flush 
(ml/kg) 

Injection rate 
(ml/s) 

Protocol A (N = 20) 1 0.5 5 

Protocol B (N = 10) 0.5 0.25 5 

Protocol C (N = 5) 0.5 0.25 10 

Protocol D (N = 5) 0.25 0.125 10 
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dispersion of the bolus primarily occurs at its temporal edges or tails; hence, the center of the AIF 

has the maximal contrast attenuation. As such, we investigated the possibility of relating one-half 

the contrast bolus injection time (𝑻𝑰𝒏𝒋 𝟐⁄ ) and the time-to-peak delay (𝑻𝑷) of the AIF (Figure 3.2). 

In this study, such a relation was derived using the known contrast injection duration and the time-

to-peak delay from the AIF, as described in Eq. 3.1. An empirically derived dispersion delay (𝐷𝑥) 

was also introduced to describe the degree of the contrast bolus mixing. Such a factor is 

proportional to the physical distance between the contrast injection site and vessel of interest 

used for the AIF generation (80). 

        𝑇𝑃 =  𝛼 ×
 𝑻𝒊𝒏𝒋

2
+ 𝐷𝑥                (3.1) 

where 𝜶 is the coefficient of the relation between one-half the injection time (𝑻𝑰𝒏𝒋 𝟐⁄ ) and the time-

to-peak (𝑻𝑷),  𝑫𝒙 is the dispersion delay.  
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Figure 3.2 Prospective imaging protocol and the corresponding arterial input functions. 

Top, imaging protocol. 𝑻𝒊𝒏𝒋 is the contrast injection duration,  𝐓𝐃 is the scanner-specific transition delay 

(2s), and 𝑻𝑷 is the pre-defined time-to-peak delay. Bottom, right ventricle (RV) and pulmonary artery (PA) 

arterial input functions (AIF).  𝒕𝑽𝟏 and 𝒕𝑽𝟐 are the acquisition times for the first volume scan (V1) and the 
second volume scan (V2). The baseline volumes used to emulate the bolus-tracking are shown in blue 
circles. 

Data Pre-Processing  

The images from each contrast-enhanced CT acquisition were first registered using a non-

rigid algorithm (73). Regions-of-interest were placed in the right ventricle, pulmonary artery, and 

descending aorta to generate arterial input functions (AIFs). Next, a gamma-variate fitting 

(LSQCurveFit; Matlab 2013a, MathWorks) was performed on each dataset to generate smooth 

continuous AIF curves. Next, the 3D lung parenchyma was semi-automatically segmented using 

a standard commercial software (ViTAL Images, Lung CT, Pulmonary Analysis Workflow; Canon 

Medical Systems) and was used for the whole-lung FPA perfusion measurement. Further, 3D-

segmentted binary masks of approximately 800-1400 mm3 were generated to measure regional 

perfusion. In summary, nine segments were assessed for each animal, including one segment for 

the left cranial lobe, left lingula lobe, right cranial lobe, right middle lobe, accessory lobe, and two 

segments for the left and right caudal lobes.  

Optimal Retrospective Protocol 

Using the continuous AIF curve by the gamma variate fitting, the optimal acquisition timing 

for the baseline volume scan (V1) was defined as the peak of the second derivative, indicating 

arrival of the bolus in the vessel of interest. The optimal acquisition timing for the second volume 

scan (V2) was then defined as the true peak of the gamma variate fit. The time-to-peak delay 

between V1 and V2 was then computed and then averaged over multiple acquisitions in each 

animal. The average time-to-peak delay was related to one-half of the contrast injection time 

through regression analysis for both pulmonary artery and descending aorta. 
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Prospective Protocol Simulation 

Bolus-tracking (SureStart, Aquilion One, Canon Medical Systems, Tustin, CA) was 

simulated for the prospective acquisition of the first volume scan (V1) at the base of the pulmonary 

artery AIF. Given a minimal allowable scanner-specific transition delay (TD) between the trigger 

and the start of the scan(17), the monitoring region-of-interest was placed in the right ventricle 

(RV) instead of the pulmonary artery. Further, only the RV AIFs with at least three pre-contrast 

images were used to reproduce the bolus-tracking (Figure 3.1), where the average contrast 

enhancement of the first three pre-contrast images was defined as the baseline enhancement of 

the blood pool. Multiple offset thresholds above the baseline, e.g. 40, 60, 80, 100, 120 and 140 

HU, were compared to optimize the acquisition of V1. In addition, the second volume scan (V2) 

was automatically chosen using the predicted time-to-peak delay that was defined in Eq. 3.1. 

Hence, the prospective timing protocol simulation is summarized in Eq. 3.2 and Eq. 3.3 as:  

𝑡𝑉1 =  𝑡𝑡𝑟𝑖𝑔𝑔𝑒𝑟 + 𝑇𝐷                    (3.2) 

 𝑡𝑉2 =  𝑡𝑉1 + 𝑇𝑃                           (3.3) 

where 𝒕𝑽𝟏 and 𝒕𝑽𝟐 are the acquisition times of the V1 and V2,  𝒕𝒕𝒓𝒊𝒈𝒈𝒆𝒓 is the triggering time 

determined by bolus-tracking in RV, 𝑻𝑫 is the scanner-specific transition delay (2s for our 

scanner), and 𝑻𝑷 is the predicted time-to-peak delay (Eq. 3.1).  

Two-volume FPA CT Perfusion Measurement 

 First-pass analysis used for blood flow measurement as described in the previous chapter 

(63,68). Assuming no contrast outflow over the measurement period ([𝑡𝑉1, 𝑡𝑉2]), the whole-lobe 

compartment is used to calculate the integrated contrast mass change of tissue (𝜟𝑴𝒄/∆𝒕) between 

V1 and V2, and the average input contrast concentration (𝑪𝒊𝒏) (Figure 3.3). Thus, the blood flow 

(𝑸𝒂𝒗𝒆) measurement is represented by (66,93):  
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  𝑸𝒂𝒗𝒆 =
𝟏

𝑪𝒊𝒏
 
𝜟𝑴𝒄

∆𝑡
                                  (3.4) 

where 𝐶𝑖𝑛 is the average input concentration, 𝜟𝑴𝒄/∆𝒕 is the rate of contrast mass change between 

𝑡𝑉1 and 𝑡𝑉2, ∆𝑡 =  𝑡𝑉2 − 𝑡𝑉1. The cardiac output is estimated by the total blood flow to the lung. 

Finally, the regional perfusion of each 3D-segment is calculated and compared between the 

prospective and the reference retrospective FPA perfusion techniques, where the retrospective 

FPA was previously validated against fluorescent microspheres (93). 

 

Figure 3.3 Two-volume FPA perfusion protocol. 

The integrated contrast enhancement change (∆Mc/∆t) within the lung compartment is measured by the 

tissue time attenuation curve (TAC, blue line). The average input concentration (𝐂𝐢𝐧) is estimated from the 

pulmonary arterial input function (AIF, black line) at V1 and V2.  𝐓𝐩 is the time-to-peak delay. 
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Radiation Dose 

 The CT dose index (CTDIvol
32 , mGy) and the dose-length product (DLP, mGy ∙ cm) were 

recorded for each two-volume acquisition. Size-specific dose estimates(SSDE, mGy) were also 

calculated to account for the effective diameter of each swine (70).  

Statistical Approach 

 For the time-to-peak estimation, the empirical time-to-peak delays in the pulmonary artery 

and descending aorta were related to one-half the contrast injection time through linear regression 

analysis, where the root-mean-square-error (RMSE) and root-mean-square-deviation (RMSD) of 

the function were also calculated. The V2 acquisition time and contrast enhancement determined 

by the prospective protocol simulation were then compared with the real peak time and the real 

peak enhancement using paired sample t-testing (SPSS, version 22, IBM, Armonk, NY). Finally, 

simulated prospective two-volume perfusion measurements were quantitatively compared to the 

corresponding retrospective perfusion measurements through regression, Bland-Altman, RMSE, 

RMSD, and Lin’s concordance correlation coefficient (CCC).  

 

Results 

General Data and Radiation Dose Exposure 

A total of 24 swine with an average weight of 48.5±14.3kg (25–91kg) and an average heart 

rate of 89.5±15.0 bpm was used for this study. In total, 147 successful injections were included 

for the time-to-peak prediction study (Figure 3.1). Overall, the contrast injection durations ranged 

from 2 to 15 seconds and the cardiac outputs ranged from1.4 to 5.1 L/min. The average CTDIvol
32  
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and SSDE for each dynamic perfusion CT acquisition was 258.2 and 427.3mGy, respectively. For 

two-volume perfusion measurement, the CTDIvol
32  and SSDE were calculated to be 28.4 and 

47.0mGy, respectively.  

Time-to-Peak Validation 

 The time-to-peak in the pulmonary artery (TPA) and descending aorta (TA) were related to 

one-half the contrast injection time by 𝑇𝑃𝐴 = 1.06
𝑇𝐼𝑛𝑗

2
+ 0.90 (r=0.97, RMSE=0.44s, RMSD=0.41s) 

and 𝑇𝐴 = 1.14
𝑇𝐼𝑛𝑗

2
+ 1.91 (r=0.96, RMSE=0.82s, RMSD=0.59s), respectively (Figure 3.4). The 

intercepts correspond to organ-specific dispersion delays (𝐷𝑥 in Eq. 3.1). In the prospective 

pulmonary perfusion study,  𝛼 = 1 and  𝐷𝑥 = 1 were chosen for Eq. 3.1. 
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Figure 3.4 Time-to-peak delays in the pulmonary artery and descending aorta. 

Gamma-fit ideal time-to-peak delays were compared to the one-half injection time. Pulmonary arterial time-
to-peak (black) and the aortic time-to-peak (red) are shown with different interceptions (dispersion factor). 
Gamma fit time-to-peak (TPA, TA ) is defined as the time between the peak of the second derivative of the 
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gamma fit and the true peak of the gamma fit, respectively. TInj: contrast injection time; RMSE:  root-mean-
square-error; RMSD: root-mean-square-deviation; r: Pearson correlation coefficient. 
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Prospective Protocol Simulation 

A total of 60 CT acquisitions from 14 swine were used for the prospective perfusion 

measurements with bolus-tracking simulation. For each of the triggering offsets, the pulmonary 

artery enhancement and acquisition time of the simulated volume scans were compared to the 

optimal volume scans, as shown in Table 3.2 and Table 3.3. To acquire V1 at a relatively low 

contrast enhancement, the triggering offset of 60HU in the RV was used in this prospective 

perfusion validation. 

Table 3.2 Simulated Prospective Acquisition Time versus Optimal Acquisition Time. 

Triggering 
Offsets (HU) 

V1 V2 

Time Difference (s) RMSE P-value Time Difference (s) RMS
E 

P-value 

40 0.61 ± 0.61 0.86 <0.05 -0.61 ± 0.98 1.16 <0.05 

60 0.87 ± 0.66 1.03 <0.05 -0.34 ± 0.96 1.02 <0.05 

80 1.05 ± 0.66 1.24 <0.05 -0.17 ± 0.90 0.91 0.252 

100 1.20 ± 0.69 1.37 <0.05 -0.03 ± 0.85 0.85 0.921 

120 1.38 ± 0.72 1.56 <0.05 0.16 ± 0.83 0.84 0.056 

140 1.53 ± 0.77 1.70 <0.05 0.31 ± 0.82 0.88 <0.05 

Note-:  The “Time Difference” shows the time difference between each bolus-tracking simulation and the 
optimal acquisition timing.  The optimal acquisition timing is obtained from the gamma variate fitting AIF 
curve, where V1 at the second derivative peak of AIF and V2 at the AIF peak. RMSE: Root mean square 
error. 
 
 
 
Table 3.3 Simulated Prospective Enhancement versus Optimal Enhancement in the Pulmonary Artery. 

 
Note-: The "Optimal Enhancement” in the pulmonary artery is the simulated result from the gamma variate 
fitting curve.  Specifically, CV1 was calculated as the average enhancement within the PA region at the time 
of the second derivative peak, CV2 was the average enhancement within the PA region at the time of peak 
enhancement. The root-mean-square-error (RMSE) between each triggering protocol and the ideal 
enhancement was also calculated.   
The change in contrast enhancements (∆HU) between CV1 and CV2 is shown in the last column. P-values 
in all comparisons are less than 0.001. Blood flow is measured based on ∆HU. Therefore, it is best for CV1 
to be as low as possible and CV2 to be as high as possible. 

Triggering 

Offsets 

(HU) 

CV1 CV2 CV2 – CV1 

Enhancement (HU) RMSE Enhancement (HU) RMSE Difference (∆HU) 

Optimal 228.8 ± 92.5 / 963.1 ± 294.4 / 735.1 ± 240.0 

40 340.1 ± 151.9 161.0 923.1 ± 302.8 77.8 583.0 ± 295.5 

60 389.1 ± 173.4 214.9 914.6 ±311.2 96.4 525.6 ± 337.8 

80 422. 5 ± 172.4 237.7 915.3 ±316.2 97.8 493.6 ± 332.9 

100 446.3 ± 183.2 255.9 914.9 ± 319.9 98.3 468.4 ± 334.5 

120 486. 3 ± 187.4 300.0 900.0 ± 332.5 122.3 413.5 ± 357.5 

140 514. 5 ± 190.5 325.3 891.4 ± 330.5 134.6 377.3 ± 364.0 
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Two-Volume FPA CT Perfusion Measurement 

The perfusion assessments were based on a 9-segment model with a total of 540 lung 

segments. The mean perfusion of the retrospective and the simulated prospective measurements 

were 8.43±4.54 ml/min/g and 7.84±4.47 ml/min/g (p<0.001), respectively. The simulated 

prospective FPA perfusion (PPRO) were related to reference retrospective perfusion (PRETRO) 

measurements by PPRO=0.87PRETRO +0.56 (Pearson’s r=0.88, RMSD=0.85 ml/min/g, RMSE=2.29 

ml/min/g), with a concordance correlation coefficient of 0.87 (Figure 3.5a). The corresponding 

Bland-Altman analyses is also displayed in Figure 3.5b. The linear regression results perfusion 

measurements for individual lobes are shown in Table 3.4. There is no evident bias between 

lobes except for a larger error in the accessory lobe caused by the highly attenuating iodine in the 

vena cava.  Representative examples of prospective two-volume FPA perfusion maps and the V2 

image for one acquisition are shown in Figure 3.6. The perfusion defect by the balloon occlusion 

can be found in the distal left caudal lobe. 

 

 

 

 

 

 

 

(a) (b) 
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Figure 3.5 FPA prospective perfusion measurements versus reference retrospective perfusion 

measurements. 

Regression analysis comparing the result of simulated two-volume prospective perfusion measurements 
(𝑃𝑃𝑅𝑂)  to the corresponding reference retrospective perfusion measurements (𝑃𝑅𝐸𝑇𝑅𝑂). Each data point 
represents an average of 3D perfusion region. For the retrospective assessment, the optimal V1 and V2 
were selected at the base and peak of the AIF from the gamma fitting curve. For the prospective 
measurement, bolus-tracking simulation was conducted in the right ventricle within triggering threshold at 
80 HU above the blood pool enhancement. (b) Bland-Altman analysis was performed with the limits of 
agreement.  
CCC = concordance correlation coefficient, RMSD = root-mean-square deviation, RMSE = root-mean-
square error, SD = standard deviation. 
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Table 3.4 Regression of Simulated Two-Volume Prospective FPA Perfusion versus Retrospective FPA 

Perfusion. 

 
Segments  

(n) 
Slope Intercept Pearson r CCC 

RMSE 

(ml/min/g) 

RMSD 

(ml/min/g) 

P-

value 

All  

(540) 

0.87 

(0.83, 0.90) 

0.56 

(0.18, 0.93) 

0.88 

(0.85, 0.89) 

0.87 

(0.85, 0.89) 
2.29 0.85 <0.001 

R_Cranial 

 (60) 

0.82 

(0.66, 0.98) 

1.13 

(-0.42, 2.68) 

0.81 

(0.77, 0.83) 

0.80 

(0.77, 0.83) 
2.23 0.83 0.051 

R_Middle 

 (60) 

0.77 

(0.62, 0.93) 

0.91 

(-0.26, 2.07) 

0.80 

(0.77, 0.83) 

0.78 

(0.75, 0.81) 
2.19 0.90 0.019 

R_Caudal 

(120) 

0.91 

(0.91, 1.00) 

0.49 

(-0.69, 1.66) 

0.86 

(0.83, 0.88) 

0.85 

(0.82, 0.87) 
2.56 0.68 0.022 

AL 

 (60) 

0.69 

(0.53, 0.84) 

1.90 

(0.65, 3.16) 

0.76 

(0.72, 0.79) 

0.74 

(0.71, 0.78) 
2.20 1.09 0.150 

L_Cranial 

 (60) 

0.84 

(0.69, 0.99) 

0.87 

(-0.69, 2.42) 

0.82 

(0.81, 0.86) 

0.81 

(0.78, 0.84) 
1.87 0.85 0.036 

L_Lingula 

(60) 

0.80 

(0.66, 0.93) 

0.63 

(-0.37, 1.64) 

0.82 

(0.79, 0.85) 

0.81 

(0.78, 0.84) 
1.87 1.00 0.001 

L_Caudal 

(120) 

0.84 

(0.77, 0.91) 

0.50 

(-0.10, 1.08) 

0.92 

(0.90, 0.93) 

0.91 

(0.89, 0.92) 
2.31 1.08 0.003 

 
Note.—Data in parentheses are 95% confidence intervals. P-value less than 0.05 indicate significant 
difference. CCC: concordance correlation coefficient, RMSD: root-mean-square deviation, RMSE: root-
mean-square error. 
AL: Accessory Lobe, R: right lung, L: left lung. 
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CT Perfusion (ml/min/g) 

   
Simulated Prospective V2 image 

   
 

Figure 3.6 Two-volume dynamic CT perfusion maps and CT pulmonary angiography. 
Top row: Axial, coronal, and 3D posterior views in the presence of balloon occlusions are shown. The color 
bar on the right indicates the perfusion in the range from 0 to 20 ml/min/g. Bottom row: Axial, oblique-
corona, and 3D CT pulmonary angiogram generated from the corresponding V2 volume scan, displayed 
with a maximum intensity projection with slice thickness of 20mm. Red arrows indicate the angioplasty 
balloon. 

 

Discussion 

           In this study, the time-to-peak delay of the pulmonary and aortic AIFs were evaluated in 

animals with a range of body weights (25–91 kg), contrast doses (20-100 mL), injection durations 

(2-15 seconds), and cardiac outputs (1.4-5.1 L/min). The results indicate that the injection duration 

is the most significant injection-related parameter impacting the bolus time-to-peak, particularly in 

the case of short contrast injection duration. Furthermore, the regional perfusion results indicate 

good correlation between the simulated prospective FPA measurements and the optimal 
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retrospective FPA measurements. Such findings indicate that the proposed prospective timing 

protocol can potentially be used for accurate, prospective, two-volume FPA perfusion 

measurement.  

Existing dynamic CT perfusion techniques, such as the maximum slope model and the 

deconvolution model, require the entire contrast pass curve for perfusion measurement resulting 

in a high effective radiation dose (7–9,13,15–17). Previous reports have shown that the reduction 

of temporal sampling frequency reduces the accuracies of these current techniques (101). 

Although previous reports have shown that the FPA technique can accurately measure the 

perfusion using only two volume scans as validated using microspheres (20,49), the prospective 

acquisition of the two volume scans is challenging.  Given the findings of this paper, the 

prospective implementation of the two-volume perfusion technique can be achieved by the 

optimal timing protocol, enabling the accurate pulmonary perfusion measurement while 

substantially reducing the radiation dose. 

In addition, our results demonstrate that the injection duration can be used to predict the 

time-to-peak for different injection rates and volumes, and are therefore in agreement with a 

previous report indicating that the scanning delay for the aortic peak is primarily affected by the 

injection duration (94). Such results may also have important implications for optimal CT 

pulmonary angiography (CTPA), as the optimal time-to-peak delay can be predicted using the 

contrast injection time interval. Although further validation remains necessary, the proposed time-

to-peak prediction may result in an improved contrast opacification in CTPA and visualization of 

the vasculature.  

        Finally, previous studies have shown that pulmonary perfusion assessed with dual-energy 

CT (DECT) iodine density maps can be used for the clinical risk stratification of patients with acute 

pulmonary embolism (89,102). Another study reported that the use of DECT perfusion can be a 

better indicator for balloon pulmonary angioplasty in patients with chronic thromboembolic 
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pulmonary hypertension (92). A different study has shown that subtraction CT has comparable 

diagnostic performance to DECT in detection of pulmonary embolism (90). However, both 

subtraction CT and DECT do not measure absolute perfusion. On the other hand, the proposed 

two-volume perfusion quantifies absolute perfusion (in ml/min/g). Quantitative absolute perfusion 

has the potential for improved assessment of the degree of perfusion defect. Hence, the dynamic 

two-volume perfusion technique can potentially be an alternative to the standard dynamic 

perfusion CT by providing functional assessment of pulmonary diseases, such as pulmonary 

embolism and chronic thromboembolic pulmonary hypertension, at a reduced radiation dose.  

This study has several limitations. First, most of the swine used in the study were relatively 

small as compared to the average size of a patient. Additional studies may be necessary for larger 

patient sizes (> 90kg) to further validate the dispersion delay robustness. Second, retrospective 

FPA perfusion measurement was used for validation of the simulated prospective two-volume 

perfusion measurement. However, the accuracy of the retrospective FPA perfusion technique has 

previously been validated using fluorescent microspheres as the reference standard (93). Third, 

although the time-to-peak prediction has not been validated in patients with various 

cardiopulmonary conditions (such as acute pulmonary embolism, pulmonary hypertension, and 

heart failure), the prediction was tested following different levels of occlusion in the pulmonary 

artery of a swine model. Additionally, such timing protocol remained robust over a wide range of 

cardiac outputs. Fourth, since the scanner transition delay is manufacturer-specific, the bolus 

tracking trigger location and threshold have not been optimized for other CT scanners. A longer 

scanner transition delay after triggering may result in a late acquisition of V1. This could be a 

potential reason for the slight underestimation of perfusion using the simulated prospective two-

volume protocol. Alternatively, the contrast arrival time can be pre-determined using a diluted test 

bolus acquisition (81), although the contrast and radiation dose will be slightly increased. The 

simulated pharmacokinetic global circulation models can also be helpful in prediction of contrast 



52 

timing (97). Finally, the optimal prospective timing protocol was developed and assessed 

empirically (80); hence, the diagnostic performance of the two-volume FPA pulmonary perfusion 

technique with simultaneous CTPA (using the V2 volume scan), will require further studies. 

Conclusion  

An optimal timing protocol for a low-dose, two-volume dynamic CT pulmonary perfusion 

technique was retrospectively validated in 24 swine using pulmonary arterial AIF characterization 

and a first-pass analysis perfusion technique. Using dynamic bolus-tracking and time-to-peak 

delay estimation, the optimal timing protocol resulting in robust acquisition of the first volume scan 

at the base of the AIF and the second volume scan at the peak of AIF. Such finding enables a 

practical, low-dose, two-volume dynamic CT perfusion technique that may potentially act as a 

perfusion-based biomarker for stratifying the severity, prognosis, and follow-up in patients with 

pulmonary embolism and other pulmonary pathologies.  
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Chapter 4  A Patient-specific Timing Protocol for Improved 

Computed Tomography Pulmonary Angiography 

 

Abstract 

The aim of this chapter is to improve the image quality of CT pulmonary angiography 

(CTPA) using a patient-specific timing protocol as compared to the existing standard timing 

protocol, using retrospective CT pulmonary arterial enhancement with multiple volume scans as 

the reference standard. A total of 24 swine (48.5±14.3kg) underwent continuous contrast-

enhanced dynamic CT acquisition over 30 seconds to capture the pulmonary arterial input 

function (AIF).  Multiple contrast injections were made under different cardiac outputs (1.4-

5.1L/min), resulting in a total of 154 AIF curves. The volume scan with maximal enhancement 

was retrospectively selected as the reference standard (group A). Two prospective CTPA 

protocols with bolus-tracking were then simulated using the AIF curve: one used a standard delay 

of 5 seconds (group B), while the other used a patient-specific delay based on one-half of the 

contrast injection duration (group C). The mean attenuation, signal-to-noise (SNR) and contrast-

to-noise ratios (CNR) between the three groups were then compared using independent sample 

t-test. Subjective image quality scores were also compared using Wilcoxon-Mann-Whitney test. 

As a result, the mean attenuation of pulmonary arteries for group A, B and C were 

870.1±242.5HU, 761.1±246.7HU and 825.2±236.8HU, respectively.  The differences in the mean 

SNR and CNR between Group A and Group C were not significant (SNR: 65.2 vs. 62.4, CNR: 

59.6 vs.56.4, both p>.05), while Group B was significantly lower than Group A (p<.05). In 

conclusion, the image quality of CT pulmonary angiography is significantly improved with patient-

specific timing protocol, based on contrast injection duration, as compared with the standard 

timing protocol with a fixed delay. Such patient-specific timing protocol may be used to improve 
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CTPA image quality and further reduce the contrast volume for CTPA while maintaining adequate 

diagnostic image quality. 

Introduction 

Computed tomography pulmonary angiography (CTPA) is primarily used to detect 

suspected pulmonary embolism (PE) (103–108).  While newer generation CT scanners have 

improved temporal resolution, contrast bolus timing of standard acquisition protocols with such 

scanners frequently miss the peak arterial contrast enhancement, leading to suboptimal image 

quality and reduced diagnostic accuracy (94,109,110). Hence, the optimization of CTPA contrast 

timing to provide adequate opacification of the pulmonary artery and its branches is highly 

relevant (104,111,112). Specifically, an accurate, robust timing protocol for patient-specific CTPA 

acquisition across a range of patients with varying hemodynamic states is essential 

(109,113,114).  

The test bolus technique was the first known attempt to predict the proper scan timing of 

CTPA (115,116). Nevertheless, while it was shown to properly predict the contrast arrival time to 

the pulmonary circulation, it fails to predict the CTPA acquisition time at the peak of the pulmonary 

attenuation as the amount of contrast material used for a test bolus is much smaller than the 

amount needed for the diagnostic CTPA (80). Moreover, the need for additional contrast material, 

radiation dose, and operator interactions makes the test bolus less useful clinically. Alternatively, 

the bolus-tracking technique provides a better solution and has become the clinical standard for 

CTPA  (80,109,116–121). Specifically, bolus tracking enables real-time monitoring of the contrast 

attenuation inside the sampling arterial vessel of interest for CTPA triggering. However, the time 

delay between triggering and acquisition remains largely unknown. Hence, standard CTPA 

protocols employ a fixed delay, without considering patient-specific parameters such as contrast 

injection volume and rate, body weight, and hemodynamic conditions. As a result, such protocols 
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must also use a large volume of contrast material injected over a long period of time to increase 

the likelihood of good CTPA acquisition.  

The purpose of this study was to assess the objective and subjective image quality of 

CTPA with a patient-specific timing protocol as compared to a standard timing protocol, using 

retrospectively acquired CTPA as the reference standard. Such patient-specific delay is 

determined by one-half of contrast injection duration plus a pre-defined dispersion delay.  The 

central hypothesis was that the patient-specific timing protocol can yield images with higher 

contrast-to-noise ratio and better diagnostic image quality as compared to the standard protocol 

with a fixed delay. 

 

Material and Methods 

General Methods 

The study was approved by the Institutional Animal Care and Use Committee (IACUC, 

Protocol Number: AUP-18-191) at University of California, Irvine. Twenty-four male Yorkshire 

swine (48.5±14.3kg) were used for the study. Following contrast injection, continuous dynamic 

CT data were acquired in all animals. Using the continuous CT images, bolus-tracking with two 

different prospective acquisition protocols was then simulated: a standard protocol with a fixed-

delay between triggering and CTPA acquisition (group B), and a patient-specific protocol with a 

variable delay (group C) determined using one-half of the contrast injection duration plus a pre-

defined dispersion factor. The objective and subjective image qualities of the two simulated 

prospective CTPA protocols were then compared to the maximal contrast attenuation of the 

continuous datasets (group A) as the reference standard. All experimental data were acquired 

between March 2016 and December 2017 and were analyzed between June 2018 and June 

2019. All authors participated in the experimental design and data acquisition. YZ, LH and ShM 
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had more than 3 years of medical imaging research experience and conducted the data analysis. 

PA is a radiologist with more than 15 years of clinical experience, helped with surgical and 

interventional procedures.  

Animal Preparation  

Each swine was premedicated with telazol (4.4mg/kg), ketamine (2.2mg/kg) and xylazine 

(2.2mg/kg), intubated (Mallinckrodt, tube 6.0-8.0mm, Covidien, Mansfield, MA) and mechanically 

ventilated (Surgivet, Norwell, MA, and Highland Medical Equipment, Temecula, CA). Anesthesia 

was maintained with 1.5%-2.5% isoflurane (Baxter, Deerfield, IL) and oxygen throughout the 

entire experiment. Catheters (5-Fr AVANTIR, Cordis Corporation, Miami Lakes, FL) were placed 

in the right femoral vein, left femoral vein and right femoral artery for intravenous contrast injection, 

fluid administration and pressure monitoring, respectively. Vital signs such as electrocardiogram 

(ECG), mean arterial pressure (mmHg), end-tidal CO2 (mmHg), and O2 saturation (%) were 

monitored every 15 minutes. At the end of each experiment, each animal was euthanized with 

saturated KCL under deep anesthesia. 

CT Imaging Protocol 

Each swine was imaged with a 320-slice CT scanner (Aquilion One, Canon America 

Medical Systems, Tustin, CA). First, a scout scan was obtained to correctly position the 16-cm 

cranio-caudal field-of-view for pulmonary arterial imaging. Iodinated contrast agent (Isovue 370, 

Bracco Diagnostics, Princeton, NJ) was then injected (0.5–1 ml/kg) at 5ml/s followed by a saline 

chaser (0.25-0.5ml/kg) at the same rate (Empower CTA, Acist Medical Systems, Eden Prairie, 

MN). ECG-gated volume scans were then acquired continuously during an inspiratory breath-hold 

over approximately 20 cardiac cycles. Multiple contrast injections were made under different 

cardiac outputs (1.4-5.1 L/min), resulting in a total of 154 acquisitions. Scan parameters were: 

tube voltage, 100 kVp; tube current, 200 mA; detector collimation, 320 x 0.5 mm; gantry rotation 
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time, 0.35 second; field-of-view, 240-400mm. All images were reconstructed using a soft tissue 

kernel (FC07) with a 0.5-mm slice thickness and an adaptive iterative dose reduction 3D 

reconstruction algorithm.  

Image Analysis and Reference Standard CTPA 

The dynamic volumes were registered to a single coordinate system by applying a GPU-

based affine and deformable registration algorithm (73). A region-of-interest (ROI) was then 

placed in the main pulmonary artery of each acquisition to generate the pulmonary arterial input 

function (AIF). In each case, the image volume at the peak attenuation of the pulmonary AIF was 

retrospectively selected and defined as the reference standard CTPA (group A).  

Standard and Patient-specific Timing Simulation Protocols 

 For each acquisition dataset, two different prospective CTPA protocols were simulated. 

In each case, the pulmonary AIF was used for bolus-tracking based triggering. Specifically, for 

the standard protocol (group B), ‘triggering’ occurred when the AIF exceeded a threshold of 60 

HU above the baseline blood pool enhancement while CTPA ‘acquisition’ occurred 5 seconds 

after triggering (Figure 4.1a). The baseline blood pool HU was defined as the mean HU of the 

first three non-enhanced samples of the AIF curve. For the patient-specific protocol (group C), 

triggering also occurred when the AIF exceeded 60HU above the baseline blood pool HU. 

However, CTPA acquisition occurred using a patient-specific delay after triggering (Figure 4.1b), 

where the patient-specific delay was predicted using the contrast injection duration and a pre-

defined dispersion delay (80). Specifically, given a short injection time (<15s), with a fast injection 

rate (>4ml/s), and the absence of recirculation, the shape of the AIF curve is approximately 

normally distributed (94). Hence, the time-to-peak delay (𝑡𝑡𝑡𝑝) can be linearly related to one-half 

of the total injection time (
 𝒕𝒊𝒏𝒋

2
) plus a dispersion delay (𝑡𝑑𝑖𝑠) that describes the degree of contrast 

dispersion occurring between the venous injection site and vessel or organ of interest. For the 
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pulmonary artery, the patient-specific time-to-peak delay used in this study was calculated as 

one-half of the contrast injection time plus a 1 second of dispersion delay. 

(a) (b) 

 
 

Figure 4.1 Prospective protocols for (a) standard fixed-delay timing protocol and (b) patient-specific timing 

protocol. 

The arterial input function in the pulmonary artery trunk (PA-AIF) is shown and used to simulate bolus-
tracking.  For (a), the CTPA volume scan is acquired 5 seconds after the triggering.  For (b), the CTPA 
volume scan is acquired after a patient-specific time delay. The patient-specific delay is derived from the 
one-half of injection duration plus a dispersion delay.  

 

Objective Image Quality Assessment 

To assess the level of arterial contrast enhancement achieved by each protocol, ROIs 

were placed in the main pulmonary artery (MPA), right pulmonary artery (RPA), left pulmonary 

artery (LPA), segmental arteries of the right upper lobe (RUL), right middle lobe (RML), right 

caudal lobe (RCL), left upper lobe (LUL), left lingula lobe (LLL), left caudal lobe (LCL), accessory 

lobe (AL), and sub-segmental arteries of the right caudal lobe (RCL_S) and left caudal lobe 

(LCL_S). In each case, the ROI was manually defined as a circular region ranging in size from 

9𝑐𝑚2 for the MPA to 0.3𝑐𝑚2 for the sub-segmental arteries. The mean contrast enhancement 

within each vessel ROI was then calculated for group A, B and C. The signal-to-noise (SNR) and 

the contrast-to-noise (CNR) were also computed in each case. Specifically, three additional ROIs 
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(~ 3𝑐𝑚2 ) were drawn in artifact-free air region (anterior, left, and right, outside of the swine) and 

the average standard deviation in HU was defined as the background noise. The SNR of each 

vascular ROI was then determined as the ratio of the ROI contrast enhancement to the 

background noise. Two final ROIs (~ 2cm2) were then placed in the paraspinal and subscapular 

muscles, and the average muscular contrast enhancement was determined. The CNR of each 

vascular ROI was then determined as the difference between the vascular and muscular contrast 

enhancement divided by the image noise.  

Subjective Image Quality Assessment 

Two independent blinded readers (P.A and V.B) assessed the overall subjective image 

quality of the pulmonary arteries for group A, B, and C, with a five-point Likert scale (111) 

(1=excellent , 2=good, 3=adequate, 4=poor,  5=non-diagnostic quality). Prior to reading the 

images from this study, 15 external CTPA images were first rated with the Likert score and 

discussed between the two readers. In the case of large disagreements between readers (score 

difference ≥ 3), the quality score was reevaluated and with the final score determined by a second 

joint-reading round.  

Radiation Dose 

 For each acquisition, the CT dose index (CTDIvol
32 , mGy) and the dose-length product 

(DLP, mGy∙cm) were recorded from the scanner dose summary log. Additionally, the effective 

diameter (ED) of each swine was calculated using the anteroposterior diameter (AD) and lateral 

diameter (LD) of the chest window (𝐸𝐷 =  √𝐴𝐷 × 𝐿𝐷).  Size-specific dose estimates (SSDE, mGy) 

were then calculated using a size-specific conversion factor (70).  

Statistical Approach 
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All analyses were performed using IBM SPSS Statistics software (Version 22.0; Armonk 

NY). Quantitative variables were compared with mean ± standard deviation (SD) and 95% 

confidence intervals (CI).  All objective and subjective image quality parameters were first verified 

to be normally distributed using skewness and kurtosis values and the Shapiro-Wilk test. The CT 

attenuations, SNR and CNR of all measurement vessels were then compared by independent-

samples t tests. Additionally, the mean attenuations of different vessel generations were 

compared with Box-and -Whisker plot. In each case, a two-tailed p-value less than 0.05 is 

considered statistically significant. Subjective image quality was assessed between the two 

readers by rating the 12 pulmonary artery locations where the average score was calculated for 

each observer. The differences in rating scores across the study groups were then tested by the 

Wilcoxon-Mann-Whitney test. The inter-observer agreement of subjective image quality was 

evaluated with Cohen kappa value(k) with quadratic weighting (122). The kappa values were 

interpreted as:  <0.20, poor agreement; 0.21–0.40, fair agreement; 0.41– 0.60, moderate 

agreement, 0.61–0.80, good agreement, and 0.81–1.00, excellent agreement.  

 

Results 

Vitals and CT Radiation Dose 

 Twenty-four swine were used in the study (body weight: 48.48±14.33 kg, heart rate 

89.50±14.96 bpm) for a total of 154 independent contrast injections and acquisitions. The average 

dose for the continuous scan was 258.2mGy. For the simulated prospective CTPA acquisitions, 

the CTDIvol
32  was calculated to be 9.4mGy, and the SSDE was estimated to be 17.8mGy.  

Subjective Assessment 

 Overall subjective image quality between the two readers was in good agreement (Cohen 

quadratic weight k = 0.64, 95% CI: [0.47, 0.81]), as displayed in Table 4.1.  There were no 
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significant differences in image quality scores overall between the two readers (p=0.89). The 

largest disagreements were found between excellent (84.0% vs 65.1%) and good (10.8% vs 

26.0%) image quality scores, while the maximum difference in image quality scores between 

readers was two points. The Likert scores from both readers were averaged and the group A, B, 

and C were compared. Significant differences were found between all three groups (p<.001), 

where the average subjective image quality score for each group was 1.24±0.42, 1.46±0.78 and 

1.35±0.59, respectively. 

Table 4.1 Subjective Image Quality Assessment. 

 
group A 

(n = 154) 

group b 

 (n = 154) 

group C 

 (n = 154) 

Overall 

(n = 452) 

 
Observer 

1 

Observer 

2 

Observer 

1 

Observer 

2 

Observer 

1 

Observer 

2 

Observer 

1 

Observer 

2 

Both 

Observers 

1 
141 

(91.6%) 

106 

(68.9%) 

119 

(77.2%) 

96 

(62.3%) 

128 

(83.1 %) 

99 

(64.3%) 

388 

(84.0%) 

301 

(65.1%) 

290 

(62.8%) 

2 
9 

(5.8%) 

40 

(26.0%) 

23 

 (14.9%) 

39 

(25.3%) 

18 

 (11.7%) 

40 

(26.0%) 

50 

(10.8%) 

119 

(26.0%) 

136 

(29.4%) 

3 
4 

(2.6%) 

8 

(7.8%) 

5 

(3.2%) 

13 

(8.4%) 

7 

(4.5%) 

14 

(9.1%) 

16 

 (3.5%) 

35 

(7.6%) 

28 

(6.06%) 

4 
0 

(0.0%) 

0 

(0.0%) 

4 

(2.6%) 

3 

(1.3%) 

0 

(0.0%) 

1 

(0.6%) 

4  

(0.9%) 

4  

(0.9%) 

4 

(0.9%) 

5 
0 

(0.0%) 

0 

(0.0%) 

3 

(1.9%) 

3 

(1.9%) 

1 

(0.6%) 

0 

(0.0%) 

4 

 (0.9%) 

3  

(0.7%) 

4 

(0.9%) 

Kappa 

value 
0.37 0.74 0.62 0.64 

  95% 

CI 
[nc, nc] [0.62, 0.87] [0.28, 0.96] [0.47, 0.81] 

 
Note.- Group A: Actual peak image from the retrospective arterial input function. Group B: The standard 
delay CTPA image. Group C: The patient-specific-delay CTPA image. The kappa values showed in the 
table are quadratic weighted values. CI: Confidence interval. NC: The quantity cannot be calculated. This 
was occurred when the data entries include a substantial proportion of zeros.  1 = excellent, 2 = good, 3 = 
adequate, 4 = poor, 5 = non-diagnostic quality. 
 

Overall, a total of 462 CTPA images were assessed (154 images per group) and adequate 

image quality was achieved in 454 images (98.3%) (Table 4.1). For group A, all images were 

rated above adequate quality (100%) for both readers. For group B, the assessment showed 

excellent quality in 88 of 154 (57.1%), good quality in 50 of 154 (32.5%), adequate quality in 9 of 
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154 (5.8%), poor quality in 4 of 154 (2.6%), and non-diagnostic quality in 3 of 154 (1.9%).  For 

group C, the assessment showed excellent quality in 96 of 154 (62.3%), good quality in 45 of 154 

(29.2%), adequate quality in 12 of 154 (7.8%), and non-diagnostic quality in only one of 154 

(0.6%). Representative examples of CTPA images in three different swine (body weights: 27kg, 

55kg and 91kg) from each of study group are provided in Figures 4.2, 4.3, and 4.4.   

 

  
Figure 4.2 Images for a 27kg swine with an injection of 0.5 ml/kg contrast at a rate of 5 ml/s under balloon 

occlusion. 

Contrast material–enhanced CT angiography (a) using retrospective peak from the pulmonary arterial input 
function (AIF); (b) with standard delay protocol; (c) with patient-specific timing protocol in a 10 mm 
maximum-intensity projection (MIP) image from both coronal and axial rendering ([window/level: 1600/500]. 
In the main pulmonary artery, The CT numbers for (a), (b) and (c) were 1158 HU, 512.2 HU and 1170 HU; 
the SNR were 134.1, 60.1 and 131.0; the CNR were 126.5, 50.9 and 121.9, respectively. For subjective 
image quality the scores were 1, 1, 1 respectively for reader 1, and were 1,2, 1 respectively for reader 2.  
Red arrows indicate the balloon catheter. 
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Figure 4.3 Images for a 55kg swine with an injection of 0.5 ml/kg contrast at a rate of 10 ml/s with no balloon 

occlusion. 

Contrast material–enhanced CT angiography (a) using retrospective peak from the pulmonary arterial input 
function (AIF); (b) with standard delay protocol; (c) with patient-specific timing protocol in a 10 mm 
maximum-intensity projection (MIP) image from both coronal and axial rendering ([window/level: 1600/500]. 
In the main pulmonary artery, The CT numbers for (a), (b) and (c) were 937.1 HU, 366.7 HU and 786.1 HU; 
the SNR were 46.8, 18.3 and 39.2; the CNR were 43.4, 14.9 and 35.9, respectively. For subjective image 
quality the scores were 1, 2, 1 respectively for reader 1, and were 1,3, 1 respectively for reader 2.  
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Figure 4.4 Images for a 91kg swine with an injection of 1 ml/kg contrast at a rate of 5 ml/s with no balloon 

occlusion. 

Contrast material–enhanced CT angiography (a) using retrospective peak from the pulmonary arterial input 
function (AIF); (b) with standard delay protocol; (c) with patient-specific timing protocol in a 10 mm 
maximum-intensity projection (MIP) image from both coronal and axial rendering ([window/level: 1600/500]. 
In the main pulmonary artery, The CT numbers for (a), (b) and (c) were 845.6 HU, 521.1 HU and 804.8 HU; 
the SNR were 21.8, 13.4 and 20.7; the CNR were 19.6, 11.3 and 18.6, respectively. For subjective image 
quality the scores were 2, 3, 2 respectively for reader 1 and reader 2.  
 

 

Objective Assessment 

 For each of CTPA images, the contrast enhancements of 12 pulmonary artery ROIs were 

measured, resulting in 5424 independent measurements in total. Overall, the mean contrast 

enhancement of all the pulmonary arteries for group A, B and C were 870 ± 244 HU, 826 ± 237 

HU and 761 ± 247 HU, respectively. For each vessel ROI, no significant differences were found 

between group C and group A (p = 0.15), whereas significant differences were found between 

group B and group A (p<.001) except for the right caudal lobe artery, as illustrated in Table 4.2. 

The mean contrast enhancement of all pulmonary arteries from group B and group C were also 

compared to group A (reference), as depicted in Figure 4.5. In addition, at each pulmonary vessel 



65 

generation, the differences between the three groups are shown in box plots (Figure 6). The 

largest contrast enhancement differences for group B and group C compared to group A were 

observed in the right and left main pulmonary artery, calculated as 154 HU (p<.001) and 67 HU 

(p=0.055), respectively (Table 4.3). The smallest contrast enhancement difference between 

group B and group C was observed in the lobar arteries at 60.6HU (p=0.025). For overall SNR 

and CNR, no significant differences were found between group A (SNR: 65.1±32.2; CNR: 

59.6±30.8) and group C (SNR: 62.4 ± 32.0, p=0.444; CNR:  56.4 ± 30.3, p=0.421), but significant 

differences were found between group A and group B (SNR: 56.9 ± 30.4, p=0.020; CNR: 

50.9±28.9, p=0.012) (Table 4.3). There were no differences in mean muscle contrast 

enhancement and background noise between groups (Table 4.3).   
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Figure 4.5 Overall mean contrast enhancements of all measurement locations in pulmonary arteries. 

Both simulated standard fixed delay (group B) and patient-specific delay (group A) CTPAs were compared 
to the retrospective reference peak (group A). Each point represents a mean contrast enhancement of the 
main pulmonary artery (MPA), right and left pulmonary artery (RPA, LPA), right upper lobe artery (RUL), 
right middle lobe artery (RML), right lower lobe artery (RLL), left upper lobe artery (LUL), left iliac artery 
(LIL), left lower lobe artery (LLL), assessor lobe artery (AL), right lower lobe segmental artery (RLL_S) and 
left lower lobe segmental artery (LLL_S). The black dash line is the unity line. 
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Figure 4.6 Box plot shows mean contrast enhancements (in Hounsfield units) in three study groups. 

Note that measurements are averaged within each generation, including the main pulmonary artery (MPA); 
mean of right and left pulmonary artery (RPA, LPA), mean of lobar artery (RUL, RML, RCL, LUL, LIL, LLL) 
and mean of segmental arteries (AL, RCL_S and LCL_S). The asterisk indicates the two boxes are 
significantly different. 
  



67 

Table 4.2 Contrast enhancement from twelve pulmonary arteries sub-regions. 

 

 
Note.- Group A: Actual peak image from the retrospective arterial input function. Group B: The fixe-delay 
CTPA image. Group C: The patient-specific delay CTPA image. Mean signal intensity are shown in mean 
± standard deviation at each measurement location. CI = confidence intervals. HU = Hounsfield units. P-
values less than 0.05 indicate the significant differences. MPA: main pulmonary artery; RPA: right 
pulmonary artery; LPA: left pulmonary artery; RUL: right upper lobe artery; RML:  right middle lobe artery; 
RML: right middle lobe artery; RCL: right caudal lobe artery; LUL: left upper lobe artery; LIL: left ligula 
lobe artery; LCL:  left caudal lobe artery; AL: accessory lobe artery; RCL_S: segmental artery in right 
caudal lobe; LCL_S: segmental artery in left caudal lobe. 

 
Table 4.3 Objective Image Quality Assessments (Contrast enhancement, SNR, CNR) at different 

generations. 

Location group A group B group C 

 (HU) 
Mean ± SD 
[95% CI] 

Mean ± SD 
[95% CI] 

Difference  P-values 
Mean ± SD 

[95% CI] 
Difference  P-values 

MPA 
920.1 ± 271.4 
[877.6, 962.6] 

772.3 ± 277.2 
[731.2, 822.0] 

-147.8 <0.001 
861.0 ± 267.1 
[812.4, 903.1] 

-59.1 0.058 

RPA 
918.6 ± 267.4 
[871.4, 958.8] 

788.6 ± 276.2  
[747.9, 837.4] 

-130.0 <0.001 
876.6 ± 263.6 
[835.5, 917.7] 

-40.6 0.163 

LPA 
932.8 ± 569.4 

[840.6, 1025.0] 
760.9± 268.6 
[717.4, 804.4] 

-171.9 <0.001 
836.7 ± 258.5 
[794.9, 878.5] 

-91.6 0.059 

RUL 
846.4 ± 251.1 
[805.7, 887.0] 

760.0 ± 251.5 
[719.3, 800.7] 

-86.4 0.001 
816.8 ± 242.3 
[777.5, 856.0] 

-29.6 0.290 

RML 
812.8 ± 224.4 
[776.5, 849.1] 

740.6 ± 357.6 
[682.7, 798.5] 

-72.2 0.020 
783.5 ± 220.2 
[747.9, 819.2] 

-29.3 0.247 

RCL 
887.9 ± 261.6 
[845.5, 930.3] 

811.3 ± 504.6 
[729.6, 893.0] 

-76.6 0.062 
850.0 ± 257.0 
[808.3, 891.5] 

-37.9 0.193 

LUL 
820.0 ± 244.9 
[780.3, 859.6] 

719.9 ± 239.4 
[681.1, 758.7] 

-100.1 <0.001 
788.2 ± 242.1 
[749.0, 827.4] 

-31.8 0.260 

LIL 
831.3 ± 245.0 
[791.6, 871.0] 

744.1 ± 243.2 
[706.1, 782.0] 

-87.2 0.001 
801.5 ± 238.2 
[762.9, 840.1] 

-29.8 0.300 

LCL 
869.4 ± 253.6 
[828.3, 910.5] 

758.3 ± 261.3 
[716.0, 799.8] 

-111.1 <0.001 
828.0 ± 249.5 
[787.6, 868.4] 

-41.4 0.157 

AL 
826.6 ± 241.3 
[787.7, 865.4] 

723.6 ± 239.8 
[684.7, 762.4] 

-103.0 <0.001 
792.2 ± 231.3 
[754.8, 829.7] 

-34.4 0.214 

RCL_S 
871.8 ± 257.8 
[830.1, 913.5] 

768.5 ± 247.8 
[728.4, 808.6] 

-103.3 <0.001 
833.5 ± 249.5 
[793.1, 873.9] 

-38.3 0.199 

LCL_S 
875.1 ± 244.8 
[835.4, 914.7] 

772.6 ± 250.5 
[733.2, 813.0] 

-152.5 <0.001 
840.5 ± 240.0 
[801.7, 879.3] 

-34.6 0.225 
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Note.- Group A: Actual peak image from the retrospective arterial input function. Group B: The fixe-delay 
CTPA image. Group C: The patient-specific delay CTPA image. Mean signal intensity (SI), signal-to-noise 
ratio (SNR) and the contrast-to-noise ratio (CNR) are shown as mean ± standard deviation. HU = 
Hounsfield unit. 
 

 

Discussion 

The results indicate that the patient-specific timing protocol for CTPA produces 

significantly improved image quality as compared with the standard protocol with a fixed time 

delay. This was shown using objective image metrics such as contrast enhancement, CNR and 

SNR as well as subjective image quality for pulmonary arterial opacification at all generations.  

Hence, if employed prospectively, there exists potential to improve CTPA image quality 

using the patient-specific timing protocol as compared to the standard protocol with a fixed delay. 

The patient-specific timing protocol was shown to be robust over a range of contrast injection 

volumes and durations. Such findings also agree with a previous report indicating that the aortic 

Measurement 

Generations 
 group A group B group C 

  (Mean ± SD) (Mean ± SD) P-value (Mean ± SD) P-value 

Overall Pulmonary 

Artery 

SI (HU) 870.1 ± 244.1 761.1 ± 246.7 <0.001 825.6 ± 238.8 0.152 

SNR 65.2 ± 32.2 56.9 ± 30.4 0.020 62.4 ± 32.0 0.444 

CNR 59.6 ± 30.8 50.9 ± 28.9 0.012 56.4 ± 30.3 0.421 

MPA 

SI (HU) 916.5 ± 271.5 776.6 ± 280.2 <0.001 858.0 ± 279.4 0.058 

SNR 69.2 ± 35.9 57.9 ± 32.7 0.004 64.7 ± 35.3 0.279 

CNR 63.6 ± 34.5 52.3 ± 31.4 0.003 59.1 ± 33.9 0.259 

RPA & LPA 

SI (HU) 926.7 ± 354.0 773.2 ± 267.3 <0.001 859.9 ± 265.3 0.055 

SNR 69.2 ± 40.2 57.8 ± 31.6 0.004 64.4 ± 33.2 0.231 

CNR 69.2 ± 35.9 52.2 ± 30.4 0.003 58.5 ± 31.6 0.213 

Lobar Arteries 

SI (HU) 848.5 ± 236.1 756.1 ± 250.0 0.001 816.7 ± 233.1 0.224 

SNR 63.5 ± 31.4 56.6 ± 30.1 0.049 61.4 ± 31.5 0.564 

CNR 57.9 ± 30.0 50.9 ± 28.7 0.039 55.8 ± 30.1 0.543 

Segmental Arteries 

SI (HU) 861.8 ± 239.4 755.8 ± 239.7 <0.001 828.0 ± 230.0  0.219 

SNR 64.4 ± 31.7 56.5 ± 30.0 0.025 62.2 ± 31.8 0.539 

CNR 58.9 ± 30.3 50.8 ± 28.8 0.011 56.6 ± 30.2 0.513 

Muscle  (HU) 75.5  ± 15.5 77.1± 10.0 0.152 76.2± 11.2 0.277 

Noise (HU) 15.1  ± 5.3 14.7  ± 4.3 0.412 14.1 ± 5.8 0.248 
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time-to-peak delay is primarily affected by the injection duration (7). Moreover, a prior study also 

showed the patient-specific timing-protocol can be used for a two-volume pulmonary perfusion 

technique, where the two-volumes are acquired at the base and peak of the AIF (80). Although 

further validation remains necessary, the patient-specific timing protocol has the potential to 

improve CTPA image quality. 

It is important to point out that the results also indicate the potential for contrast volume 

reduction, while maintaining adequate image quality. Specifically, for a standard CTPA protocol, 

a high contrast dose (70~125 ml) is used for different size patients to ensure adequate contrast 

opacification is obtained (103,107,108,116,123,124). However, given the results from this study, 

a contrast dose of 0.5 ml/kg provided good diagnostic performance for the patient-specific 

protocol group, as the CTPA acquisition always occurred at or near the peak enhancement of the 

AIF curve. Hence, the patient-specific timing protocol can substantially reduce the contrast dose, 

although further validation in patients remains necessary.  

A fixed bolus tracking threshold is currently used for CTPA image acquisition. A suitable 

triggering threshold is critical for acquisition of CTPA. In general, a low threshold may result in 

false-triggering prior to adequate contrast bolus arrival in the pulmonary vasculature, while a high 

threshold may lead to late acquisition with venous contamination. The current bolus tracking 

threshold varies between different CT scanners. The bolus tracking threshold in this study was 

calculated by adding a constant value to the patient-specific background. It is expected that a 

patient-specific bolus tracking threshold will be more robust for different patients.  

Limitations 

This study is not without limitations. First, all acquisitions were performed in swine, and 

not in patients. However, capturing the entire AIF curve is more feasible in animal studies, owing 

to the high radiation dose necessary to provide a true reference standard of the AIF peak. Second, 

the ‘prospective’ results were derived based on standard and patient-specific timing protocol 
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simulations performed on the retrospective data; hence, future studies should also compare the 

prospective performance of the patient-specific timing protocol to the standard protocol. Further 

considerations of bolus tracking-based triggering and acquisition should also be addressed. 

Specifically, the location of the triggering ROI, the scan range, and the standard acquisition delay 

used by different CT scanners may all need to be considered by the patient-specific timing 

protocol. Third, objective image quality was only assessed down to segmental arterial 

generations; hence, more distal arterial generations may need to be assessed in future studies. 

Fortunately, significant differences were found in all measured vessel locations between patient-

specific and fixed timing protocols, with higher subjective image quality obtained by the patient-

specific timing protocol in the distal vessels. Fourth, radiation dose was not optimized in this study 

as the focus was to retrospectively develop and assess a patient-specific timing protocol for 

improved CTPA contrast opacification. Future studies should employ the patient-specific findings 

of this study prospectively, at which point radiation dose can truly be assessed. Additionally, the 

kilovoltage settings should be adjusted according to each patients’ weight in future studies. 

Finally, the diagnostic performance using the patient-specific timing protocol requires further 

testing in patients with actual pulmonary pathologies such as the acute pulmonary embolism and 

chronic thromboembolic pulmonary hypertension. 

Conclusion 

The proposed patient-specific timing protocol has the potential to objectively improve contrast 

opacification in CTPA while also improving subjective image quality. Such improvements in image 

quality throughout successive pulmonary arterial generations may also improve the diagnostic 

accuracy and detection of small pulmonary embolisms compared to the standard CTPA protocols. 
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Chapter 5 Quantification of pulmonary perfusion territories 

using minimum-cost path assignment and Computed 

Tomography angiography 

 

Abstract 

Computed tomography pulmonary angiography (CTPA) is a first-line diagnostic technique 

used to assess patients with suspected pulmonary embolism (PE). PE risk stratification is 

necessary for optimal patient management. This chapter validated an automated minimum-cost 

path (MCP) technique to enable accurate calculation of the subtended lung tissue distal to a PE 

using CTPA. A Swan-Ganz catheter was placed in the segmental pulmonary artery of seven 

swine (body weight:42.6±9.6 kg) to produce different PE severity. A total of 33 PE conditions were 

generated, where the balloon tip was adjusted distally to proximally under fluoroscopic guidance 

via balloon inflation (balloon diameter: 2-4mm). Under each PE condition, CT pulmonary 

angiography and dynamic CT perfusion (CTP) scans were acquired using a 320-slice CT scanner 

after a 0.5 ml/kg of contrast material injection followed by a 0.25 ml/kg saline chaser. The 

pulmonary arterial tree was split into two segments based on the location of the occlusion and the 

MCP technique was used to assign the distal and proximal territories determined by the nearest 

supplied pulmonary arteries. The CTP data was used to generate the perfusion defect territory as 

the reference standard (RS). The accuracy of the MCP technique was evaluated by quantitatively 

comparing the MCP-derived PE-distal territories to the RS defect territories by linear regression, 

Bland-Altman analysis, and a paired sample t-test. The spatial correspondence was compared 

by Dice similarity coefficient and the minimum Euclidean distance. The MCP PE-distal territory 

masses (𝑀𝑎𝑠𝑠𝑀𝐶𝑃 , 𝑔) and the reference standard perfusion defect territory masses (𝑀𝑎𝑠𝑠𝑅𝑆, 𝑔) 

were related by 𝑀𝑎𝑠𝑠𝑀𝐶𝑃 = 1.02𝑀𝑎𝑠𝑠𝑅𝑆 − 0.62 𝑔  (r = 0.99, p=0.51). The mean Dice similarity 
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coefficient is 0.84. In conclusion, the territory distal to a PE can be accurately calculated using 

CTPA images. This technique can potentially be used for the PE risk stratification. 

 

Introduction 

With an estimated 100,000 deaths per year, pulmonary embolism (PE) remains the third 

common cause of cardiovascular death in the United States (4–6).  Due to its high accuracy, wide 

availability, and low invasiveness, computed tomography pulmonary angiography  (CTPA) has 

become the first-choice of imaging modality to confirm acute PE (49,50). Despite adequate 

diagnosis and treatment, the death rate after a diagnosis of acute PE is still 8%–15% (125,126).  

The risk-stratification of pulmonary embolism remains a challenge for emergency department 

physicians (127). Consequently, a quantification of PE severity would be of high value in risk-

stratifying patients in order to provide prompt diagnostic strategies with appropriate disposition to 

further reduce the mortality rate. 

Several CT obstruction indices have been used to describe the pulmonary arterial 

obstruction using CT angiography, such as the Miller index, Walsh index, and Qanadli index (128–

131). Specifically, the Miller index comprises both subjective and objective scores, while the other 

two are pure objective scores that quantify only two factors: the total number of segmental 

branches under-perfused due to PE, and the degree of obstruction (partially or wholly occluded) 

(132,133). Additionally, the right/left ventricle ratio is commonly used as another CT indicator in 

the prognosis of acute PE, playing a critical role in identifying the massive PE from sub-massive 

PE (49,133–135). However, right ventricular dysfunction is unlikely to be identified in pulmonary 

arterial obstruction of less than 40% (136). To our knowledge, none of the existing CT obstruction 

indexes or CT indicators can provide spatial correspondence between the territory of emboli 

blocked tissue and the downstream arterial tree that may cause ischemia and infarction. Hence, 

a technique is critically needed to associate each tissue voxel and its specific supplying vessel.  
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With the minimum-cost path (MCP) technique, the amount of tissue subtended by a PE can be 

quantitatively determined, rather than computing the number of occluded distal vessels. 

Furthermore, the total mass of the distal PE territory can be quantified to add prognostic values 

in stratifying the PE severity using the CT angiography only without additional radiation dose. 

Current regional quantitative analyses of the ventilation and perfusion CT scans are 

commonly evaluated on a zonal basis by subdividing the lung parenchyma into several equal-

sized rectangular regions of interest, which are neither anatomic nor physiologic related (137–

141). As the pulmonary arterial tree is independently distributed in each lobe, the MCP technique 

can be implemented to provide vessel-specific lobar segmentation by assigning every single lung 

parenchyma voxel to the specific lobar artery branch; thus, enabling the regional 

ventilation/perfusion evaluation on a lobar basis for different lung diseases. 

The purpose of this chapter was to validate an automated minimum-cost path (MCP) technique 

to enable accurate voxel assignment of the subtended lung tissue distal to the pulmonary artery 

occlusion using pulmonary CT angiography. The central hypothesis is that PE-distal territory 

can be accurately calculated by the MCP technique using the CTPA image, as compared to the 

reference standard PE-distal perfusion defect territory using dynamic CT perfusion images. 

Hence, the minimum-cost path technique has the potential to improve the quantitative 

assessment of PE severity. The total tissue mass distal to the PE can be quantified to add 

prognostic values in stratifying the PE severity using only a CT angiogram without additional 

radiation dose.. 

Material and Methods 

General Methods 

 All animal studies were approved by the Institutional Animal Care and Use Committee. 

Seven swine (42.6±9.6 kg, male, Yorkshire) were used for validation of the MCP technique, along 
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with 33 CT acquisitions followed by the intravenous contrast injection. All experimental data was 

successfully acquired between 2016 and 2018 and analyzed between 2020 and 2021. All authors 

carried out the experiment and participated the data acquisition.  

Animal Preparation 

After an overnight fast with free access to water, seven domestic Yorkshire swine were 

premedicated via intramuscular injection of Telazol (4.4mg/kg), Ketamine (2.2 mg/kg), and 

Xylazine (2.2 mg/kg), intubated (Mallinckrodt, tube 6.0/6.5/7.0, Covidien, Mansfield, MA), then 

ventilated (Surgivet, Norwell, MA, and Highland Medical Equipment, Temecula, CA) with 1.5-2.5% 

Isoflurane (Baxter, Deerfield, IL) to maintain anesthesia. Each swine was monitored by 

electrocardiography, mean arterial pressure (mmHg), end-tidal CO2 (mmHg), and O2 saturation 

(%) during the experiment. 

Under ultrasound guidance (9L Transducer, Vivid E9, GE 145 Healthcare), four introducer 

sheaths (AVANTIR, Cordis Corporation, Miami Lakes, FL) were placed in the left and right jugular 

veins, right femoral vein, and right femoral artery. Specifically, the left jugular vein was used for 

intravenous contrast injection. The right femoral vein was used for intravenous fluid and drug 

administration. The right femoral artery sheath was used for invasive blood pressure monitoring. 

Under fluoroscopic guidance, a 6-Fr Swan-Ganz catheter (Edwards, Edwards Lifesciences Corp, 

Irvine, CA) was placed in distal pulmonary artery via the right jugular vein.  Several levels of PE 

conditions were generated, where the balloon tip was moved from distal to proximal regions of 

pulmonary artery via balloon inflation (balloon diameter: 2-4 mm). At the end of the experiment, 

each animal was euthanized with overdosed KCL. 

CT Scanning Protocol 

  Each animal was first positioned supine, head first through the gantry of a 320-slice CT 

scanner (Aquilion One, Canon Medical Systems, Tustin, CA), and the caudal lung region was 
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localized within a 16-cm z-axis coverage. After each PE induction, contrast (0.5 ml/kg, Isovue 

370, Bracco Diagnostics, Princeton, NJ) and saline chaser (0.25 ml/kg) were intravenously 

administered via a dual-syringe injector at a rate of 5ml/s (Empower CTA, Acist Medical Systems, 

Eden Prairie, MN). Meanwhile, twenty ECG-gated dynamic CT volume scans were acquired 

during suspended respiration at the functional residual capacity at 100 kV and 200 mA (320 x 0.5 

mm detector collimation, 320-400 mm scan field-of-view, 0.35s rotation time). Full projection CT 

data was reconstructed at 75% R-R interval using an adaptive iterative dose reduction 3D 

algorithm with a standard lung kernel FC07 (512×512 matrix, 0.5mm slice thickness and slice 

interval, 320-400 mm reconstruction field-of-view). The image with maximum contrast 

enhancement was used as the CTPA image to perform the MCP technique. Subsequent CT 

acquisitions were repeated at least 15 minutes apart to allow for adequate contrast clearance 

from the previous injection. The CT dose index (CTDI) and the dose-length product (DLP) were 

collected from the dose report sheet. 

Minimum-Cost Path (MCP) Processing  

The minimum–cost path (MCP) technique is based on the assumption that the lung 

parenchyma is perfused by its nearest arterial tree and microvascular bed (142). The MCP 

technique was implemented to determine the minimum distance between each voxel of the lung 

tissue and its supplying pulmonary artery. CT perfusion was used as the reference standard to 

validate the ‘perfused’ or ‘non-perfused’ territories under full arterial occlusion.  

To validate the MCP technique, a single maximal contrast enhanced CT volume scan was 

selected from the dynamic volume scan series and used as the CTPA image. Next, the lung tissue 

and pulmonary artery segmentation were conducted on the CTPA using the Vitrea workstation 

(Pulmonary Analysis workflow, Vitrea fX version 7.7, Vital Images, Inc., Minnetonka, MN). 

Specifically, an automatic vessel selection tool was used and followed by a manual correction on 

vessel boundaries. Then, pulmonary artery centerlines and the lung tissue binary mask were 
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extracted using in-house software developed by MATLAB® (R2019a; MathWorks Inc.). The 

coordinates of the Swan-Ganz balloon were marked. The vessel tree was then split into the 

proximal and distal segments, where the tissue supplied by the distal vessel tree is considered 

as the PE-related defect territory. The MCP algorithm was performed based on the lung tissue 

binary mask and the extracted pulmonary artery centerlines (143,144). Specifically, the 

centerlines were used as seed points to generate a distance map through the entire lung segment 

using a Fast-Marching algorithm (145). Using the distance map, the minimum–cost path from 

each tissue voxel to the artery centerlines was used to assign the voxel to its nearest supplying 

artery, resulting in the assignment of the ‘PE-proximal’ and ‘PE-distal’ for the entire lung. 

Additionally, the lung tissue mass of each territory was estimated by the product of the total 

territory volume, lung parenchymal tissue density (1.053 g/ml) and the non-air fraction of tissue 

(%) (93).  The PE-distal mass-percent was defined as the PE-distal mass over the entire lung 

mass. The details of the MCP technique performed on a whole-lung segmentation is shown in 

Figure 5.1.  
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Figure 5.1 Minimum-cost path assignment technique. 

The whole-lung segmentation and the pulmonary arterial tree segmentation was performed on the CTA 
image. The vessel tree was split based on the location of the end tip of the balloon. The vessel centerlines 
were extracted from the vessel segmentation. Using the vessel centerlines as seed points, distance maps 
through a whole-lung 3D binary mask were generated using the Fast-Marching algorithm.The distance 
maps were used to determine the minimum-cost path(MCP) of each tissue voxel to the non-PE related or 
PE-related artery, yielding MCP assignment territories.  

(CTA=CT angiography, CTP=CT perfusion , MCP=minimum-cost path assignment.) 

 

 

CT Perfusion technique and Reference Standard (RS)   

Dynamic CT perfusion was used to determine the reference ‘perfused’ or ‘non-perfused’ 

territories. A previously validated two-volume, first-pass dynamic CT perfusion technique was 

used to calculate the pulmonary perfusion, resulting in a whole-lung three-dimensional perfusion 

map in ml/min/g (93). Then, a median filter was applied to the perfusion map, followed by 

automated region growing segmentation to extract the ‘perfused’ and ‘non-perfused’ territories. 
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Specifically, a seed point was placed within the perfusion defect region and iteratively grown into 

the whole lung tissue, with a cutoff value of 3 ml/min/g for determining the boundaries of the “non-

perfused’ territory. As such, the entire lung volume resulted in two separate reference standard 

perfusion territories. The RS defect territory mass and perfusion defect mass-percent were 

calculated. A workflow of reference standard image processing steps is illustrated in Figure 5.2. 

 
Figure 5.2 Image processing diagram. 

(a) MCP assignment processing block.The whole-lung segmentation and the pulmonary arterial tree 
segmentation was performed on the CTPA image. The vessel tree was split based on the location of the 
balloon tip. The vessel centerlines were extracted from the vessel segmentation. Using the vessel 
centerlines as seed points, distance maps through a whole-lung 3D binary mask were generated using the 
Fast-Marching algorithm.The distance maps were used to determine the minimum-cost path(MCP) of each 
tissue voxel to the PE-proximal and PE-distal artery subtrees, yielding MCP assignment territories. (b) 
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Reference standard processing block. Dynamic CT acquisition was performed and a first-pass perfusion 
technique was used to generate the perfusion distribution map. A region-growing segmentation was 
performed within the perfsuion defect region to generate the reference standard territories.  
(CTPA=CT pulmonary angiography, CTP=CT perfusion , MCP=minimum-cost path assignment.) 
 

Lobar segmentation application 

To implement the vessel-specific lobar segmentation, the subtree of each lobe is divided when 

bifurcating from either left pulmonary artery or right pulmonary artery, resulting in six lobar 

subtrees: left upper lobe (LUL), left lower lobe (LLL), right upper lobe (RUL), right middle lobe 

(RML), right lower lobe (RLL), and accessory lobe (AL), as shown in Figure 3.3.  Using a whole-

lung mask and centerlines of these trees, six separate distance maps were then generated. Each 

tissue voxel can be assigned to the specific lobar territory upon the shortest path to its arterial 

blood supply. 

 

Figure 5.3 Lobar segmentation using the MCP technique. 

Six lobar subtrees and the corresponding lobes including the left upper lobe (LUL), left lower lobe (LLL), 
right upper lobe (RUL), right middle lobe (RML), right lower lobe (RLL), and accessory lobe (AL) are 
shown with different colors.  
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Evaluation metrics 

 Both overlap-based and distance-based evaluation metrics were used for assessing the 

spatial correspondence between the distal MCP and RS defect territories (146,147). The three-

dimensional image segmentations of each paired territories were compared.  First, the Dice 

similarity coefficient (DSC) was used for evaluating the spatial overlap between two medical 

image segmentations (148,149). Specifically, the DCS computes for the number of overlap voxels 

divided by the total number of voxels of both volumes, ranging from 0 and 1. Second, boundary 

delineation is of importance in the dissimilarity measures. The Euclidean distance was used to 

measure the distance between the MCP territory boundary and RS territory “true” boundary. 

Specifically, the minimum distance was calculated for every point from one set to the nearest 

point in the other set, forming a distance metric. The maximum distance (MD) and average 

distance (AD) of the distance metric were determined. Generally, the MD is more sensitive to 

outliers than the AD. Thus, to further exclude possible outliners in a certain level, the distance can 

be defined to be the 𝑛𝑡ℎ quantile of distance, depending on the nature of the boundary datasets. 

The 90𝑡ℎ percentile distance and the 50𝑡ℎ percentile distance were reported as well. 

Statistical Analysis 

 The mass and spatial correspondence were evaluated and compared between distal-PE 

territory by MCP and reference standard territory by perfusion defect. Statistical software (SPSS, 

version 22, IBM, Armonk, NY) was used for all statistical analyses. To evaluate the mass 

correspondence, the linear regression and Bland-Altman analyses were conducted, along with 

the Pearson’s r, adjusted 𝑅2 (Adj. 𝑅2), root-mean-square error (RMSE), root-mean-square 

deviation (RMSD) and Lin’s concordance correlation coefficient (75) being calculated. A paired 

sample t-test was used to determine the mean differences between the PE-distal mass and RS 

defect mass.  A side-by-side histogram comparison of the mass-percent distribution using the 

MCP and RS were also performed. To evaluate the spatial correspondence, the Dice coefficient 
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and Euclidean distance were computed between the PE-distal MCP and the reference standard 

defect territories, including the mean DSC, average distance, maximum distance, 90𝑡ℎ percentile 

distance, and 50𝑡ℎ percentile distance. 

 

Results 

General results 

 A total of seven swine (42.6±9.6 kg) were used for validation of the MCP technique. The 

average heart rate and mean arterial pressure during all the CT acquisitions were 90.7±17.8 beats 

per minute and 65.4±21.4 mmHg, respectively. A total of 33 successful contrast injections and 

CT imaging were made, resulting in 33 MCP and reference standard perfusion territory pairs. The 

average CT dose index (CTDI) for the single CTA image and dynamic CT perfusion images were 

4.2 mGy and 138.7 mGy, respectively.  

Qualitative Performance 

A representative PE for one animal is shown in Figure 5.4, with the full artery occlusion in 

the left caudal lobe. The 20-mm maximum intensity projections (MIP) of the CTA image, 

pulmonary perfusion maps and MCP distance maps are shown in the axial, coronal, and posterior-

lateral 3-D views (Figure 5.4a). The corresponding MCP PE-distal and RS defect territories are 

compared in Figure 5.4b. Further, the PE-distal tissue masses on each axial slice image are 

displayed for both techniques (Figure 5.4c).  

An example of lobar segmentation using the MCP technique is also shown in Figure 5.3.  Six 

lobar subtree centerlines and the vessel-specific lobar territories are shown with different colors. 
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Figure 5.4 Qualitative results of the MCP and reference perfusion techniques. 

a)  The maximum intensity projection (MIP) of the CT angiography, the perfusion distribution map,and the 
MCP distance map are shown in axial, coronal and posterior 3-D volumetric views . The red arrows point 
to the balloon tip. Color bar indicate the perfusion in ml/min/g and the relative distance to the vessel 
centerlines .b) Axial, coronal and posterior 3-D volumetric views of MCP and reference standard territories 
are shown. c) Slice-by-slice analysis of the MCP and reference standard territories by comparing the PE-
realated tiusse and the PE-related percentage mass at risk. 

a) 

 
b) c) 
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Mass Correspondence Evaluation 

 The average whole-lung tissue mass was 449.9±42.6 g.  The average PE-distal mass of 

the RS and MCP territories were 47.2±35.7 g and 48.0 ± 37.1 g (p=0.42, Table 5.1), respectively.  

Using the linear regression analysis, the MCP PE-distal territory masses (𝑀𝑎𝑠𝑠𝑀𝐶𝑃) and the RS 

defect perfusion territory masses (𝑀𝑎𝑠𝑠𝑅𝑆, 𝑔) were related by 𝑀𝑎𝑠𝑠𝑀𝐶𝑃 = 1.02𝑀𝑎𝑠𝑠𝑅𝑆 − 0.62 𝑔 (r 

= 0.99), with an Adjusted 𝑅2 of 0.98, a concordance correlation coefficient (CCC) of 0.97, a root-

mean-square error of 4.78 g, and a root-mean-square deviation of 4.67g (Figures 5.5a, 5.5b and 

Table 5.2).  Moreover, Figure 5.5c shows mass-percent of tissue at risk for all PE conditions, 

where the number of different PE severity levels are compared between the RS and MCP 

techniques. The result indicates that more than half of the PE-distal territories have less than 10% 

of tissue at risk. 
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Figure 5.5 Mass correspondence evaluation. 

a) Linear Regression and b) Bland-Altman analysis comparing the MCP assigned defect tissue masses 
(𝑀𝑀𝐶𝑃) and the reference standard perfusion defect tissue masses (𝑀𝑅𝑆). c) Histogram of the mass-
percent at risk using the MCP and RS techniques.  
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Table 5.1 Correspondence of MCP and reference standard coronary perfusion territories in PE-
distal tissue mass and PE-distal mass percent. 

Animal ID 
 

Total Lung 
Mass  

Defect Mass 
(𝑴𝒂𝒔𝒔𝑹𝑺) 

PE-distal 
Mass 

(𝑴𝒂𝒔𝒔𝑴𝑪𝑷) 

Defect Mass-
percent 

 (𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝑹𝑺) 

PE-distal Mass-
percent 

(𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝑴𝑪𝑷) 

(Number of  
acquisitions ) 

(g) (g) (g) (%) (%) 

Animal 1 (6) 429.2 16.3±7.5 17.2±7.9 3.8±1.8 4.0±1.8 
Animal 2 (7) 469.7 70.3±20.6 75.6±22.4 15.0±4.4 16.1±4.78 
Animal 3 (4) 496.0 101.1±34.0 100.8±42.8 20.4±6.9 20.3±8.6 

Animal 4 (3) 409.8 39.9±44.1 34.9±40.7 9.8±10.8 8.5±9.9 
Animal 5 (5) 483.7 33.6±27.7 35.5±29.6 6.9±5.7 7.3±6.1 
Animal 6 (3) 372.5 69.7±1.3 85.4±5.8 18.7±1.1 22.9±1.5 
Animal 7 (7) 481.2 20.1±1.9 19.1±0.1 4.2±0.4 4.0±0.1 

Total (33) 449.9±42.6 47.2±35.7 48.0±37.1 10.4±7.8 10.6±8.1 

 
Note.— Data expressed as  mean mass ± standard deviation or mean mass-percent ± standard 
deviation. 
MCP:  Minimum-cost path technique; RS: reference standard perfusion technique. 
 

 

 

Table 5.2 Linear regression analysis of MCP and reference standard perfusion PE-distal masses. 

  
PE-distal Mass 

Slope 1.02 [0.98, 1.08] 

Intercept (mm) -0.62 [-3.76, 2.50] 

Pearson’s r 0.99 [0.98, 1.00] 

Adj. 𝑹𝟐  0.98 

CCC 0.97 [0.95, 0.99] 

RMSE  4.78 

RMSD  1.04 

P-value 0.51 

 

Note.— For slope, intercept, Adj. 𝑹𝟐, CCC and r, 95% confidence intervals (CI) are presented as [CILower, 

CIUpper]. Adj. 𝑹𝟐=Adjusted 𝑹𝟐; CCC=concordance correlation coefficient; RMSE=root-mean-square error, 
RMSD=root-mean-square deviation). P-value less than 0.05 indicates significant difference. 
 

Spatial correspondence Evaluation 

 Overall, the mean Dice similarity coefficient of all PE conditions was 0.84 ± 0.08.  The 

average distance, maximum distance, 𝟗𝟎𝒕𝒉 percentile distance, and 𝟓𝟎𝒕𝒉 percentile distance 

between the distal MCP territories and RS-defect perfusion territories were 2.12 ± 1.03 mm, 22.77 
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± 10.78 mm, 6.37 ± 3.64 mm and 0.89 ± 0.63 mm, respectively. For the small PEs (distal mass-

percent < 5%), the mean DSC is 0.79 ± 0.08, with an average minimum Euclidean distance of 

2.34 ± 0.98 mm. Further MCP territory spatial correspondences regarding different levels of PE 

severity are detailed in Figure 5.6 and Table 5.3. 

 

 

Figure 5.6 Dice’s similarity coefficient and the mean Euclidean distance on the reference standard 
perfusion defect. 

 

Table 5.3 Spatial correspondences of MCP and reference standard coronary territories in the PE-
distal territory. 

RS Distal Mass-
percent (MP, %) 

DSC AD 
 (mm) 

MD 
(mm) 

𝟗𝟎𝒕𝒉 percentile 
Distance (mm) 

𝟓𝟎𝒕𝒉 percentile 
Distance (mm) 

MP < 5 0.79 ± 0.08 2.34 ± 0.98 26.15 ± 7.94 6.80 ± 3.28 1.28 ± 0.52 

5 ≤ MP <10 0.88 ± 0.02 1.36 ± 0.22 10.17 ± 5.94 3.81 ± 0.65 0.67 ± 0.58 

10 ≤ MP <15 0.91 ± 0.03 1.43 ± 0.29 15.11 ± 3.42 4.69 ± 0.83 0.30 ± 0.48 

15 ≤ MP < 20 0.90 ± 0.02 1.76 ± 0.63 24.60 ± 12.78 4.59 ± 1.47 0.13 ± 0.56 

MP ≥ 20 0.86 ± 0.06 3.06 ± 1.49 31.63 ± 13.61 10..38 ± 5.14 0.94 ± 0.61 
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All  0.84 ± 0.08 2.12 ± 1.03 22.77 ± 10.78 6.37 ± 3.64 0.89 ± 0.63 

 
Data expressed as mean ± standard deviation. 
Note.— RS = reference standard, MP = Distal Mass-percent, DSC=Dice similarity coefficient, AD = 
average distance, MD = maximum distance. 
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Discussion 

This chapter validated an MCP technique to quantify the tissue territory distal to a fully 

occluded PE using the perfusion defect territory as the reference standard. An excellent 

correlation was shown between the MCP distal mass and RS defect territory mass with a near-

unity slope and negligible bias. The results indicate that the MCP technique can accurately 

quantify the distal-PE territory corresponding to the pulmonary arterial obstruction using the CTPA 

image; hence, this technique may potentially improve the PE-severity assessment of acute PE by 

quantifying the total mass of tissue at-risk caused by the PE. Further, the vessel-specific MCP 

can be applied to each of the lobar subtrees, yielding the lobar-basis territories over the entire 

lung for the assessment of the regional pulmonary ventilation and perfusion.  

As CTPA has enabled the direct visualization of pulmonary emboli in the segmental and 

sub-segmental vessels, several CT angiography indexes have been studied to quantify the 

severity of arterial obstruction(128–131). The Miller index was initially proposed, consisting of an 

objective arterial obstruction score and a subjective evaluation for peripheral perfusion 

reduction(129). A full objective Walsh index that calculates the number of segmental vessels 

under-perfused due to the PE in segmental or larger vessels, has rarely been used in clinical 

practice due to computational complexity (130). Later, Qanadli et al. described a CT obstruction 

index with higher accuracy, which computes the value of the proximal clot site that equals to the 

number of segmental branches arising distally and a weighting factor of the obstruction degree 

(131).  However, none of these CT-assessed parameters can directly reflect the embolus burden, 

especially for the distal PEs in segmental and subsegmental branches (4,5). To our knowledge, 

little consideration has been given to relate the amount of tissue subtended to the embolus 

location of the pulmonary artery. The MCP technique enables the assignment of every single 

voxel of the parenchyma to its supplying vessel; hence, the precise territory of lung parenchyma 

distal to the location of emboli can be delineated for better visualization and quantification. 
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Consequently, the total PE-related tissue mass (or mass percent) can potentially play a prognostic 

role in stratifying PE severity for improved patient outcomes. 

In addition, the heterogeneity of the distribution of ventilation and perfusion can be 

observed in a variety of lung diseases, such as pulmonary embolism, chronic obstructive 

pulmonary disease, and lung cancer (137–141,150). As the lungs are anatomically and 

functionally separated into different lobes by lobar fissures, many diseases preferentially impact 

a particular lobe (150,151). Existing automatic lobe segmentation methods largely depend on the 

anatomy of healthy human lungs, including atlas-based (152,153), airway-guided (154), and deep 

learning-based algorithms(155). Unfortunately, these anatomical fissure-based segmentation 

algorithms can be susceptible to anatomical variations, particularly in human lungs that may have 

incomplete fissures (156,157). Moreover, as the deformation of lung anatomy may occur after coil 

treatment and lung volume reduction procedures, additional manual correction steps are required 

on the atlas to ensure accurate lobe segmentation for post-treatment CT analysis (141). 

Therefore, an automatic pulmonary lobar segmentation that does not rely on fissure visualization 

could improve assessment of the regional ventilation/perfusion mismatch and lung volume 

reduction. The vessel-specific MCP technique determines the lobar territories by assigning each 

voxel to its supplying vessel based on the shortest spatial distance, which is entirely independent 

of its borderlines. As the pulmonary arterial tree can be used for lobar assignment, such a 

technique can be robust over lung volume alteration and invisible fissures. 

The present study has several limitations. First, the sample size of this animal study is 

relatively small. Further studies on a larger sample size with a wide range of patients under 

various pulmonary conditions are necessary. Second, in this validation study, the reference 

standard is the perfusion defect territory derived from dynamic CT perfusion measurement, rather 

than a direct intravascular contrast injection right at a PE location in a pulmonary artery branch. 

Any error from the CT perfusion measurement may appear as an error for the MCP technique. 
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Fortunately, a previous study has shown the high concordance of the two-volume first-pass CT 

perfusion measurements versus fluorescent microsphere measurements, laying a solid 

foundation for this work. Third, only fully occluded PE was induced in this study. It is known that 

both partial and full arterial obstruction have high presence in acute PE.  As the perfusion 

technique served as the reference standard, only the total arterial obstruction can minimize the 

potential error from the perfusion measurement by thresholding an absolute low perfusion value 

for the validation purpose. The MCP technique is expected to quantify the territory for suspected 

PE, regardless of the partial or total occlusion in the clinical practice. Fourth, different levels of 

PE-distal mass-percent are not associated with the existing pulmonary artery obstruction indices 

and risk factors, such as the pulmonary arterial pressure and right ventricular function. Future 

studies will need to determine whether the mass-percent of the distal territory can be a substitute 

or better indicator for PE risk stratifications. Finally, the vessel-specific assignment for lobar 

segmentation has not been quantitatively validated in this study with a gold standard. The vessel-

specific MCP assignment requires further investigation and evaluation with other existing 

automatic approaches.  

Practical Application: This study validated an MCP technique for quantifying the PE-distal 

territory with the perfusion defect territory as the reference standard. Excellent mass and spatial 

correspondences were found between the MCP PE-distal and reference standard defect 

territories. The proposed MCP technique can accurately quantify the territory corresponding to 

the subtended tissue distal to a PE using a CTPA image; hence, such a technique may potentially 

improve the PE-severity assessment of acute PE by providing a mass-percent of tissue at-risk. In 

summary, the minimum-cost path technique was validated in a swine model to correlate the 

location of the pulmonary arterial obstruction to its under-perfused distal tissue at risk and has the 

potential to improve the stratification of pulmonary embolism severity. 
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Chapter 6 Accuracy and Reproducibility of the Prospective 

Two-volume Computed Tomography Perfusion Technique: 

Evaluation on Global and Regional Pulmonary Perfusion   

 

Abstract 

Existing dynamic CT perfusion (CTP) techniques are limited by the high radiation dose 

from multiple scans. The purpose of this chapter is to validate a low-dose, first-pass analysis 

(FPA) perfusion technique with only two volume scans and evaluate its reproducibility. Six 

Yorkshire swine (53.8±2.4 kg) were used in this validation study with 48 independent CTP 

acquisitions using a 320-slice CT scanner.  Intravenous contrast material (370 mg/ml iodine, 

0.5ml/kg) and saline chaser (0.5ml/kg) were injected at 5 ml/s for each CTP acquisition. For each 

swine, both retrospective and prospective dynamic CTP data were acquired. For the retrospective 

CTP acquisition, an average of twenty volume scans was acquired per acquisition for the CTP 

measurements and served as the reference standard.  For the prospective CTP acquisition, only 

two volume scans were acquired, where the first low-dose (50 mA) volume scan was acquired 

before contrast injection and the second diagnostic (300 mA) volume scan was acquired following 

bolus-tracking in the main pulmonary artery with a time-to-peak delay calculated using the 

injection time interval. Two different scan modes were used in the prospective acquisition: a 

volume mode (16cm z-coverage, 0.35s rotation time) and a fast-pitch helical mode (25cm z-

coverage, 2.5s scan time). All prospective CTP measurements were quantitatively compared to 

the reference standard CTP measurements using t-test and linear regression. The CT dose index 

for the retrospective, two-volume prospective, two-helical prospective CTP measurements were 

184.8, 9.3, and 4.8 mGy, respectively. The prospective CTP measurements using the volume 

mode (PVOL) and helical mode (PHEL) were related to the reference CTP measurements by 
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PVOL=0.97PRETRO +0.33 (r = 0.93) and PHEL=1.01PRETRO -0.94 (r=0.98), respectively. In conclusion, 

the two-volume, first-pass CTP technique was validated in a swine model that can potentially be 

used for the assessment of pulmonary disease. This novel CTP technique enables dynamic 

whole-lung perfusion measurement with conventional 64-slice CT scanners using helical mode.   

 

Introduction 

Pulmonary perfusion scintigraphy, the first well-established non-invasive imaging modality 

for the diagnosis of pulmonary embolism (PE) and chronic thromboembolic pulmonary 

hypertension (CTEPH), has been widely used in clinical practice (158). Unfortunately, the 

perfusion imaging results are reported in terms of probabilities for the presence of PE, incapable 

of providing absolute lung perfusion measurement expressed in ml/min/g (2).  A prompt diagnosis 

and treatment based on absolute CT perfusion measurement is critical for reducing the mortality 

rate(23,37,38). 

Although CT techniques have been widely used in the assessment of pulmonary disease 

and lung cancer (159), concerns remain regarding high radiation exposure and accuracy. 

Conventional 64-slice or 128-slice detectors, as limited by the cranial-caudal coverage, only small 

volume-of-interest (VOIs) can be used to derive regional pulmonary blood flow, leading to an 

underestimation of the blood flow as the contrast exits the compartment way too soon due to the 

small compartment size (55,58). In addition, existing dynamic CT perfusion techniques require  at 

least twenty volumes scans to fully measure the tissue contrast pass curve for perfusion 

measurement, e.g., the maximum slope model (MSM) and the de-convolution model, resulting in 

high radiation dose and potential motion artifacts (57–59,160).  Consequently, such a high 

sampling rate at every cardiac cycle or every two seconds makes it impractical to perform a whole-

lung dynamic perfusion measurement.  By reducing the number of dynamic scans to a minimum 

of two scans, the expansion of the scan window is feasible by using a fast-pitch helical scan mode 
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(scan time per whole-lung volume:  2~3 seconds). Given the extended compartment size and the 

minimized number of scans, the prospective two-volume perfusion technique can fundamentally 

overcome the limitations of current perfusion measurements, while significantly reducing the 

radiation dose; hence, enabling an assessment of whole-lung perfusion with improved accuracy 

and precision. 

The purpose of this chapter was to validate a low-dose, first-pass, whole-lung CT 

perfusion technique using only two helical scans. The central hypothesis was that both global and 

regional perfusions can be accurately measured using only two helical scans, as compared with 

the reference standard perfusion that has been previously validated. The reproducibility of the 

two-volume prospective perfusion technique is also evaluated in this chapter.   

 

Material and Methods 

General Methods 

All animal studies were approved by the Animal Care Committee and performed under 

guidelines for animal care. A total of six Yorkshire swine (53.8±2.4 kg) were used for the 

validation of a two-volume, whole-lung perfusion technique. For each swine, contrast-enhanced 

dynamic CT perfusion was first performed with over twenty volume scans and used for the 

retrospective perfusion measurement as a reference measurement. Then, the two-volume 

dynamic CT perfusion scan was performed, where the first non-contrast volume scan (V1) was 

acquired, followed by contrast injection, and the second volume scan (V2) was acquired after 

bolus tracking triggering and a pre-defined time-to-peak delay. Two scan modes, the volume 

scan mode and the fast-pitch helical scan mode, were used in the prospective acquisition and 

compared to the reference perfusion. The prospective acquisition was repeated one more time 

for precision evaluation. The same hemodynamic status was maintained between data 
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acquisition for the two scan modes. The accuracy and precision of global and regional perfusion 

measurements were evaluated using linear regression and paired t-tests. All experimental data 

were successfully acquired between November 2020 and June 2021 and analyzed in the same 

time frame between and during studies. All authors were involved in data acquisition, and 

authors Y.Z. and N.L. conducted data analyses.  

Animal Preparation 

Each swine was initially induced with Telazol (4.4 mg/kg) and Xylazine (2.2 mg/kg). After 

intubation, anesthesia was maintained over the entire experiment via mechanical ventilation 

with 1.5–2.5% Isoflurane (Highland Medical Equipment, Temecula, CA and Baxter, Deerfield, 

IL). Two introducer sheaths (AVANTI®, Cordis Corporation, Miami Lakes, FL) were placed in 

left femoral vein and left jugular vein for intravenous fluid and contrast material administration, 

respectively. One more sheath was placed in the right femoral artery for invasive pressure 

monitoring. A urinary catheter was placed in the bladder for urine drainage. The oxygen 

saturation (%), end-tidal carbon dioxide (mmHg), heart rate (beats per minute), and mean 

arterial pressure (mmHg) were recorded every 15 minutes. At the conclusion of the experiment, 

animals were euthanized with saturated KCL under deep anesthesia and verified via ECG 

tracing. 

Scanning Protocol 

All CT examinations were performed using a 320-row detector CT scanner (Aquilion One, 

Canon Medical Systems, Tustin, CA) at our institution. Each animal was studied in a supine 

position and scanned from the top to bottom lung.  For all scans, tube voltage was set at 100 kV, 

with the scan field-of view of 320 mm, and gantry rotation time of 0.35 seconds. Different tube 

currents were used for different scan protocols. For volume scan mode, 300mA(full-dose) was 

used for the retrospective and prospective V2 acquisitions, 90mA(low-dose) was used  for the 
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prospective V1 acquisition. For helical scan mode, 200mA (full-dose) was used for V2 acquisition, 

and 50mA (low-dose) was used for V1 acquisition. A collimation of 320 x 0.5 mm was used for 

the volume scan, while 64 x 0.5 mm was used for the fast-pitch helical scan mode with a pitch 

value of 1.481. For the retrospective acquisition, followed by intravenous contrast agents (0.5 

ml/kg Isovue-370) and saline chaser (0.25 ml/kg) at an injection rate of 5 ml/s (Empower CTA, 

Acist Medical Systems, Eden Prairie, MN), breath-hold dynamic CT scans were acquired at the 

end-inspiration for approximately twenty cardiac cycles under ECG-gating. For the prospective 

acquisition, a low-dose non-contrast volume (or helical) scan was performed with breath-hold, 

followed by the contrast injection (same dose and rate), and the second full-dose volume (or 

helical) scan was initiated by bolus tracking within the pulmonary artery trunk to trigger data 

acquisition. A 10-minute delay was employed between acquisitions for contrast clearance. Full 

projection data was used for all volume (or helical) acquisitions, with a lung FC07 kernel using an 

adaptive iterative dose reduction 3D (AIDR 3D) reconstruction algorithm. The in-plane 

reconstruction was 512 x 512 pixels with a slice thickness of 0.5 mm, ending up with a 0.625 x 

0.625 x 0.50 𝑚𝑚3 voxel size. The CT dose index ( 𝐶𝑇𝐷𝐼𝑉𝑂𝐿
32 , mGy), dose length product (DLP, 

mGy·cm) and size-specific dose estimates (SSDE, mGy) was recorded and computed for all CT 

acquisitions (70).   

Retrospective and Prospective Two-volume Perfusion techniques  

The average pulmonary blood flow was measured based on a first-pass, whole-lung 

compartment model, as previously described (65,66,93) .  Prior to the contrast outflow from the 

entire compartment, the average pulmonary blood flow (𝑸, 𝒎𝒍/𝒎𝒊𝒏) is proportional to the 

integrated contrast mass change (𝜟𝑴𝒄, mg), and normalized by the average arterial input 

concentration (𝑪𝒊𝒏, 𝒎𝒈/𝒎𝒍) and the total contrast accumulation time( ∆𝒕, 𝒔).  

𝑸 =
𝟏

𝑪𝒊𝒏
 
𝜟𝑴𝒄

∆𝒕
            (6.1) 
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        Then, the absolute perfusion in 𝒎𝒍/𝒎𝒊𝒏/𝒈 , was further normalized by the tissue mass on 

a voxel-by-voxel basis that accounts for the heterogeneity of tissue/air fraction (93) . 

For the reference retrospective measurement, the two volume scans (V1 and V2) were 

systematically selected from the entire contrast pass curve, at approximately the base and peak 

of the pulmonary arterial enhancement, as shown in Figure 6.1(b). The accuracy of the reference 

retrospective perfusion measurement was previously validated versus fluorescent microsphere 

measurements in (93).  

 
Figure 6.1 The timeline of the contrast injection, retrospective and prospective CT acquisition protocol. 

a) Injection protocol. Contrast-enhanced imaging, contrast was injected at 5ml/s followed by a saline chaser 
at the same rate. Dynamic imaging of the lung was then performed. b) Retrospective CT imaging protocol. 
The entire pulmonary arterial input function (AIF) and lung tissue time attenuation curve (TAC) was captured 
and used for perfusion measurement. c) Prospective CT imaging protocol. The first volume scan (V1) was 
acquired before contrast injection. The second volume scan (V2) was acquired at the maximal 
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enhancement of AIF using the bolus-tracking technique and a pre-defined time-to-peak delay.  𝑇𝑖𝑛𝑗, contrast 

injection time; 𝑇𝑑, time-to-peak delay. 

 

For the two-volume prospective measurement, the first volume (or helical) scan (V1) 

should be acquired prior to contrast arrival, and the second volume (or helical) scan (V2) should 

be acquired at the maximal arterial enhancement, as described in Figure 6.1c. Hence, V1 was 

acquired without contrast injection with a breath-hold at the maximal end-inspiration, and V2 was 

acquired following contrast injection with another breath-hold at full inspiration.  Specifically, 

bolus-tracking (SureStart, Aquilion One, Canon Medical Systems, Tustin, CA) was performed 

using a 2-mm image window at the level of the pulmonary artery and triggered after the region-

of-interest enhancement exceeded a threshold of 80 HU above the baseline blood pool 

enhancement (measured using the Scan &View image).  Moreover, a time delay was set to ensure 

the second volume can be captured near the arterial enhancement peak for adequate contrast-

to-noise ratio. Based on previously reported findings (80), this trigger-to-peak delay (𝑇𝑑) can be 

related to one-half of the contrast injection time (𝑇𝑖𝑛𝑗) plus a dispersion delay (𝒅) to the pulmonary 

artery. As the helical scan time ranged from 1.8 to 2.3 seconds for a scan range of 210-260 mm, 

the time delay was set 1 second earlier than the volume scan, as summarized in Eq.2:  

   𝑇𝑑 = {
𝑇𝑖𝑛𝑗 𝟐⁄ + 𝒅  volume scan mode

𝑇𝑖𝑛𝑗 𝟐 + 𝒅 − 𝟏⁄ helical scan mode
               (2) 

where 𝒅 = 𝟏 for pulmonary artery dispersion.  

Image Processing  

The procedure of image processing is shown in Figure 6.2. The two volume (or helical) 

scans, either systematically selected or prospectively acquired, were first registered using a 

deformable affine-based algorithm.  Two volume-of-interests (VOIs), the entire lung parenchymal 
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within the scan window, and a cylindrical pulmonary artery segment, were semi-automatically 

segmented using a Vitrea workstation (Vitrea fX version 7.7, Vital Images, Inc., Minnetonka, MN) 

and saved as two binary masks. Then, the integrated contrast mass change of the entire lung 

parenchyma and the average input concentration, as shown in Eq. 6.1, were computed to yield a 

global lung perfusion measurement (MatLab 2021a, MathWorks, Natick, MA). Note that as the 

reference standard can only be acquired using the volume scan mode, a bounding box was set 

on the helical scan images regarding the same lung region to ensure a direct comparison in the 

accuracy assessment. Subsequently, using the lung segmentation mask, parenchyma voxels 

were divided into six lobar perfusion territories through a vessel-specific lobar segmentation 

based on a minimum-cost path technique(143), including the left upper lobe (LUL), left lower lobe 

(LLL), right upper lobe (RUL), right middle lobe (RML), right lower lobe (RLL) and accessory lobe 

(ALL) segments. The mean perfusion of each lobe was calculated for regional lung perfusion 

comparisons. 
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Figure 6.2 Image processing flowchart and prospective two-volume perfusion technique. 

The first volume scan (V1) was acquired before contrast injection. The second volume scan (V2) was 
acquired after the bolus-tracking technique and a pre-defined time-to-peak delay.  
(𝛥𝑀, integrated contrast mass change; 𝑇𝑑, time-to-peak delay; BT, bolus-tracking; AIF, arterial input 
function; TAC, time attenuation curve.) 

 

Statistical Approach 

The accuracy and precision of the two-volume prospective perfusion technique were 

evaluated for both volume and helical scan modes, using the global and regional perfusion 

measurements. The perfusion values were reported in mean ± standard deviation.  With respect 
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to the accuracy assessment, the prospective perfusion measurements were compared to the 

corresponding reference retrospective measurements by paired-sample t-test, linear regression, 

and Bland-Altman analysis. With respect to the precision assessment, two independent 

prospectively measured perfusion measurements were compared by paired-sample t-test, linear 

regression, and Bland-Altman analysis. P-values less than 0.05 indicate statistical significance. 

95% confidence intervals of all fitting parameters were provided as well. Additionally, the root-

mean-square-error (RMSE), root-mean-square deviation (RMSD), Pearson correlation coefficient 

(r), and Lin’s concordance correlation coefficient (CCC) (75) were also computed. All statistical 

analyses were conducted using the SPSS software (Version 22, IBM Corporation, Armonk, NY). 

Results 

Vitals and Statistics 

A total of six swine (53.8±2.4 kg) were used to validate the accuracy and reproducibility 

of the prospective, two-volume FPA perfusion technique. A total of 63 CT perfusion 

measurements were obtained, where only 15 acquisitions were excluded due to false triggering 

issues (2 cases), irregular heart rates (above 120 bpm, 9 cases), and severe respiratory motion 

artifacts (4 cases). Overall, 48 successful acquisitions were used in global and regional 

perfusion analyses. For the regional perfusion analysis, six three-dimensional lobar territories 

were used per animal, resulting in a total of 288 (48 x 6) regional segments in the evaluation. 

The average heart rate and mean arterial pressure throughout the CT perfusion acquisitions 

were 88.5 ± 19.3 bpm and 58.5 ± 17.7 mmHg, respectively. 

Qualitative Analysis 

Examples of perfusion maps acquired using the retrospective reference FPA technique, 

prospective two-volume FPA technique by the volume scan mode, and prospective two-volume 

FPA technique by the helical scan mode are displayed in axial, coronal, and three-dimensional 
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volumetric images (Figure 6.3). The blood flow measurements are represented by the absolute 

perfusion in ml/min/g, where red indicates high perfusion values, and blue indicates low 

perfusion values. Note that the helical scan mode shows the whole-lung perfusion map, while 

the volume scan mode can only show a limited section of the lung perfusion map with a 16-cm 

cranio-caudal coverage.  

 
Figure 6.3 Qualitative perfusion maps with three scan protocols. 

Top, reference retrospective perfusion map. Middle: prospective perfusion map using the volume scan 
mode. Bottom, prospective perfusion map using the helical scan mode. The bar on the right shows the 

abosulute perfusion measurement in ml/min/g.  
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Quantitative Analysis of Accuracy 

Global Perfusion: The average global perfusions for the reference and prospective 

measurements of 15 volume scan pairs were 10.04±3.46 and 10.41±3.56 ml/min/g (p=0.83), and 

of 11 helical scan pairs were 10.15±3.52 and 9.43±3.65 ml/min/g (p=0.01), respectively (Table 

6.1).  Additionally, the prospective volume scan measurements (PVOL) were related to the 

reference standard measurements by PVOL=0.97PRETRO +0.33 (r = 0.93), with a RMSD of 1.25 

ml/min/g, and a RMSE of 1.04 ml/min/g, while the prospective helical volume scan measurements 

(PHEL) were related to the reference standard measurements by PHEL=1.01PRETRO -0.94 (r=0.98), 

with a RMSD of 0.77 ml/min/g and a RMSE of 1.00 ml/min/g (Figure 6.4a and Figure 6.5a, Table 

6.1). The mean differences of the global perfusion measurements using the volume and helical 

scan modes were 0.94 and -0.69 ml/min/g, respectively, where all measurements were within 

limits of agreement, as shown in Figure 6.4b and Figure 6.5b.  
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Table 6.1 Evaluation of accuracy of the perfusion measurement: Prospective measurement versus 
the reference retrospective measurement. 

 

Lung Segments Number 

of pairs 

(n) 

 Reference CT 

Perfusion 

(ml/min/g) 

 Prospective CT 

Perfusion 

(ml/min/g) 

P-value 

(α < 0.05) 

RMSE 

(ml/min/g) 

Volume Scan Mode 

Global Perfusion 15 10.04 ± 3.46 10.41± 3.56 0.83 1.25 

Right Lung       

 Right Upper 

Lobe 15 9.70 ± 3.29 10.50 ± 3.73 0.25 1.51 

 Right Middle 

Lobe 15 7.81 ± 2.45 7.28 ± 2.50 0.06 1.37 

 Right Caudal 

Lobe 15 14.54 ± 4.53 14.62 ± 4.62 0.33 1.37 

 Accessory Lobe 15 9.94 ± 3.19 10.47 ± 4.52 0.69 2.47 

Left Lung      

 Left Upper Lobe  15 8.78 ± 3.77 9.61 ± 4.72 0.29 1.43 

 Left Caudal Lobe 15 14.06 ± 5.43 14.94 ± 6.11 0.66 1.90 

      

Helical Scan Mode 

Global Perfusion 11 10.15+3.52 9.43+3.65 0.01* 1.10 

Right Lung      

 Right Upper 

Lobe 11 10.36 ± 3.49 6.94 ± 2.34 0.00* 3.64 

 Right Middle 

Lobe 11 7.44 ± 2.46 6.77 ± 2.77 0.11 1.42 

 Right Caudal 

Lobe 11 14.22 ± 4.44 13.43 ± 4.67 0.38 2.17 

 Accessory Lobe 11 10.33 ± 3.60 9.85 ± 3.69 0.54 1.39 

Left Lung      

 Left Upper Lobe  11 8.66 ± 3.80 7.03 ± 3.46 0.00* 2.24 

 Left Caudal Lobe 11 13.75 ± 5.18 12.68 ± 4.92 0.16 2.33 

 

Note.— SD: Standard Deviation.  
1. The mean perfusion values are the average perfusion values of each lobe sample, the SD values 

are the perfusion value variations from the same sample, not the measurement errors.  
2. The P-values are calculated by the paired-samples t-test statistics. The larger P-values indicate 

higher similarity between the two groups of data. 
3. RMSE: root-mean-square error. 

* Denotes mean CT perfusion values that are significantly different from reference perfusion values. 

 

 

 

 



104 

 

 
 

Figure 6.4 Linear regression and Bland-Altman analyses of the global perfusion using volume 
scan mode. 

Top row) The perfusion measurements were compared between the prospective measurement and 

reference retrospective measurement for two scan modes. Bottom row) The perfusion measurements were 

compared between two prospective measurements for two scan modes. 
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Figure 6.5 Linear regression and Bland-Altman analyses of the global perfusion using helical scan 
mode. 

Top row) The perfusion measurements were compared between the prospective measurement and 

reference retrospective measurement for two scan modes. Bottom row) The perfusion measurements were 

compared between two prospective measurements for two scan modes. 
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Regional Perfusion: The mean regional perfusions of each lobar segment were calculated and 

compared between the reference standard, prospective volume scan measurements, and 

prospective helical scan measurements, as detailed in Table 6.1. For all lobar segments, no 

significant differences were found between the prospective volume scan measurements and the 

reference standard, while significant differences were found in the RUL and LUL between the 

helical scan prospective measurements and reference standard. A significantly higher RMSE of 

3.64 ml/min/g was found in the RUL using the helical scan (Table 6.1).  

Further, the overall prospective regional perfusion measurements were related to the reference 

standard by PPRO=1.04PRETRO-0.38 (r=0.94, RMSD=1.71 ml/min/g, RMSE= 1.72 ml/min/g) using 

the volume scan mode, and PHEL = 0.93PRETRO -0.52 (r=0.91, RMSD=1.92 ml/min/g, RMSE=2.32 

ml/min/g using the helical scan mode (Figures 6.6a and 6.6c, Table 6.1). The linear regression 

parameters of overall regional perfusion measurements can be found in Table 6.2. Larger 

ranges of confidence intervals were found in the regional perfusion as compared to the global 

perfusion in both scan modes (Figures 6.6b and 6.6d). No systemic bias (mean 

difference=0.11 ml/min/g) were found using the volume scan mode, while an underestimation of 

1.27 ml/min/g was found using the helical scan mode in the overall regional perfusion 

measurements. 

 

 

 

 

 



107 

 

Table 6.2 Evaluation of linear regression parameters for accuracy. Prospective perfusion 
measurement versus reference perfusion measurement. 

 

 Slope Intercept Pearson 
r 

CCC RMSE 
(ml/min/g) 

RMSD 
(ml/min/g) 

Volume scan mode       
Global (n = 15) 0.97 

(0.75, 1.20) 
0.33 

(-2.14, 
2.80) 

0.93  
(0.82, 
0.97) 

0.93  
(0.81, 
0.97) 

1.25 1.25 

Regional Overall 
 (n = 90) 

1.04 
(0.962, 
1.12) 

-0.38 
(-1.32, 
0.56) 

0.94  
(0.85, 
0.98) 

0.93  
(0.82, 
0.97) 

1.72 1.71 

        
Helical scan mode       
Global (n = 11) 1.01 

(0.842, 
1.19) 

-0.94 
(-2.79, 
0.91) 

0.98  
(0.92, 
0.99) 

0.96 
(0.86, 
0.99) 

1.10 0.77 

Regional Overall  
(n = 66) 

0.93 
(0.82, 1.04) 

-0.52 
(-1.78, 
0.74) 

0.91  
(0.72, 
0.97) 

0.78  
(0.67, 
0.86) 

2.32 1.92 

Note.—Data in parentheses are 95% confidence intervals. CCC: concordance correlation coefficient, 
RMSD: root-mean-square deviation. 
* Denotes prospective perfusion regression parameters that are significantly different from the retrospective 
perfusion regression parameters, as indicated by non-overlap of each 95% confidence interval, 
respectively.  
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Figure 6.6 The accuracy of the regional perfusion using linear regression and Bland-Altman 
analysis. 

The regional perfuison measurements were compared between the prospective measurement 
and reference retrospective measurement using two scan modes. a) b) Volume scan mode, c) 
d) Helical scan mode.  
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Quantitative Analysis of Reproducibility 

Global Perfusion: For the reproducibility of the prospective perfusion measurements, the 

average perfusions for the two paired sets were 11.03 ± 3.50 and 10.58 ± 3.75 ml/min/g (p=0.21) 

using the volume scan mode, and 7.19 ± 3.45 and 7.76 ± 3.49 ml/min/g (p=0.04) using the helical 

scan mode. Regression and Bland-Altman analyses of the global prospective measurements 

using volume scan and helical scan are shown in Figures 6.4 and 6.5, and detailed in Tables 6.3 

and 6.4.  

Table 6.3 Evaluation of reproducibility of the perfusion measurement. Prospective measurement 1 
versus Prospective measurement 2. 

Lung Segments Number 
of pairs 

(n) 

Reference CT 
Perfusion 1 
(ml/min/g) 

 Prospective 
CT Perfusion 

2 
(ml/min/g) 

P-value 
(α < 
0.05) 

RMSE 

  Volume Scan 
Mode 

   

Global Perfusion 9 11.03 ± 3.50 10.58 ± 3.75 0.21 1.04 
Right Lung      
 Right Upper Lobe 9 11.37 ± 3.47 10.92 ± 3.66 0.39 1.46 
 Right Middle Lobe 9 7.96 ± 2.59 7.65 ± 2.18 0.43 1.09 

 Right Caudal Lobe 9 15.79 ± 4.38 15.08 ± 4.28 0.23 1.70 
 Accessory Lobe 9 11.28 ± 3.92 11.66 ± 4.72 0.76 3.41 

Left Lung      
 Left Upper Lobe  9 10.59 ± 5.15 10.14 ± 4.51 0.39 1.47 
 Left Caudal Lobe 9 15.53 ± 6.06 16.02 ± 5.74 0.32 1.39 
      

Helical Scan Mode  
Global Perfusion 11 7.19 ± 3.65 7.76 ± 3.49 0.04 1.00 
Right Lung      
 Right Upper Lobe 11 5.21 ± 2.43 5.75 ± 2.68 0.14 1.18 
 Right Middle Lobe 11 4.67 ± 2.53 4.94 ± 3.15 0.45 1.11 

 Right Caudal Lobe 11 10.06 ± 4.35 11.66 ± 4.78 0.00* 2.00 
 Accessory Lobe 11 7.04 ± 3.75 8.13 ± 3.76 0.17 2.56 
Left Lung      
 Left Upper Lobe  11 4.70 ± 3.05 5.10 ± 3.76 0.33 1.29 
 Left Caudal Lobe 11 9.26 ± 4.28 10.55 ± 5.32 0.03* 2.06 

Note.— SD: Standard Deviation.  
1. The mean perfusion values are the average perfusion values of each lobe sample, the SD values 

are the perfusion value variations from the same sample, not the measurement errors.  
2. The P-values are calculated by the paired-samples t-test statistics. The larger P-values indicate 

higher similarity between the two groups of data. 
3. RMSE: root-mean-square error. 

* Denotes two perfusion measurements are significantly different. 
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Table 6.4 Evaluation of linear regression parameters for reproducibility. Prospective perfusion 
measurement 1 versus prospective perfusion measurement 2. 

 
 Slope Intercept Pearson r CCC RMSE 

(ml/min/g) 

RMSD 

(ml/min/g) 

Volume scan mode       

Global (n = 9) 

1.03 

(0.78, 1.29) 

-0.82 

(-3.73, 

2.09) 

0.96  

(0.87, 0.99) 

0.95  

(0.84, 

0.99) 

1.04 1.56 

Regional Overall 

 (n = 54) 0.92 

(0.82, 1.03) 

0.74 

(-0.62, 

2.10) 

0.93  

(0.76, 0.98) 

0.93  

(0.75, 

0.98) 

1.91 1.87 

        

Helical scan mode       

Global (n = 11) 

0.93 

(0.78, 1.09) 

1.07 

(-0.17, 

2.31) 

0.98  

(0.92 ,0.99) 

0.96  

(0.88, 

0.99) 

1.00 0.75 

Regional Overall 

 (n = 66) 1.11 

(1.02, 1.21) 

0.11 

(-0.64, 

0.86) 

0.95  

(0.39, 1.00) 

0.92  

(0.18, 

0.99) 

1.78 1.50 

 
Note.—Data in parentheses are 95% confidence intervals. CCC: concordance correlation coefficient, 
RMSD: root-mean-square deviation.  
* Denotes prospective perfusion regression parameters that are significantly different from the retrospective 
perfusion regression parameters, as indicated by non-overlap of each 95% confidence interval, 
respectively.  
 

 

Regional Perfusion: Similarly, all mean perfusion values were compared between two 

prospective measurements on a lobar basis. For the volume scan mode, all lobes had p values 

greater than 0.05, suggesting insignificant differences between the two prospective 

measurements. For the helical scan mode, most of the lobes had insignificant differences from 

each other, except for the LLL and RLL (Table 6.3). The AL had a noticeably higher RMSE than 

all other lobar segments for both volume scan and helical scan prospective measurements (Table 

6.3). Overall, good correlations were found between the two prospective measurements with less 

bias and variations as compared with the reference standard measurements (Figure 6.7, Table 

6.4). The comparisons of the RMSE, RMSD and other regression parameters from all different 

lobes and whole lung are summarized in Figure 6.8, Table 6.5, and Table 6.6.   
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Figure 6.7 The reproducibility of the regional perfusion measurement using linear regression and 
Bland-Altman analysis. 

The regional perfuison measurements were compared between the two prospective measurements using 
two scan modes. a) b) Volume scan mode, c) d) Helical scan mode.  
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Figure 6.8 Comparisons of the RMSE of global and regional perfusion measurements. 

 

Table 6.5 Evaluation of linear regression parameters for regional perfusion accuracy. Prospective 
perfusion measurement versus reference perfusion measurement. 

 Slope Intercept Pearson 
r 

CCC RMSE 
(ml/min/g) 

RMSD 
(ml/min/g) 

Volume Scan Mode 

 Right Upper 
Lobe 

1.03 
(0.76, 1.30) 

0.18 
(-2.65, 3.00) 

0.92  
(0.79, 0.97) 

0.89  
(0.72, 0.96) 1.51 1.44 

 Right Middle 
Lobe 

0.94 
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-0.16 
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 Right Upper 
Lobe 0.61 
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0.70 
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 Left Caudal 
Lobe 

0.86 
(0.56, 1.17) 

0.88 
(-3.53, 5.29) 

0.91  
(0.72, 0.97) 

0.88  
(0.66, 0.96) 2.33 1.98 

 
Note.—Data in parentheses are 95% confidence intervals. CCC: concordance correlation coefficient, 
RMSD: root-mean-square deviation, RMSE: root-mean-square error.  
* Denotes prospective perfusion regression parameters that are significantly different from the retrospective 
perfusion regression parameters, as indicated by non-overlap of each 95% confidence interval, 
respectively.  

 
 

Table 6.6 Evaluation of linear regression parameters for regional perfusion precision. Prospective 
perfusion measurement 1 versus prospective perfusion measurement 2. 

 Slope Intercept Pearson r CCC RMSE 
(ml/min/g) 

RMSD 
(ml/min/g) 

Volume Scan Mode 

 Right Upper 
Lobe 

0.96 
(0.59, 1.34) 

-0.05 
(-4.52, 4.42) 

0.92  
(0.72, 0.98) 

0.91  
(0.70, 0.97) 1.46 1.38 

 Right Middle 
Lobe 

0.76 
(0.44, 1.08) 

1.60 
(-1.06, 4.26) 

0.91  
(0.69, 0.97) 

0.88  
(0.63, 0.97) 1.09 0.87 

 Right Caudal 
Lobe 

0.91 
(0.58, 1.23) 

0.75 
(-4.54, 6.04) 

0.93  
(0.76, 0.98) 

0.92  
(0.72, 0.98) 1.70 1.50 

 Accessory 
Lobe 0.80 

(0.00, 1.60) 

2.59 
(-6.90, 
12.09) 

0.67  
(0.15, 0.90) 

0.65  
(0.13, 0.89) 3.41 3.31 

 Left Upper 
Lobe  

0.84 
(0.63, 1.06) 

1.24 
(-1.27, 3.74) 

0.96  
(0.86, 0.99) 

0.95  
(0.82, 0.99) 1.47 1.19 

 Left Caudal 
Lobe 

0.92 
(0.73, 1.11) 

1.68 
(-1.48, 4.85) 

0.97  
(0.91, 0.99) 

0.97  
(0.89, 0.99) 1.39 1.22 

        

Helical Scan Mode 

 Right Upper 
Lobe 

1.00 
(0.66, 1.35) 

0.51 
(-1.44, 2.47) 

0.91  
(0.74, 0.97) 

0.89  
(0.68, 0.96) 1.18 1.05 

 Right Middle 
Lobe 

1.18 
(0.87, 1.49) 

-0.57 
(-2.20, 1.06) 

0.94  
(0.83, 0.98) 

0.92  
(0.75, 0.97) 1.11 0.99 

 Right Caudal 
Lobe 

1.06 
(0.85, 1.28) 

0.98 
(-1.34, 3.30) 

0.97  
(0.89, 0.99) 

0.91  
(0.72, 0.97) 2.00 1.17 

 Accessory 
Lobe 

0.79 
(0.33, 1.26) 

2.55 
(-1.11, 6.21) 

0.79  
(0.45, 0.93) 

0.76  
(0.38, 0.92) 2.56 2.20 

 Left Upper 
Lobe  

1.17 
(0.88, 1.46) 

-0.39 
(-2.01, 1.23) 

0.95  
(0.84, 0.98) 

0.92  
(0.77, 0.98) 1.29 1.13 

 Left Caudal 
Lobe 

1.20 
(0.94, 1.45) 

-0.53 
(-3.13, 2.06) 

0.96  
(0.88, 0.99) 

0.91  
(0.73, 0.97) 2.06 1.39 

 
Note.—Data in parentheses are 95% confidence intervals. CCC: concordance correlation coefficient, 
RMSD: root-mean-square deviation, RMSE: root-mean-square error.  
* Denotes prospective perfusion regression parameters that are significantly different from the retrospective 
perfusion regression parameters, as indicated by non-overlap of each 95% confidence interval, 
respectively.  
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Dose Estimation 

The average scan length of the helical scan was 23.6 cm. The average CT dose index 

(CTDI) for the retrospective, prospective, and helical scan was 184.8, 9.3, and 4.8 mGy, 

respectively. The effective dose for the retrospective, prospective, and helical scan was 

calculated to be 53.8, 2.7, and 2.1 mSv, respectively. A detailed summary of the dose 

estimations and scan parameters can be found in Table 6.7. 

Table 6.7 Scan parameter and dose estimation of the retrospective and prospective perfusion 
measurement. 

 RETRO VOLUME HELICAL 

 Volume 
scans 

(n = 20) 

V1 
(n =1) 

V2 
(n =1) 

V1+V2 
 

V1 
(n =1) 

V2 
(n =1) 

V1+V2 

Scan parameters 

Tube current (mA) 300 90 300 N/A 50 200 N/A 

Tube voltage (kV) 100 

Detector collimation (mm) 320 × 0.5 320 × 0.5 64 × 0.5 

Dimension Measurements 

AP (cm) 24.2±1.0 

LAT (cm) 30.8±1.3 

Effective Diameter(cm) 27.3±0.8 

Z-length (cm) 16 23.64±1.35 

Dose Estimation 

CTDI (mGy) 184.8 2.1±0.2 7.2±0.2 9.3 ± 0.4 0.7±0.02 4.1±1.3 4.8 ± 1.3 

SSDE (mGy) 240.0 2.71 9.4 12.01  0.91 5.4 6.3 

DLP (mGy·cm) 3843.7 192.9 148.3 

Effective Dose (mSv) 53.8 2.7 2.1 

 

Note: AP = Anterior-Posterior, LAT = Lateral.  

1. Effective diameter (ED)  𝐸𝐷 = √𝐴𝑃 × 𝐿𝐴𝑇 

2. Size Specific Dose Estimate (SSDE): 𝑆𝑆𝐷𝐸 = 𝐶𝑇𝐷𝐼𝑉𝑂𝐿
32  × 𝑓𝑠𝑖𝑧𝑒

32  where 𝑓𝑠𝑖𝑧𝑒
32  is a value derived from 

the measured effective diameter for a 32cm phantom. In this case, the 𝑓𝑠𝑖𝑧𝑒
32  was equal to 1.3. 

3. Effective Dose  = 𝐷𝐿𝑃 × 𝑘 , where k is a coefficient derived for an adult. In this case, k = 0.014. 
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Discussion 

The prospective two-volume, whole-lung CT perfusion technique using both volume and 

helical scan modes were validated against the reference standard retrospective perfusion 

measurements. The results suggest that both global and regional lobar perfusions were in good 

agreement with the corresponding reference standard measurements using both scan modes. 

For regional lobar perfusion analyses, near unity regression slopes and negligible biases were 

measured using the volume scan mode, while a slight underestimation was observed using the 

helical scan mode. Overall, the regional perfusion values distributed in a wide range from 0 to 30 

ml/min/g, with an average root-mean-square error of 1.72 ml/min/g and 2.32 ml/min/g, using the 

volume and helical scan mode, respectively. Additionally, linear regression and agreement 

analysis results of the two prospective measurements indicate satisfying reproducibility of the two-

volume prospective perfusion technique using both scan modes, with good correlation, negligible 

bias, and relatively small RMSE and RMSD. More importantly, the results of prospective helical 

scan measurements indicate that the accurate dynamic whole-lung perfusion measurement is 

feasible with the first-pass analysis technique using only two CT images. Lastly, the radiation 

dose of the prospective perfusion measurement using helical scan is as low as 2-3 mSv, which 

ultimately enables the clinical application of the whole-lung perfusion technique for the 

assessment of pulmonary disease.  

 Previous studies have used subtraction CT between the unenhanced and enhanced CT 

scan to show the iodine distribution for the detection of suspected PE (90,161,162).  As there is 

no temporal information, the iodine map can only reflect the Hounsfield unit (HU) density 

differences in the lung parenchyma between the two scans, which lacks physiological information 

in terms of blood flow or perfusion. A first-pass kinetic model in conjunction with the temporal 

iodine concentration change estimation is required to provide perfusion measurement.  Our two-

volume, prospective CT perfusion technique minimized the number of volume scans required in 
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a dynamic CT perfusion measurement to two scans and maximized the size of the perfusion 

compartment to encompass the entire lung parenchyma, as acquired by a fast helical scan. The 

expansion of the compartment size guarantees the most accurate and robust perfusion 

measurement as the iodine accumulation is calculated by integrating the change of HU in the 

entire lung as the compartment (163).  Given that the contrast transit time within the entire lung 

is approximately five seconds, blood flow measurement can be completed before contrast starts 

to exit the compartment. Specifically, the first time point is determined by bolus-tracking on the 

atrial input vessel as an indication of contrast delivery; while the second time point is determined 

when the maximal enhancement reaches in arterial input vessel as an implication of contrast 

leaving. Such time-to-peak delay has been empirically related to the contrast injection duration 

and the fixed dispersion time in previous studies, demonstrating accurate and reliable time 

prediction over a wide range of body weights and cardiac outputs (80).  Therefore, with the optimal 

timing protocol, the dynamic, whole-lung CT perfusion measurement is feasible with a first-pass 

analysis technique using only two helical scans.  

 Although satisfactory correlation and statistical bias were found in the global perfusion 

measurements, it is noticeable that the measurement variance increased in the lobar regional 

perfusion measurements. Potential contributors may lead to the measurement errors. First of all, 

blood flow fluctuations in the animals between paired acquisitions may still exist, albeit tight 

controls on ventilation, anesthesia, and hemodynamics monitoring. Second, motion artifacts may 

occur during the perfusion scan. Also, the two helical scans may be acquired in different cardiac 

phases due to the lack of electrocardiogram synchronization. In fact, a minimum of a 30-second 

breath-hold is usually required by the multi-volume dynamic scans (33–35,57,59–61), while the 

actual breath-hold time for the prospective two-volume scan is from the bolus-tracking triggering 

time to the second volume acquisition time. Generally, such delay lasts less than 10 seconds, 

which adequately prevents respiratory mis-registration and makes the technique more acceptable 
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to patients with severe pulmonary diseases. In addition, the acquisition time of the peak 

enhancement volume scan is essential to the measurement accuracy. Therefore, the acquisition 

time after to the peak time may lead to underestimation, while prior to the peak time may suffer 

from inadequate contrast signal. As limited by the temporal resolution, the helical scan time is 2-

3 seconds, which has to start before the peak and continue past the peak. As such, with the use 

of trigger-to-peak time (the scan time of the middle slice) in normalization, the HU change (∆𝑀/∆𝑡) 

from the early scanned slices is lower than it should be, which may explain the systematic 

underestimation bias from the helical scan mode, especially in the upper lobes as observed from 

the regional perfusion analyses. Finally, beam hardening artifacts due to contrast inflow are 

severe, particularly for the lobes adjacent to the heart and large vessels, resulting in increased 

error in the accessory, right and left middle lobes. 

Other limitations are as follows. First, a small number of animals were used in this study. 

While multiple independent perfusion measurements were performed on each swine under 

various hemodynamic conditions, additional studies on a larger number of animals remain 

necessary.  Second, the average animal weight is not equivalent to standard patient size. 

Although body-weight-adjusted contrast volume and time-to-peak delay were calculated in each 

experiment, automatic tube voltage and tube current modulation depending on patient BMIs 

should be used for a more optimal scan protocol. Third, the retrospective CT perfusion technique 

that served as the reference standard in the quantitative assessment may also be hampered by 

some inherent limitations of CT technique itself, such as the beam hardening artifacts, motion 

artifacts, etc. Fortunately, the retrospective FPA perfusion technique has been validated against 

fluorescent microsphere perfusion measurements with blood sample withdrawal and 

demonstrated high accuracy and precision (93). Nevertheless, further comparative studies with 

other perfusion imaging modalities may still be necessary as a follow up. Lastly, the two-volume 

prospective perfusion technique needs to be validated and assessed in patients with various 
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cardiopulmonary conditions such as acute pulmonary embolism, pulmonary hypertension, as well 

as airway obstruction diseases. 

 

Conclusion 

The prospective two-volume, whole-lung CT perfusion technique was validated as 

compared with the reference standard perfusion measurements with two scan models. The 

results indicate that an accurate and reproducible dynamic whole-lung perfusion measurement is 

feasible with only two helical scans. Such prospective perfusion technique with helical scan mode 

ultimately enables a low-dose, whole-lung dynamic perfusion technique in the assessment of 

pulmonary disease.  
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Chapter 7 Quantification of Airway Dimensions using a High-

Resolution Computed Tomography Scanner 

 

Abstract 

Small airways with inner diameters less than 2 mm are sites of major airflow limitations in 

patients with chronic obstructive pulmonary disease (COPD) and asthma. The purpose of this 

chapter is to investigate the limitations for accurate assessment of small airway dimensions using 

both high-resolution CT (HRCT) and conventional normal-resolution CT at low dose levels. To 

model the normal human airways from the 3rd to 20th generations, a cylindrical polyurethane 

phantom with 14 airway tubes of inner diameters (ID) ranging from 0.3 to 3.4 mm and wall 

thicknesses (WT) ranging from 0.15 to 1.6 mm was placed within an Anthropomorphic QRM-

Thorax phantom.  The Aquilion Precision (Canon Medical Systems Corporation) HRCT scanner 

was used to acquire images at 80, 100 and 120 kV using high resolution mode (HR, 0.25 mm x 

160 detector configuration) and normal resolution mode (NR, 0.5 mm x 80 detector configuration). 

The HR data were reconstructed using 1024 x 1024 matrix (0.22 x 0.22 x 0.25 mm voxel size) 

and the NR data were reconstructed using a 512 x 512 matrix (0.43 x 0.43 x 0.50 mm). Two 

reconstruction algorithms (filtered back projection; FBP and an adaptive iterative dose reduction 

3D algorithm; AIDR 3D) and three reconstruction kernels (FC30, FC52 and FC56) were 

investigated. The 𝐶𝑇𝐷𝐼𝑣𝑜𝑙 dose values ranged from 0.2 to 6.2 mGy. A refined automated full-width 

half-maximum (FWHM) method was used for the measurement of airway dimensions, where the 

density profiles were computed by radial oversampling using a polar coordinate system. Both ID 

and WT were compared to the known dimensions using a regression model, and the root-mean-

squared-error (RMSE) and average error were computed across all 14 airway tubes. The results 

indicate that the ID can be measured within a 15% error down to approximately 0.8 mm and 2.0 
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mm using the HR and NR modes, respectively. The overall RMSE (and average error) of ID 

measurements for HR and NR were 0.10 mm (-0.70%) and 0.31 mm (-2.63%), respectively. The 

RMSE (and average error) of WT measurements using HR and NR were 0.10 mm (23.27%) and 

0.27 mm (53.56%), respectively. The WT measurement using HR yielded a factor of two 

improvement in accuracy as compared to NR. In conclusion, high-resolution CT can provide more 

accurate measurements of airway dimensions as compared with normal resolution CT, potentially 

improving quantitative assessment of pathologies such as COPD and asthma.  The high-

resolution mode acquired and reconstructed with AIDR3D and the FC52 kernel provides most 

accurate measurement of airway dimensions. Low-dose high resolution measurements at dose 

level above 0.9 mGy can provide improved accuracy on both inner diameters and wall thicknesses 

compared to full dose normal resolution airway phantom measurements.     

Introduction 

Alteration of airway function is associated with airflow obstruction and inflammation in 

patients with chronic obstructive pulmonary disease (COPD) and asthma (164–169). Advanced 

computed tomography (CT) techniques have enabled noninvasive quantitative structural 

measurements of airway dimensions in the clinical settings for improving management of airway 

diseases (170–173). The CT-based quantification of airway in the segmental and sub-segmental 

airways have allowed better evaluation of the relationship between lumen narrowing and airflow 

impairment (164,166). 

 Despite accurate CT assessments of larger airways with thicker walls, the cross-sectional 

pathological features in small airways with internal diameters of less than 2 mm have shown to 

be more critical to airway function (172,174–177). Due to the spatial resolution limitations of CT 

techniques in the clinical setting, partial volume effects reduce measurement accuracy for both 

lumen diameters and wall thicknesses (175). Hence, the assessment of small airway dimensions 
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up to the 6th generation (~2.5 mm in inner diameter) or higher generations remains challenging 

(164,178). Previous investigators have used paired inspiratory and expiratory CT lung scans as 

imaging biomarkers to allow for the assessment of functional small airways functions in patient 

with COPD (179).  However, motion artifacts are the major limitation of the subtraction technique 

when applied with a voxel-by-voxel basis image co-registration method. Hence, an accurate, 

direct, and noninvasive approach to quantify small airway functions is absolutely needed.  

A recently introduced clinical high-resolution CT (HRCT) scanner, the Aquilion Precision 

(Canon Medical Systems Corporation, Otawara, Japan), has approximately two times higher 

spatial resolution than normal resolution CT(180), enabling better visualization of small airway 

structures with clear details (181). The purpose of this study is to investigate the improvement of 

small airway assessment using the high-resolution (HR) mode (0.25 mm × 0.25 mm detector 

element size in the detector channel and row directions) and compare it with the normal resolution 

(NR) mode (0.5 mm × 0.5 mm). The central hypothesis of this study is that the HR mode produces 

more accurate measurements of the airway dimensions including both inner lumen diameter (ID) 

and the wall thickness (WT) than the NR mode, using the known tube sizes as the ground truth. 

The influence of various acquisition and reconstruction parameters were also evaluated to 

determine the optimal CT parameters for accurate measurement of airway dimensions. 

 

MATERIALS AND METHODS 

Airway Phantom 

A 10 cm diameter cylinder composed of polyurethane foam mimicking the lung 

parenchyma was placed within an anthropomorphic chest phantom (QRM-Thorax phantom, 

Moehrendorf, Germany) as shown in Figure 7.1. The anthropomorphic phantom (300 mm x 200 

mm x 100 mm; bore hole diameter 100mm) is used to simulate human tissues based on the 
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density and X-ray attenuation characteristics of a human thorax. Fourteen silicone tubing (5 cm 

in length) of various sizes were embedded in the QRM-Thorax phantom. The tubing inner 

diameters (ID) ranged from 0.3 to 3.4 mm and the wall thickness (WT) ranged from 0.15 to 1.6 

mm within 10% tolerance (Tubing T2001-T2014, Qosina, Ronkonkoma, NY, USA, Figure 7.2). 

This specific range of tube dimensions was chosen to mimic the human airway from the 3rd to the 

20th generations of branching (178,182). 

 

Figure 7.1 The phantom study experimental setup. 

 a) QRM-Thorax phantom with the embedded polyurethane foam cylinder with 14 airway tubes. b) The 
chest phantom placed perpendicularly to the scan slices. c) The chest phantom placed obliquely at a 30-
degree gantry tilt angle to the scan slices. 

 

 

Figure 7.2 Comparisons of images of 14 airway tubes using super high-resolution (HR) and 
normal-resolution (NR) acquisitions on the Precision CT scanner. 

Images were acquired at 6.2 mGy (120 kV, 91 mAs) and reconstructed with filter back projection using 
FC30 kernel. Window/Level: -300/1700 HU. 
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Phantom Imaging 

The QRM-Thorax phantom with embedded airway phantoms were imaged on the Aquilion 

Precision HRCT scanner (Canon Medical Systems Corporation, Otawara, Japan). The center of 

the cylindrical phantom was placed at the isocenter of the scanner and separate scans were 

acquired with no gantry tilt and with a 30-degree gantry tilt angle as shown in Figures 7.1b and 

7.1c, respectively. Axial scans were acquired using both normal resolution “NR” mode (0.5 mm x 

0.5 mm detector element sizes in the channel and row directions) and high resolution “HR” mode 

(0.25 mm x 0.25 mm). A 4 cm collimation width was used for both acquisitions (0.5 mm x 80 for 

NR; 0.25 mm x 160 for HR) with a 4 cm scan length (i.e. one table position). All acquisitions 

utilized the smallest focal spot size available on the system (0.4 mm x 0.5 mm) and a tube rotation 

time of 0.35 seconds. Scans were acquired at three tube potentials (80, 100, and 120 kV) and 

five CTDIvol values for both HR and NR modes (6.2, 1.2, 0.9, 0.6 and 0.2 mGy). The combination 

of scan and reconstruction parameters are detailed in Table 7.1.  

Table 7.1 Combinations of scan and reconstruction parameters. 

Scan parameters 

Scan mode Tilt angle 
(degree) 

Tube potential 
(kV) 

Dose Level (mGy) 

HR 0  80  1.2 0.9 0.6 0.2 

100  1.2 0.9 0.6 0.2 

120 6.2 1.2 0.9 0.6 0.2 

30  120 6.2     

NR 0  80  1.2 0.9 0.6 0.2 

100  1.2 0.9 0.6 0.2 

120 6.2 1.2 0.9 0.6 0.2 

 

Reconstruction parameters 

Reconstruction algorithm Reconstruction kernel 

AIDR 3D FC30 

FC52 

FC56 

FBP FC30 

FC52 

FC56 

Note.— HR: High-resolution mode; NR: Normal-resolution mode. AIDR 3D:  adaptive iterative 
dose reduction 3D algorithm; FBP: filtered back projection. 

 

The HR data was reconstructed using 1024 x 1024 matrix (0.22 x 0.22 x 0.25 mm voxel 

size, 220 mm reconstructed field-of-view) and the NR data was reconstructed using a 512 x 512 
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matrix (0.43 x 0.43 x 0.50 mm, 220 mm reconstructed field-of-view). Two reconstruction 

algorithms (filtered back projection; FBP and an adaptive iterative dose reduction 3D algorithm; 

AIDR 3D) and three different reconstruction kernels (FC30, FC52 and FC56) were used for both 

scan modes.  

Airway Measurements  

For image pre-processing, commercial software (ViTAL Images, Lung CT, Pulmonary 

Analysis Workflow; Canon Medical Systems) was used for the semi-automatic segmentation of 

each airway phantom tube placed within the QRM-Thorax phantom. A 3D region-based vessel 

segmentation tool was first used by placing a seed point within the tube and growing to the 

neighboring pixels, followed by a manual correction of the segmentation. 

Airway measurements were then obtained using in-house software developed in 

MATLAB® (R2019a; MathWorks Inc.). The image analysis was performed using the following six-

step procedure (Figure 7.3):  

1. Compute the centerline of each tube segment using a 3-D skeletonization algorithm (183), 

which constructs the skeleton model by 3-D digital filtering and thinning operations.  

2. Perform a 3D curved planer reformation (CPR) on each tube segment along the centerline 

to generate longitudinal cross-sectional images perpendicular to the centerline. 

3. Up-sample each cross-sectional image by a factor of ten using a linear bi-cubic 

interpolation algorithm (178,184) and convert the cartesian coordinates (x, y) to their polar 

coordinates equivalent (r, θ) (185,186). 

4. Generate radial bins in the circumferential direction by sorting the pixels into equally 

spaced bins (radial bin size: 3 times the cross-sectional image pixel size) along theta 

(𝜃𝜖[0, 2𝜋], angular bin size: 0.1 rad, 62 bins) and average the values of each bin to 

generate the density profile along each theta.  
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5. Measure the ID and wall WT using the standard full-width half-maximum (FWHM) method 

by analyzing each of 62 density profiles and averaging the ID and WT measurements from 

all the profiles (178,184).  

6. The final ID and WT dimensions were calculated by averaging the measurements from six 

axial images (HR: 0.25 mm × 6; NR: 0.5 mm × 6) along the z-axis. 

 

Figure 7.3 Schematic workflow diagram for the full-width half-maximum (FWHM) measurement 
approach. 
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Statistical Analysis  

The mean and standard deviation (SD) of the ID and WT were calculated across six 

contiguous cross-sectional images centered at each tube along z-axis.  The coefficient of variation 

(CV) was also calculated as the ratio of the mean and SD ( 𝐶𝑉 =
𝑆𝐷

𝑀𝑒𝑎𝑛
× 100%). To determine the 

effects of CT parameters on the airway dimension measurement, the error was calculated as the 

relative difference between the CT measurement size and the known tube size (𝐸𝑟𝑟𝑜𝑟 =

(𝐶𝑇_𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡)− 𝐴𝑐𝑡𝑢𝑎𝑙

𝐴𝑐𝑡𝑢𝑎𝑙
× 100%). The CT measurements were also compared with the known 

sizes using Mann Whitney U test (SPSS, version 22, IBM, Armonk, NY). Finally, the CT 

measurements were quantitatively compared to the known dimensions through regression, 

Bland-Altman, root-mean-square-error (RMSE) and root-mean-square-deviation (RMSD). 

 

RESULTS 

Overall Performance Evaluation 

For CT images acquired by the HR mode at 120kV, 6.2 mGy, the mean CT value of the 

polyurethane foam and the silicone tube were -918 HU and 301 HU, respectively.   

The ID and WT were evaluated for each of the airway phantoms using two scan modes 

and compared with the known phantom dimensions. Figure 7.2 shows the phantom tube images 

acquired in NR and HR modes at a CTDIvol of 6.2 mGy and reconstructed with FBP using the 

FC30 kernel.  For tubes with ID < 1.0 mm and WT < 0.5 mm, the airways within the airway tubes 

are not visible in NR mode, but can be clearly visualized in HR mode except for ID of 0.3 mm. 

Performance metrics of the airway phantom dimensions determined from the CT images 

are shown in Figure 7.4. The mean, standard deviation, and error of each airway phantoms are 

summarized in Table 7.2. For ID measurements, the overall RMSE (mean error %) for HR and 
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NR were 0.10 mm (-0.70 %) and 0.31 mm (-2.63%), respectively. Larger errors were found using 

the NR mode when IDs were less than 2 mm (Figure 7.4a, 7.4b). For WT measurements, the HR 

measurements were related to the known measurements by WHR = 0.86WK + 0.16 (Pearson 

correlation coefficient, r = 1.00), with a RMSE of 0.10 mm, a RMSD of 0.05 mm and a mean error 

of 23.17%. NR WT measurements were related to the known measurements by WNR = 0.68WK + 

0.35 (r=0.88), with a RMSE of 0.27 mm, a RMSD of 0.19 mm and a mean error of 52.56% (Figure 

7.4c, 7.4d). Significant differences were found between the NR measured WT and the known WT 

(p = 0.03), while differences between the HR measured WT and the known WT were just outside 

our criterion for significance (p = 0.06). The detailed linear regression parameters, 95% intervals, 

RMSE, RMSD are listed in Table 7.3. The WT measurement using HR mode yielded a factor of 

two improvements in the accuracy (RMSE, RMSD and mean error) as compared to NR mode. 
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Figure 7.4 Linear regression and error results comparing high-resolution (HR) and normal-
resolution (NR) scan modes. 

 (a,c):  Inner diameter measurement; (b,d): Wall thickness measurement. The data shown in the graph were 
acquired at 120 kV, 260 mA, 6.2 mGy for each scan mode and reconstructed with all reconstruction 
methods and kernels. RMSE: Root mean square error. 
 

Table 7.2 Comparisons of CT measured tube dimension using HR and NR modes. 

ID: Inner diameter (mm) 

Tube No. Ref HR mode NR mode 

  Mean ± SD (%) Mean ± SD (%) 

T2001 0.30 0.25 ± 0.05 (-17.75) 0.20 ± 0.20 (-32.45)  

T2002 0.50 0.48 ± 0.10 (-4.33) 0.16 ± 0.13 (-68.22) 

T2003 0.60 0.55 ± 0.07 (-8.14) 0.50 ± 0.06 (-16.03) 

T2004 0.80 0.68 ± 0.05 (-14.73) 1.58 ± 0.21 (97.44) 

T2005 0.80 0.85 ± 0.09 (6.09) 0.99 ± 0.09 (23.53) 

T2006 1.00 1.07 ± 0.06 (6.76) 0.92 ± 0.12 (-7.03) 

T2007 1.50 1.42 ± 0.04 (-5.65) 1.10 ± 0.05 (-26.55) 

T2008 1.60 1.55 ± 0.05 (-3.21) 1.22 ± 0.07 (-23.69) 

T2009 1.60 1.71 ± 0.04 (6.86) 1.55 ± 0.08 (-3.03) 

T2010 1.60 1.74 ± 0.04 (8.96) 1.89 ± 0.05 (18.38) 

T2011 2.00 2.03 ± 0.05 (1.60) 1.81 ± 0.07 (-9.39) 

T2012 2.60 2.81 ± 0.03 (8.21) 2.80 ± 0.12 (7.67) 

T2013 3.20 3.36 ± 0.04 (4.86) 3.45 ± 0.04 (8.12) 

T2014 3.40 3.42 ± 0.04 (0.64) 3.20 ± 0.09 (-5.65) 

  

WT: Wall thickness (mm) 

T2001 0.15 0.29 ± 0.03 (95.80) 0.51 ± 0.05 (240.91) 

T2002 0.20 0.27 ± 0.06 (32.65) 0.38 ± 0.04 (90.70) 

T2007 0.25 0.48 ± 0.06 (91.42) 0.79 ± 0.05 (214.75) 
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T2003 0.30 0.34 ± 0.06 (14.88) 0.48 ± 0.01 (60.18) 

T2008 0.40 0.58 ± 0.05 (44.21) 0.85 ± 0.07 (113.36) 

T2004 0.45 0.55 ± 0.04 (22.34) 0.13 ± 0.03 (-69.30) 

T2006 0.60 0.65 ± 0.05 (8.31) 0.62 ± 0.14 (3.24) 

T2011 0.60 0.70 ± 0.06 (16.75) 0.90 ± 0.08 (49.95) 

T2014 0.60 0.69 ± 0.04 (14.56) 0.90 ± 0.09 (49.81) 

T2009 0.80 0.79 ± 0.03 (-0.86) 0.94 ± 0.08 (16.91) 

T2012 1.15 1.09 ± 0.14 (-4.88) 1.07 ± 0.08 (-7.38) 

T2005 1.58 1.53 ± 0.07 (-3.41) 1.47 ± 0.03 (-6.87) 

T2010 1.60 1.56 ± 0.03 (-2.33) 1.43 ± 0.04 (-10.51) 

T2013 1.60 1.54 ± 0.03 (-3.69) 1.44 ± 0.03 (-9.87) 

Note.— The reference inner diameter and wall thickness (Ref) were listed in the manufacturer's manual. 
Images included were acquired at 260 mA, 120 kV, 91 mAs, 6.2 mGy CTDIvol and reconstructed with all 
reconstruction methods and kernels. 

 

Table 7.3 Linear regression parameters of CT measured airway dimensions using HR and NR 
modes. 

Scan modes HR mode NR mode 
 

ID [95% CI] WT [95% CI] ID [95% CI] WT [95% CI] 

Slope 1.06 [1.04, 1.07] 0.86 [0.84, 0.88] 1.01 [0.93,1.00] 0.68 [0.59, 0.76] 

Intercept (mm) -0.06 [-0.09, -0.03] 0.16 [0.14, 0.18] -0.02 [0.16,0.1] 0.35 [0.28, 0.43] 

Pearson’s r 1.00 0.99 0.95 0.87 

Error (%) -0.70 23.27 12.87 52.56 

RMSE (mm) 0.10 0.10 0.31 0.27 

RMSD (mm) 0.08 0.05 0.31 0.19 

P-value 0.85 0.06 0.85 0.03* 

 

Note.— WT: wall thickness; ID: Inner diameter CI: Confidence Interval. p-value less than 0.05 indicates 
significant difference. Images included were acquired at 260 mA, 120 kV, 91mAs, 6.2 mGy.  
The linear regression form:  𝒀𝒎𝒆𝒂𝒔𝒖𝒓𝒆 = 𝒂 + 𝒃𝑿𝒕𝒓𝒖𝒆, where the CT measured ID and WT (dependent 
variables) are related to the true ID and WT (explanatory variable), respectively. 

 

Figure 7.5 shows the reliability of the airway measurements for the two scan modes using 

the coefficient of variations. The variability of the measurements was higher for the NR mode and 

especially dispersed for smaller ID and WT values due to the partial volume effects when 

compared with HR mode. In addition, the CV of ID was higher than WT in small tubes using the 

NR mode. ID measurements are not reliable below 0.8 mm for NR mode since the airway signal 

change is not detectable from its density profile due to the partial volume effects (Figure 7.2). 
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Figure 7.5 Reliability of tube dimension measurements using the HR and NR scan modes. 

a) Inner diameter; b) wall thickness. Coefficient of variation (CV) is calculated from six independent 

realizations of each tube dimension by the mean and standard deviation. 𝐶𝑉 =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑀𝑒𝑎𝑛
× 100%. 

Images included were acquired at 260 mA, 120 kV, 91mAs, 6.2 mGy. 

Effects of CT parameters 

Figure 7.6 shows box-plots of the mean error for the ID and WT measurements of the 

airway phantoms. Results are shown for HR and NR modes, various CTDIvol levels, tube 

potentials, reconstruction kernels, and gantry tilt angles.  

The error decreased for HR mode as CTDIvol increased from 0.2 mGy to 6.2 mGy for both 

ID and WT measurements as shown in Figure 7.6a and 7.6b. For NR mode, the mean error, 

RMSE, and RMSD was consistent across CTDIvol levels except for 0.2 mGy.  At the highest dose 

level of 6.2 mGy, the RMSEs of ID and WT for the NR mode (ID: 0.31 mm; WT:0.27 mm) were at 

least two times greater than for the HR mode (ID: 0.10 mm; WT:0.10 mm). Furthermore, for the 

HR mode at 1.2 and 0.9 mGy, the RMSE (mean error) of ID were 0.16 mm (12.30%) and 0.17mm 

(10.63%) respectively, and the RMSE of WT were 0.19 mm (44.13%) and 0.20 mm (45.08%) 

respectively, indicating that low-dose HR measurements can provide improved accuracy on 

airway phantom measurements compared to the NR mode at the highest dose level (Table 7.4).  
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Table 7.4 Effect of the radiation dose using the HR and NR scan modes on inner diameter (ID) and 
wall thickness (WT) measurements. 

Note.— Image data were acquired varied radiation dose and reconstructed with either FBP or AIDR 3D algorithm using 

three lung kernels. Error is the mean error across all 14 airway phantom measurements. 

HR and NR performance at different tube potentials and a fixed dose level (1.2 mGy) are 

compared in Figure 7.6c and 7.6d. For each scan mode, the differences in mean error are less 

than 10 % between any two tube potentials for ID and WT (Table 7.5). 

Table 7.5 Effect of the tube potentials using the HR and NR scan modes on inner diameter (ID) and 
wall thickness (WT) measurements. 

Tube Potential (kV) 120 100 80 

ID  HR Error (%) 12.04 9.96 14.89 
RMSE (mm) 0.16 0.15 0.18 
RMSD (mm) 0.15 0.15 0.16 

NR Error (%) 3.62 6.47 0.72 
RMSE (mm) 0.30 0.29 0.28 
RMSD (mm) 0.29 0.28 0.28 

WT  HR Error (%) 43.59 48.84 39.96 
RMSE (mm) 0.20 0.21 0.17 
RMSD (mm) 0.12 0.13 0.11 

NR Error (%) 66.52 60.71 58.48 
RMSE (mm) 0.31 0.29 0.28 
RMSD (mm) 0.19 0.19 0.18 

Note.— Image data were acquired at 1.2 mGy and reconstructed with either FBP or AIDR3D algorithm using three lung 

kernels. Error is the mean error across all 14  airway phantom measurements. 

Dose (mGy) 6.2 1.2 0.9 0.6 0.2 

ID  HR Error (%) -0.99 12.30 10.63 12.38 28.15 

RMSE (mm) 0.10 0.16 0.17 0.19 0.40 

RMSD (mm) 0.09 0.15 0.15 0.18 0.25 

NR Error (%) 12.87 13.60 13.54 10.21 29.92 

RMSE (mm) 0.31 0.29 0.28 0.29 0.37 

RMSD (mm) 0.31 0.29 0.28 0.28 0.31 

WT  HR Error (%) 23.27 44.13 45.08 71.96 130.52 

RMSE (mm) 0.10 0.19 0.20 0.31 0.58 

RMSD (mm) 0.05 0.11 0.12 0.19 0.30 

NR Error (%) 52.56 61.90 62.12 70.74 93.10 

RMSE (mm) 0.27 0.29 0.29 0.32 0.40 

RMSD (mm) 0.19 0.20 0.18 0.20 0.25 
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The mean error was compared between the two reconstruction algorithms (AIDR3D and FBP) 

with the FC30 (soft), FC52 (medium) and FC56 (sharp) kernels at 6.2 mGy, as shown in Figure 

7.6e and 7.6f. The overall mean error using AIDR3D is slightly lower than FBP for HR and NR 

modes by 0.10% and 4.96% in ID measurements, and by 2.67% and 6.21% in WT measurements, 

respectively.  For the HR mode, comparable results were found in WT and ID measurements 

between the FC30 and FC52 kernels, where a slight overestimation of 5% error was found in WT 

measurements using the FC56 kernel. The results indicate that AIDR3D with either FC30 or FC52 

kernels can provide the least error in the airway measurement (Table 7.6).  

Table 7.6 Effect of the reconstruction algorithms and kernels using the HR and NR scan modes on 
inner diameter (ID) and wall thickness (WT) measurements. 

Algorithms AIDR 3D FBP 

Kernels FC30 
(N = 2 ) 

FC52 
(N = 1) 

FC56 
(N = 1) 

FC30 
(N = 2) 

FC52 
(N = 1) 

FC56 
(N = 1) 

ID  HR Error (%) -1.52 1.15 -1.60 -0.95 0.74 -2.03 

RMSE (mm) 0.11 0.11 0.11 0.12 0.13 0.10 

RMSD (mm) 0.08 0.08 0.10 0.08 0.09 0.08 

NR Error (%) 2.75 -0.48 6.11 -7.64 -9.14 -7.42 

RMSE (mm) 0.33 0.27 0.35 0.35 0.29 0.36 

RMSD (mm) 0.33 0.26 0.34 0.35 0.28 0.36 

WT  HR Error (%) 21.29 17.88 26.63 21.14 25.91 26.77 

RMSE (mm) 0.10 0.09 0.14 0.10 0.11 0.13 

RMSD (mm) 0.05 0.05 0.09 0.04 0.06 0.07 

NR Error (%) 48.94 46.25 53.17 54.84 49.94 62.22 

RMSE (mm) 0.27 0.25 0.31 0.28 0.25 0.32 

RMSD (mm) 0.19 0.16 0.23 0.18 0.15 0.23 

Note.— Image data were acquired at 6.2 mGy, 120 kV, 91mAsand reconstructed with either FBP or AIDR3D algorithm 
using three lung kernels. Error is the mean error across all 14 airway phantom measurements. 

 

Last, for the HR mode, the differences in mean error between 0 and 30 degree gantry tilt 

angles were small (< 2%) with both ID and WT measurements, indicating that the measurements 

are robust to airway branches that are oriented with their centerline within 30 degrees of parallel 

to the z-axis of the scanner (Table 7.7). 
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Table 7.7 Effect of tilted-angle using the HR scan mode on inner diameter (ID) and wall thickness 
(WT) measurements. 

Tilted angle (degree) 0 30 

ID 
 

Error (%) -0.99 -0.41 

RMSE (mm) 0.11 0.10 

RMSD (mm) 0.09 0.08 

WT  
 

Error (%) 22.44 24.09 

RMSE (mm) 0.10 0.11 

RMSD (mm) 0.05 0.06 
 
Note.— Image data were acquired at 6.2 mGy, 120 kV, 91mAsand reconstructed with either FBP or AIDR3D algorithm 
using three lung kernels. Error is the mean error across all 14 airway phantom measurements. 
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Figure 7.6 Comparison results for the mean error using HR and NR modes for various CTDIvol 
levels (a,b), tube potentials (c,d) and reconstruction algorithms (e,f). 

The gantry tilt angle at 0 and 30 degrees were compared using HR mode only (g,h). Variations in the inner 
diameter (ID) are shown in (a,c,e,g) and wall thickness (WT) are shown in (b,d,f,h). 
Note: (a-b) images were acquired at 3 tube potentials, 5 dose levels, 0° gantry tilt angle, and reconstructed 
with six reconstruction mode/kernel combinations for both scan modes. (c,d ) images were acquired at 3 
tube potentials,1.2 mGy, 0° gantry tilt angle, and reconstructed with six reconstruction mode /kernel 
combinations for both scan modes. (e,f) images were acquired at 120 kV, 6.2 mGy, 0° gantry tilt angle, and 
reconstructed with six reconstruction mode /kernel combinations for both scan modes. (g,h) images were 
acquired at 120 kV, 6.2 mGy, two tilt angles, and reconstructed with six reconstruction mode /kernel 
combinations for HR scan mode. 

 

DISCUSSION 



135 

HR acquisitions on the HRCT scanner yields more accurate measurements of both ID and 

WT of the small airway phantoms (ID < 2 mm) compared to the NR mode. Although positive 

correlations were found with NR mode tube dimension measurements, the error was 

approximately twice as large as the error for HR mode (Figure 7.4). In addition, the results 

indicate that the ID can be measured within a 15% error down to approximately 1.3 mm and 2.5 

mm using the HR and NR modes, respectively. Hence, HRCT can quantify smaller airways in HR 

mode with a more acceptable error rate.  

To investigate the pathological lesions in patients with obstructive lung disease, histology 

results have shown the need for accurate assessment of airway remodeling in the smaller and 

more distal airways. Given that CT scanners have spatial resolution limitations, it is important to 

be aware of partial volume effects in the airway dimension measurements (178). Hence, phantom 

studies with known dimensions and compositions have been widely used to evaluate the influence 

of partial volume effects on the measurement of small sized targets. Unfortunately, tube 

dimensions provided in the previous studies were out of the range of   airways with pathological 

features (IDs > 2 mm) (181,187–189). The present study focused on airway phantoms with 

luminal diameters ranging from 0.30 to 2.00 mm and wall thicknesses ranging from 0.15 to 1.00 

mm. This wide range of sizes correspond to the major sites of airway obstruction from the 6th to 

20th generation airways (182), and is therefore clinically relevant. Using a stationary airway 

phantom, our results demonstrate that there exists higher error for WTs less than 0.8 mm using 

NR mode as compared to the HR mode regardless of dose levels, tube potentials and 

reconstruction parameters used. The significant overestimation of WT was substantially reduced 

by a factor of two using HR mode with a slight increase in noise at the same CTDIvol level. 

Additionally, photon-counting detector CT has been shown to have similar or improved image 

quality and spatial resolution compared to conventional HRCT systems using energy-integrating 

detectors. Photon-counting detector CT has been used to evaluate the visualization of fine 
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structures in the lungs (190) , and the “Sharp” mode of the this system with smaller detector 

elements (150 microns) may further improve the quantification of small airway dimensions 

compared to conventional HRCT systems. 

 The present study also evaluated the effects of scanning and reconstruction parameters 

on airway measurement accuracy for both NR and HR modes. The findings suggest that WT has 

the greatest influence on airway dimension measurements. This is consistent with a previously-

reported phantom study by Oguma et al. using conventional normal-resolution CT (178), which 

reported that a wall thickness of 0.5 mm had a high error (% err > 80%, inner diameter 3 mm) 

under any scanning parameters as the 0.5 mm was close to the size of detector of 0.5 mm. Using 

HR mode, the mean error of the 0.45 mm wall thickness was ~60% with the luminal diameter of 

only 0.8 mm.  Second, the effects of radiation dose are relatively small using NR mode, which is 

consistent with previously-reported studies (178,187). For HR mode, the measurement error 

gradually increased as radiation dose decreased. These results indicate that the main source of 

error in airway measurements for NR mode is the spatial resolution, while image noise is the main 

source of error for HR mode. For the low dose lung cancer screening ,  the U.S. Centers for 

Medicare & Medicaid Services (CMS) required the CTDIvol of a standard-sized patient (height, 

170 cm; weight, 70 kg) to be 3.0 mGy or less with adjustments for patients of different sizes (191). 

Our results indicate that the HR mode can provide adequate accuracy using low-dose CT on 

airway phantom measurements at 1 mGy.  Additionally, AIDR3D performs better than FBP in 

terms of measurement error, and the sharpest kernel investigated (FC56) tends to increase the 

measurement error for both NR and HR resolution modes. Lastly, different matrix sizes and slice 

thicknesses were selected for the two scan modes with a fixed reconstruction FOV of 220 mm to 

take advantage of the resolution capabilities of HR mode with a 0.25 mm × 0.25 mm detector size 

compared to NR mode with a 0.50 mm × 0.50 mm detector size. The HR data was reconstructed 

with a 1024 x 1024 matrix (0.22 × 0.22 × 0.25 mm voxel size) and the NR data was reconstructed 
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with a 512 x 512 matrix (0.43 × 0.43 × 0.50 mm voxel size). Reconstructing the HR data into a 

512 x 512 matrix would not take advantage of the inherent resolution capabilities of HR mode for 

the 220 mm FOV utilized in this work. 

This study has several limitations. First, the chest phantom is relatively small as compared 

with the normal range of patient sizes. It is expected that a larger phantom size would degrade 

image quality. However, a similar level of degradation is expected for both HR and NR images, 

thus preserving the relative advantage of the HR mode. Second, the airway phantom contains no 

motion artifacts, which may not reflect the human airway in vivo. In addition, for patients with 

airway obstructive diseases, the airway wall itself may be obscured with inflammation, which has 

similar CT number ranges as the wall itself. Therefore, future studies will need to be conducted 

on both healthy and diseased patients using HRCT. Third, the airway phantoms are all made of 

silicone, which the CT number (~300 HU) is slightly higher than the actual airway wall material 

(~100HU). Fourth, CT images were only reconstructed with the FBP and AIDR3D algorithms in 

this study. Although our results indicate that reconstruction kernel has a slight effect on the 

measurement accuracy, other algorithms such as the model-based iterative reconstruction 

algorithm (FIRST) may need to be further evaluated before its translation to clinical practice. 

Finally, the airway dimension measurements were only assessed with the FWHM method without 

providing the comparison results using other algorithms, such as the maximum-likelihood 

algorithms and deep-learning method, etc. However, as the measurement errors directly reflect 

the spatial resolution of the CT images, the FWHM method is appropriate and effective in the 

phantom validation study using high-resolution CT. Further evaluation using more advanced 

methods should be assessed with the high-resolution images in the future work.  

 

CONCLUSION 
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High-resolution CT shows superior performance in the measurement of small airway 

lumen diameter and wall thickness with the improved accuracy and precision compared to normal 

resolution CT. The HR mode reconstructed with AIDR3D and the FC52 kernel provides the most 

accurate measurement of airway dimensions. The HRCT may potentially improve the quantitative 

analysis on the distal airways and further produce better understanding of airway remodeling in 

patients with COPD and asthma.   
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Chapter 8 Quantification of Airway Dimensions using an 

Integrated-Intensity Based Technique 

 

Abstract 

Alteration of small airway dimensions for airway diseases such as asthma and chronic obstructive 

pulmonary disease (COPD) has been shown to have a strong relation to airway function. This 

study assessed the accuracy of a new integrated intensity-based (IIB) technique and a standard 

full-width half-maximum (FWHM) method for quantifying small airway dimensions. To model 

human airway, tubing of inner diameters ranging from 0.3 to 3.4mm and wall thicknesses ranging 

from 0.15 to 1.6mm were fitted in a chest phantom. A semi-automated technique based on IIB 

was used to measure the inner diameter and wall thickness of the airway phantom. The IIB 

technique can overcome the partial volume effect caused by spatial resolution limitations. The IIB 

technique accounts for the partial volume effect by measuring the total HU intensity over the entire 

lumen rather than the number of voxels. The accuracy was evaluated for different imaging and 

reconstruction parameters as compared with the known airway dimensions using linear 

regression, t-test, root-mean-square-error (RMSE), and mean error. The results indicate that the 

inner diameter can be accurately measured (< 15% error) down to 0.5mm and 2mm with mean 

errors of 0.14mm (13.5%), and 0.18mm (27.7%) using IIB and FHWM methods, respectively. The 

mean RMSE for wall thickness measurements were 0.43mm and 0.11mm, using FWHM and IIB 

methods, respectively. In conclusion, the IIB technique enables accurate quantification of small 

airway dimensions, which can potentially be used for the assessment of airway diseases such as 

asthma and COPD. 

 

Introduction 
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The alteration of airway function observed in chronic obstructive pulmonary disease 

(COPD) and asthma has been shown to be related to airway remodeling by using histological 

approaches (192–195). Anatomical feature changes in the airway lumen and wall area are 

associated with airflow obstruction and inflammation in patients with COPD 

(167,168,181,196,197). Advanced computed tomography (CT) techniques have enabled non-

invasive quantitative structural measurements of airway dimensions in the segmental and sub-

segmental levels and have been used for improving the management of airway disease 

(171,172,198). In addition, the objective CT-based quantification of airway dimensions is suitable 

in determining the status changes in longitudinal studies, such as comparing the airway 

remodeling before and after bronchial provocation test,  evaluating the therapeutic interventions 

in chronic diseases, etc. (168,179,188,199,200).  

Despite the accurate and sensitive evaluation of large airways, previous histological 

studies have shown that cross-sectional pathological features in small airways with internal 

diameters of less than 2 mm are especially critical to airway function (172,174,175,177,201). Due 

to the spatial resolution limitations and partial volume effects of current CT technology in clinical 

settings, a barrier remains for accurate measurement of the small airway dimensions up to the 

6th generation or higher generations (178,181). Numerous studies have shown promising results 

for the measurement of airway dimensions to overcome spatial resolution limitations using 

volumetric X-ray CT images (170,171,174,184,201,202). The full-width-half-maximum (FWHM) 

method is a typical algorithm used in automatic 2-D airway measurements by casting a number 

of profile rays at different angles across the centroid of the airway (184). Unfortunately, the half-

maximum ‘edges’ are difficult to define for small target sizes and varying target shapes. The point 

spread function (PSF) model-based method incorporating a Gaussian function was then 

developed to optimize the FWHM technique with maximum likelihood estimation of modeled 

airways (170,171,201,202). A newly proposed automatic attenuation profile matching (APM) 
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method is able to improve the robustness of PSFs, allowing for accurate determination small 

airway dimensions down to 3 mm internal diameter and 0.6 mm wall thickness (174). However, 

such PSF models developed on a single CT system may not be generalizable for other CT 

systems, leading to variabilities and biases on airway measurements. An integrated Hounsfield 

unit (HU) based technique has been reported  for quantification of coronary artery cross-sectional 

area that addresses some of these limitations (203,204).The key strength of the integrated-HU 

technique is that it overcomes the limitations of partial volume effects by measuring the total HU 

intensity over the entire lumen rather than the number of voxels for dimension measurement. 

Such a technique has the potential to account for partial volume effects in the assessment of the 

small airway dimensions. 

The purpose of this chapter was to validate a semi-automatic and quantitative approach 

based on the integrated-HU technique for the quantification of small airway dimensions. The 

central hypothesis is that the airway dimensions, including the inner lumen diameter (ID) and the 

wall thickness (WT), can be accurately measured with the integrated-HU technique by using 

physical phantoms with known simulated airway sizes as the ground truth. The accuracy and 

influence of variable CT imaging and reconstruction parameters were also evaluated to determine 

the optimal CT parameters and measurement limitations for accurate measurement of airway 

dimensions using the integrated-HU method. 

 

Material and Methods 

Airway Phantom 

The 10-cm diameter cylindrical polyurethane phantom consists of fourteen silicone tubes 

(Qosina, Ronkonkoma, New York, USA) that simulates airways, with various inner lumen 
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diameters in a range of 0.3 – 3.4 mm and wall thicknesses in a range of 0.15 – 1.6 mm, was fitted 

in a chest phantom (Anthropomorphic Thorax Phantom, Quality Assurance in Radiology and 

Medicine, Moehrendorf, Germany) (Figure 8.1). The tube dimensions were chosen to mimic the 

human airway ranging from the 5th to the 20th generations of branching (178,182). The measured 

intensity of the background material used to simulate the lung parenchyma with emphysema was 

approximately -910 HU; the measured density of the artificial airway wall on CT images was 

approximately 350 HU. The actual dimension of the tubes was acquired from the product catalog 

and detailed specifications of airway tubes are presented in Table 8.1. The CT images of four 

representative airway tubes are shown in Figure 8.2.  

 

(a) 

  

(b) 

 

Figure 8.1 Airway Phantom Settings. 

a) QRM-Thorax phantom with the embedded polyurethane foam cylinder with 14 airway tubes. b) The 
chest phantom placed perpendicularly to the scan slices inside the gantry. 
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(a) (b) 

  

(c) (d) 

  
 

Figure 8.2 Profiles of representative tubes with partial volume effects. 

Each profile is casting from the center of the tube.  a) ID=3.4mm, WT=0.6mm(T2014). b) ID=0.8mm, 

WT=1.58mm (T2005). c) ID=0.8mm, WT=0.45mm T2004).  d) ID=0.3mm, WT=0.15mm (T2001).  
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Table 8.1 Comparisons of CT measured airway dimensions using the integrated-based method 
(IIB) and FWHM with various tube sizes to the actual airway dimensions. 

Tube No. 
a) Inner Diameter (ID) 

Ref IIB FWHM 
 (mm) Mean ± SD (mm) ( %) 

T2001 0.30 0.41 ± 0.13 (38.85) 0.61 ± 0.34 (103.08) 
T2002 0.50 0.44 ± 0.09 (-11.70) 0.39 ± 0.19 (-22.53) 
T2003 0.60 0.56 ± 0.06 (-7.29) 0.56 ± 0.10 (-6.33) 
T2004 0.80 0.83 ± 0.09 (3.94) 1.29 ± 0.31 (61.01) 
T2005 0.80 0.82 ± 0.07 (3.41) 1.13 ± 0.14 (41.72) 
T2006 1.00 1.01 ± 0.16 (0.78) 1.00 ± 0.18 (0.10) 
T2007 1.50 1.44 ± 0.14 (-3.90) 1.07 ± 0.10 (-28.93) 
T2008 1.60 1.45 ± 0.07 (-9.60) 1.27 ± 0.09 (-20.61) 
T2009 1.60 1.37 ± 0.08 (-14.64) 1.60 ± 0.08 (-0.17) 
T2010 1.60 1.59 ± 0.03 (-0.41) 1.91 ± 0.05 (19.39) 
T2011 2.00 1.78 ± 0.05 (-11.01) 1.85 ± 0.08 (-7.56) 
T2012 2.60 2.61 ± 0.07 (0.30) 2.79 ± 0.11 (7.22) 
T2013 3.20 3.29 + 0.09 (2.82) 3.48 ± 0.05 (8.60) 
T2014 3.40 3.20 ± 0.06(-6.02) 3.22 ± 0.09 (-5.32) 

 

 

Tube No. 
b) Wall Thickness (WT) 

Ref IIB FWHM 
(mm) Mean ± SD (mm) ( %) 

T2001 0.15 0.15 ± 0.05 (1.32) 0.66 ± 0.20 (336.57) 
T2002 0.20 0.22 ± 0.04 (13.54) 0.44 ± 0.12 (123.09) 
T2003 0.30 0.36 ± 0.04 (20.95) 0.46 ± 0.06 (54.50) 
T2004 0.45 0.46 ± 0.04 (2.43) 0.26 ± 0.09 (-43.29) 
T2005 1.58 1.52 ± 0.04 (-3.44) 1.32 ± 0.13 (-16.38) 
T2006 0.60 0.62 ± 0.07 (3.48) 0.57 ± 0.15 (-4.32) 
T2007 0.25 0.27 ± 0.05 (7.80) 0.80 ± 0.07 (219.86) 
T2008 0.40 0.48 ± 0.02 (20.99) 0.82 ± 0.08 (106.84) 
T2009 0.80 0.89 ± 0.06 (11.93) 0.90 ± 0.08 (12.50) 
T2010 1.60 1.50 ± 0.02 (-6.54) 1.41 ± 0.03 (-11.73) 
T2011 0.60 0.72 ± 0.05 (19.82) 0.86 ± 0.08 (43.84) 
T2012 1.15 1.07 ± 0.03 (-6.82) 1.04 ± 0.08 (-8.99) 
T2013 1.60 1.44 ± 0.03 (-9.59) 1.43 ± 0.03 (-10.24) 
T2014 0.60 0.71 ± 0.04(19.13) 0.86 ± 0.08 (45.32) 

 

Note.— Comparisons of CT measured dimensions using IIB and FWHM methods. The reference inner 

diameter and wall thickness (Ref) were listed in the manufacturer's manual. Images included were 
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acquired at six tube potential/current combinations and reconstructed with six reconstruction mode/kernel 

combinations. 

 

CT imaging 

The QRM-Thorax phantom was scanned using a 320-slice CT scanner (Aquilion One, 

Canon American Medical Systems, Tustin, CA) with a 320 × 0.5 mm collimator, 350-ms rotation 

time, 220-mm scan field-of-view (FOV), and each combination of the following parameters:  three 

tube potentials (120, 100, and 80 kV) and two tube currents (200 and 50 mA).  The center of the 

cylindrical phantom was placed in the isocenter of the scanner. The phantom was positioned at 0 

or 30-degree angles between the CT z-axis and the phantom z-axis to assess circular and 

elliptical 2D cross-sectional images on small airway dimensions. The CT images were 

reconstructed in a 220 mm reconstructed FOV using a 512 × 512 matrix (0.43 x 0.43 x 0.50 mm) 

with two reconstruction algorithms: the filtered back projection (FBP) and an adaptive iterative 

dose reduction (AIDR 3D) algorithm. Three different reconstruction kernels (FC30, FC52, and 

FC56) were investigated, where the FC30 reconstruction kernel corresponds to a smooth 

reconstruction kernel, the FC52 reconstruction kernel corresponds to a standard lung 

reconstruction kernel, and the FC56 reconstruction kernel corresponds to a sharp lung 

reconstruction kernel. The 𝐶𝑇𝐷𝐼𝑣𝑜𝑙 values were recorded and calculated from the dose report 

sheet.  

Integrated-HU Based technique (IIB) 

The proposed integrated technique does not directly depend on the spatial resolution 

since the lumen area is used for measurement rather than lumen edge detection. The basic 

assumption of the integrated HU method is that although the partial volume effects influence a 

single voxel that contains the fractional amount of different materials, the overall integrated HU 

signal within the measured region-of-interest (ROI) is conserved. The concept behind this 
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technique is explained in Figure 8.3. Figure 8.3a shows the airway tube phantom inside a chest 

phantom with three materials: the air (𝑆𝑜), the airway wall material (𝑆𝑊), and the background lung 

parenchymal material (𝑆𝑏𝑔). Before the measurement, three ROIs are obtained to calibrate each 

material signal on a large tube, as shown in Figures 8.3b and 8.3c:  

1) A circular ROI is placed at the airway center that all pixels are not affected by the partial 

volume effect to measure the pure air signal ( 𝑆𝑜 ). 

2) A ring ROI is placed on the airway wall that all pixels are not affected by the partial volume 

effect to measure the wall material signal ( 𝑆𝑤 ). 

3) A background ROI is placed outside the tube to measure the background signal (𝑆𝑏𝑔).  
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Figure 8.3 Representative phantom image and the integrated-based technique. 

a) Raw CT image of the airway phantom. b) An expansion of one tubing for material calibration. 𝑆𝑜: pure 

air HU; 𝑆𝑊: pure wall material HU. c) An expansion of the measuring tubing with two region-of-interests 

(𝐴1, 𝐴2) for airway dimension measurements. 𝑆𝑏𝑔: background HU. 𝐴𝐿: inner lumen area; 𝐴𝑊: wall area.  

 

Two more ROIs were used to measure the wall area and the inner lumen area, as shown 

in Figure 8.3c. Specifically, to measure the wall area (𝐴𝑊), a circular ROI (A1) is placed outside 
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the outer airway wall to include the signal of the tube object. Based on the signal conservation 

assumption, the integrated HU (𝐼1) within the A1 is given by: 

 𝐼1 = 𝐴𝐿  𝑆𝑜 + 𝐴𝑊𝑆𝑤 + (𝐴1 − 𝐴𝐿 − 𝐴𝑊) 𝑆𝑏𝑔       (8.1) 

where 𝐴𝑊 is the actual wall area, 𝐴𝐿 is the actual inner lumen area.  

Then, Eq.1 can be rearranged as: 

         𝐴𝑊 =
𝐼1−𝐴1𝑆𝑏𝑔

𝑆𝑤−𝑆𝑏𝑔
+

(𝑆𝑜−𝑆𝑏𝑔)𝐴𝐿

𝑆𝑤−𝑆𝑏𝑔
                     (8.2) 

As the signal of lung parenchyma and the air are relatively close compared to the wall 

material, we assume that 𝑆𝑏𝑔 ≈ 𝑆𝑜.  Hence, the wall area (𝐴𝑊) is estimated by: 

            𝐴𝑊 =
𝐼1−𝐴1𝑆𝑏𝑔

𝑆𝑤−𝑆𝑏𝑔
                                    (8.3) 

Similarly, to measure the inner lumen area (𝐴𝐿), another circular ROI (A2) is placed on the 

tube wall to include the signal of the airway lumen. Then, integrated HU (𝐼2) within the A2 is: 

       𝐼2 = 𝐴𝐿  𝑆𝑜 + (𝐴2 − 𝐴𝐿) 𝑆𝑤                       (8.4) 

Hence, the inner lumen area (𝐴𝐿) is given by: 

𝐴𝐿 =
𝐼2−𝐴2𝑆𝑤

𝑆𝑜−𝑆𝑤
                                      (8.5) 

The inner diameter and the wall thickness are then derived by the area. The proposed 

integrated HU technique allows for small airway dimension measurements by calibrating the wall 

material on the larger airway, regardless of the partial volume effect on small airways (Figure 

8.2). 

 

Full-width Half Maximum Method (FWHM) 
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The FWHM algorithm was implemented using in-house software developed in MATLAB® 

(R2019a; MathWorks Inc.). The airway measurement was accomplished using the following four 

steps:  

1) Convert the native Cartesian coordinates (x, y) to polar coordinates (r, θ) for each 

interpolated cross-sectional image (186,205). 

2) Generate radial bins along each angular bin and calculate the average value for each 

bin. 

3) Cast the density spectrum curve along each theta and apply the standard full-width half-

maximum method on the ID and WT measurements. 

4) Calculate the average ID and WT from six continuous cross-sectional images. 

 

Image pre-processing 

A commercial software (VITAL Images, Pulmonary Analysis Workflow; Canon Medical 

Systems) was used to segment each airway from the chest phantom. The segmentation was 

accomplished semi-automatically by using a vessel selection tool based on a region growing 

algorithm and followed by the manual correction on the borders of the airway segments. Next, an 

in-house software developed in MATLAB® (R2019a; MathWorks Inc.) was used to generate the 

cross-sectional images for each airway. Specifically, the centerline of each airway was extracted 

from the airway segments using a 3-dimensional skeletonized algorithm (183). Then, a 3D curved 

planer reformation (CPR) was performed along its centerline to generate longitudinal cross-

sectional images that are perpendicular to the centerline (Figure 8.2). The cross-sectional images 

were then up-sampled by a factor of five using a bi-cubic interpolation algorithm. Finally, 

interpolated cross-sectional images were used for the airway measurement using both IIB and 

FWHM methods. 



150 

Statistical Analysis 

The mean and standard deviation (SD) of the ID and WT for each tube were calculated 

across six contiguous cross-sectional images along the centerline. The mean error was calculated 

as the relative difference between the CT measurement sizes and the known tube sizes (% 𝐸𝑟𝑟 =

𝐶𝑇_𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡− 𝐴𝑐𝑡𝑢𝑎𝑙

𝐴𝑐𝑡𝑢𝑎𝑙
× 100%). The averaged measurements of all imaging and reconstruction 

parameters were quantitatively compared to the actual dimensions through linear regression. The 

measurements from each scan and reconstruction parameter were compared with the known 

tube sizes using the Mann-Whitney U test (SPSS, version 22, IBM, Armonk, NY). In addition, the 

root-mean-square error (RMSE) with respect to the known tube dimensions and the root-mean-

square deviation (RMSD) with respect to the linear fit were determined to evaluate the accuracy 

and precision of the two methods. Lastly, to assess the reliability of the measurement, the 

coefficient of variation (CV) was calculated as a ratio of SD and mean from six independent 

realizations of each airway measurement ( 𝐶𝑉 =
𝑆𝐷

𝑀𝑒𝑎𝑛
× 100%).  

 

Results 

Evaluation of Overall Performance  

The ID and WT measurements were evaluated for all fourteen airway phantoms using 

both integrated-HU based (IIB) and the FWHM algorithms and compared with the known tube 

dimensions as a reference. The examples of cross-sectional images and the density spectrum 

curve in four representative tubes (T2001, T2004, T2005, and T2014) are shown in Figure 8.2. 

Due to the partial volume effects, the airways in T2001 and T2004 are barely visible, and the 

airway walls are blurred in all four tubes.   
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Figure 8.4 shows the mean measurement and the mean error of each simulated airway 

dimension with the CT images acquired at various tube currents, CTDI dose level, reconstruction 

algorithms/kernels, and tube tilted-angles. The mean, standard deviation, and mean error of each 

tube dimension measurements are summarized in Table 8.1. For ID measurements, both IIB and 

FWHM regression lines show a slope close to unity and negligible intercept, while larger mean 

errors were found using the FHWM method when IDs were less than 2 mm due to the partial 

volume effect. The overall RMSE (mean error %) for IIB and FWHM were 0.12mm (-0.24%) and 

0.27mm (-2.63%), respectively. For WT measurements, the IIB measurements were related to 

the known measurements by WIIB = 0.89WK + 0.09 (r=0.99), with a RMSE of 0.08mm, a RMSD 

of 0.06mm, and a mean error of 6.61%. The FWHM measurements were related to known WT 

measurements by WFWHM = 0.60WK + 0.60 (r=0.88), with a RMSE of 0.29mm, a RMSD of 

0.17mm and a mean error of 60.55%. Further detailed linear regression parameters are listed in 

Table 2. Significant differences are found between the FHWM measured WT and the known WT 

(p = 0.003), while no significant differences between the IIB measured WT and the known WT (p 

= 0.93) (Table II). The WT measurement using the IIB mode yielded a factor of two improvements 

in the accuracy (RMSE, RMSD and mean error) as compared to the FHWM method. 
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Figure 8.4 The linear regression and mean error analyses for CT-measured dimensions using the 
Integrated Intensity-Based Method (IIB) and Full-Width Half Maximum Method (FWHM). 

a), b):  Inner diameter; c), d):  Wall thickness. Images were acquired at all combinations of tube voltages, 

currents and tilted-degree angles and reconstructed all combinations of reconstruction kernels and 

algorithms. Each point represents the average CT-measured dimension of all measurements. 
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Table 8.2 Linear regression of CT measured airway dimensions using the integrated-based 
method (IIB) and FWHM (N = 12). 

Technique IIB FWHM 
 

ID WT ID WT 

Slope 0.96 
[0.94,0.99] 

0.91 
[0.89,0.93] 

0.96 
[0.91, 1.01] 

0.61 
[0.55, 0.68] 

Intercept (mm) 0.02 
[-0.02, 0.05] 

0.06 
[0.04,0.07] 

0.07 
[-0.02, 0.17] 

0.40 
[0.35,0.46] 

Pearson’s r 0.99 0.99 0.940 0.831 

Error (%)  1.40  6.61  3.88 56.57 

RMSE (mm) 0.12 0.08 0.30 0.39 

RMSD (mm) 0.11 0.06 0.30 0.17 

P-value 0.31 0.93 0.82 0.003 

 

Note.— 95%  Confidence Intervals are presented in the bracket. ID: inner diameter; WT: wall thickness; 

RMSE: root-mean-square error; RMSD: root-mean-square deviation. P-value less than 0.05 indicates 

significant difference. Images included were acquired at 200 mA, 120 kV, 70mAs and 9.1 mGy and 

reconstructed with six reconstruction mode/kernel combinations. The linear regression equation:  

𝒀𝒎𝒆𝒂𝒔𝒖𝒓𝒆 = 𝒂 + 𝒃𝑿𝒕𝒓𝒖𝒆, where the CT measured ID and WT (dependent variables) are related to the true 

ID and WT (explanatory variable), respectively. 

 

To evaluate the precision of the measurement, coefficient of variations of each 

independent measurement of ID and WT using the two methods are shown in Figure 8.5.  The 

variability of the measurements is significantly higher using the FWHM method compared to the 

IIB method, where the CV values are more dispersed in ID less than 2 mm and WT less than 0.8 

mm. The results indicate that the methods are less reliable in small airway measurements due to 

the increasing partial volume effects and decreasing signal to noise for the small tubes. Also, it is 

noticeable that the CV values of ID were 50% higher than WT using the FWHM method for the 
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same tube dimensions. The underlying reason is that the inner lumen disappears due to the partial 

volume effects as no signal change can be detected between the air and wall material from the 

density spectrum curve of small airways, as shown in Figures 8.2c and 8.2d. 
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Figure 8.5 Reliability of tube dimension measurements for the IIB and FWHM using the coefficient 
of variation (CV). 

CV is calculated from independent realizations of each tube dimension by dividing the mean to the standard 

deviation. Images were acquired at all combinations of tube voltages, currents and tilted-degree angles and 

reconstructed using all combinations of reconstruction kernels and algorithms. 

 

Evaluation of CT Parameters  

Figure 8.6 exhibits box plots of the mean measurement error for the ID and WT using 

both methods for different dose levels, tube potentials, reconstruction kernels, and tube tilted 

angles. Figures 8.6a and 8.6b show that the mean error of the FWHM method was at least two 
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times greater than the IIB method for both ID and WT measurements, while the measurement 

error for each method remained stable for all dose levels.  Figures 8.6c and 8.6d compare the 

FWHM and IIB performances for images acquired at 200 mA and three different tube potentials. 

For each method, the mean error differences are less than 10 % between any two ID or WT 

measurements using different tube potentials. Figures 8.6e and 8.6f compare the mean error for 

AIDR3D and FBP reconstruction algorithms with three different kernels. The overall mean error 

using the AIDR3D is slightly lower than FBP in both ID and WT airway phantom measurements 

for the IIB method. In the FWHM measurement, the FBP algorithm slightly reduces ID 

measurement errors by approximately 5% but increases the WT measurement errors by 

approximately 5% compared to the AIDR 3D algorithm. Among all measurements, the AIDR3D 

algorithm with FC30 can provide the lowest error in airway measurement using the IIB method. 

Figures 8.6g and 8.6h compare the mean error between the two tube-tilt angles at 0 and 30 

degrees. For the IIB method, the differences in mean error were small (< 2%) in both ID and WT 

measurements, indicating that the measurements are robust to airway branches with a tilt angle 

from 0 to 30 degrees. 

The supplementary results on CT parameter effects are provided in Tables 8.3, 8.4, and 

8.5 

(a) (b) 

  
(c) (d) 
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(e) 

 
(f) 
 

  
 
(g) 

 
(h) 

  

Figure 8.6 Comparisons of the mean error using IIB and FWHM methods with various radiation 
doses (a, b), tube potentials (c, d), reconstruction mode/kernel combinations (e, f), and tilt angels 
(g, h). 

AIDR       AIDR       AIDR        FBP         FBP         FBP AIDR       AIDR       AIDR        FBP         FBP         FBP 
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The variations in the inner diameter (a,c,e,g) and wall thickness (b,d,f,h) were both assessed.  Note-

(a,b,e,f,g,h) were images acquired at six tube  potential/current combinations, two tilt angles, and 

reconstructed with six reconstruction mode/kernel combinations; (c,d ) images were acquired at three tube 

potentials, 200 mA, two tilt angles, and reconstructed with six reconstruction mode/kernel combinations. 

 

 

 

 

 

 

 

 

 

 

Table 8.3 Effect of the radiation dose using the IIB and FWHM methods on ID and WT 
measurements. 

Tube Current (mA) 200 (N = 36) 50 (N = 36) 

Tube Voltage (kV) 120 
(N = 12) 

100 
(N =12) 

80 
(N =12) 

120 
(N =12) 

100 
(N = 12) 

80 
(N = 
12) 

CTDI Dose Level (mGy) 9.6 5.8 2.9 2.3 1.4 0.7 

Inner 
diameter 

IIB Error (%) 1.40 -1.94 -1.36 -1.90 -1.83 -0.83 

RMSE (mm) 0.12 0.11 0.12 0.14 0.15 0.12 

RMSD (mm) 0.11 0.10 0.11 0.11 0.11 0.11 

FWHM Error (%) 3.88 5.33% 6.41% 8.82 9.77 29.95 

RMSE (mm) 0.30 0.26 0.26 0.26 0.27 0.36 

RMSD (mm) 0.30 0.25 0.25 0.25 0.27 0.32 

Wall 
Thickness 

IIB Error (%) 0.35 5.64 7.49 8.69 7.24  11.29 

RMSE (mm) 0.07 0.08 0.09 0.08 0.08 0.10 

RMSD (mm) 0.05 0.06 0.06 0.05 0.06 0.05 

FWHM Error (%) 56.57 47.6 53.11 62.37 64.74 78.88 

RMSE (mm) 0.30 0.26 0.26 0.29 0.30 0.34 

RMSD (mm) 0.19 0.16 0.16 0.16 0.22 0.19 

Note.—Images included were acquired at six tube  potential/current combinations, two tilt angles and 

reconstructed with six reconstruction mode/kernel combinations. RMSE: root-mean-square error; RMSD: 

root-mean-square deviation. 

 

Table 8.4 Effect of the reconstruction algorithms and kernels using the IIB and FWHM methods on 
ID and WT measurements. 

Reconstruction Algorithms AIDR 3D (N = 36) FBP (N = 36) 

Reconstruction Kernels FC30 
(N = 12) 

FC52 
(N =12) 

FC56 
(N = 12) 

FC30 
(N =12) 

FC52 
(N =12) 

FC56 
(N = 12) 

Inner 
diameter 

IIB Error (%) 1.06 -1.84 % 4.64 % -4.56 % -6.06 % 0.30 % 

RMSE (mm) 0.13 0.14 0.15 0.13 0.16 0.12 
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Note.— Images included were acquired at six tube  potential/current combinations, two tilt angles and 

reconstructed with six reconstruction mode/kernel combinations. RMSE: root-mean-square error; RMSD: 

root-mean-square deviation. 

 

Table 8.5 Effect of tilted angel using the IIB and FWHM methods on ID and WT measurements. 

Note.— Images included were acquired at six tube  potential/current combinations, two tilt angles and 

reconstructed with six reconstruction mode/kernel combinations. RMSE: root-mean-square error; RMSD: 

root-mean-square deviation. 

 

Discussion 

Our study results show that the proposed integrated-HU based method can provide 

improved accuracy and precision for both inner diameter and wall thickness measurements 

RMSD (mm) 0.11 0.12 0.11 0.12 0.14 0.10 

FWHM Error (%) 11.09 13.94 13.99 6.47 10.32 8.35 

RMSE (mm) 0.28 0.27 0.32 0.25 0.24 0.30 

RMSD (mm) 0.27 0.26 0.30 0.25 0.23 0.30 

Wall 
Thicknes

s 

IIB Error (%) 4.38 9.06 -1.83 10.77 16.65 1.69 

RMSE (mm) 0.08 0.10 0.06 0.10 0.12 0.06 

RMSD (mm) 0.06 0.07 0.05 0.06 0.06 0.05 

FWHM Error (%) 57.34 55.86 59.97 62.64 61.96 65.52 

RMSE (mm) 0.29 0.27 0.32 0.28 0.27 0.32 

RMSD (mm) 0.17 0.15 0.22 0.15 0.18 0.21 

Tilted angle (degree) 0 (N =12 ) 30 (N=12) 

Inner diameter IIB Error (%) -1.91 % -0.24 % 

RMSE (mm) 0.12 0.12 

RMSD (mm) 0.11 0.10 

FWHM Error (%) 11.81 9.57 

RMSE (mm) 0.29 0.25 

RMSD (mm) 0.28 0.25 

Wall Thickness IIB Error (%) 6.96 6.61 

RMSE (mm) 0.08 0.08 

RMSD (mm) 0.06 0.06 

FWHM Error (%) 55.37 65.73 

RMSE (mm) 0.29 0.29 

RMSD (mm) 0.18 0.16 
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compared to the FWHM method using a chest phantom fitted with airways. Although strong 

positive correlations were observed between the FWHM measurements and known tube 

dimensions, the measurement errors were at least two times larger than the IIB method (Figure 

8.5). In this study, quantitative assessment focused on small airway dimensions with lumen 

diameters ranging from 0.3 to 2 mm. A mean error less than 15% can be achieved for ID greater 

than 0.5 mm and 2.0 mm using the IIB and FHWM methods, respectively. Moreover, the mean 

error of all WT measurements was 6.96% and 55.36% using IIB and FHWM methods, 

respectively. A mean error less than 15% can be achieved for WTs greater than 0.8 mm and 1.6 

mm using the IIB and FHWM methods, respectively. Additionally, a substantial reduction in 

coefficient of variation was demonstrated in ID and WT measurements using the IIB method, 

particularly for small airways (ID<1 mm, WT<1 mm). Hence, the IIB method can potentially 

improve quantification of small airway dimensions for patients with obstructive disease. 

Both histological and CT quantification results have shown that the critical sites of airway 

alteration in patients with obstructive lung diseases are small airways, which are defined as the 

inner diameter less than 2-3 mm (181,206–208). Due to spatial resolution limitations, efforts have 

been devoted to addressing the partial volume effect in the small airway dimension 

measurement.  Several model-based approaches have used hypothetical point spread functions 

of a CT system to generate synthetic attenuation profiles of an airway, and the measurements 

were based on the full-width-half-maximum principle (170,174). Later, to be independent of a 

specific model and the point spread function,  the model-free airway detection approach was 

developed based on the phase congruency principle for better localization of the airway 

inner/outer wall boundaries (209). Further, the integral of intensity profiles across the airway wall 

was added to the FWHM analysis to improve the robustness and accuracy of the airway wall 

thickness measurement (202). Unfortunately, all of these approaches require precise boundary 

detection to apply the FWHM principle, leading to a measurement bias towards an overestimation 
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of the wall thickness (210). On the other hand, our proposed integrated technique is independent 

of the intensity profile and edge detection, as it only relies on the integrated HU signal 

measurement over an airway ROI. This study demonstrated the feasibility of overcoming the 

limitations of partial volume effect by calibrating the HUs for air, tissue, and wall material in the 

non-affected areas, thus allowing accurate measurements of small airway dimensions. 

It is also worth mentioning that the determination of the CT values of the inner lumen (air), 

airway wall material, and the outer lumen (background parenchyma) plays a vital role in the 

measurement accuracy using the integrated-based technique. Such calibration of the CT values 

can be implemented by measuring the mean HU within a pure material ROI, which is not affected 

by the partial volume effect. For instance, to calibrate the air, an ROI should be placed within the 

lumen where the boundary should be about 5 pixels away from the airway wall. Nevertheless, for 

small airway measurements, all pixels of lumen and wall within the measurement ROI may be 

affected by the partial volume effects (Figures 8.3a and 8.3b). Instead, the calibration of the 

mean CT values may be accomplished in a nearby larger airway or other lower generation airways 

to eliminate the partial volume effect. This calibration step will make the integrated-intensity based 

method more feasible for clinical implementation.   

Further, we evaluated the performance in terms of robustness against varying scanning 

and reconstruction parameters and accuracy in determining airway dimensions for both IIB and 

FWHM methods. Our proposed IIB method consistently exhibited high accuracy over FWHM for 

various scan parameters, including six radiation dose levels, three reconstruction kernels, two 

reconstruction algorithms, and two gantry tilt angles. No significant variabilities and biases were 

found using different reconstruction kernels and radiation dose levels for the IIB method, 

indicating the robustness of the IIB method that can suppress the image noise by integrating the 

HU signal in a region of interest. The consistent underestimation of ID and overestimation of WT 

were found using the FHWM in all dose levels, indicating that the spatial resolution limits the 
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FWHM performance. Regarding the reconstruction modes, our results found that the images 

reconstructed with the AIDR3D algorithm perform slightly better than the FBP algorithm for both 

IIB and FWHM methods. Lastly, the IIB method can provide adequate accuracy using low-dose 

CT on airway phantom measurements. The error in WT was reduced by a factor of two using the 

IIB method, even at the lowest dose level (0.7 mGy).  

Limitations. This study has several limitations. First, a standard chest phantom (30 cm) 

was used in this study, which is smaller than the average patient size. Although the image quality 

will degrade with a larger phantom size, the measurement accuracy is not expected to be affected 

using the integrated-based method. Nevertheless, future studies will need to assess the IIB 

method using larger phantoms or patients with airway obstructive diseases. Second, the chest 

phantom contains no cardiac and respiratory motion, which may not reflect the human airway 

measurements in vivo. However, a phantom validation study with known airway (tube) dimensions 

is important before its clinical implementation.  Indeed, the placement of the calibration ROI will 

be more challenging with motion artifacts; however, the measurement accuracy is expected to be 

maintained as larger airways can be used for calibration purposes. Third, all the airway phantoms 

are silicone tubes, resulting in a higher CT value (~300 HU) than the actual airway wall material 

(~100HU). Fortunately, as long as the CT value of the wall material is measured with no partial 

volume effect, the IIB measurement accuracy is expected to be unaffected by the material of the 

wall.  Fourth, the proposed method was only evaluated with a Canon scanner using either FBP 

or AIDR3D reconstruction algorithms. Our results indicate that the AIDR3D algorithm has slightly 

improved performance on the airway measurement, so it would be interesting to compare the 

effects of other iterative reconstruction algorithms such as the iDose from Philips, ADMIRE from 

Siemens, and the forward-projected model-based iterative reconstruction algorithm (FIRST) from 

Canon using the IIB method in future work. Finally, the IIB method was only compared to the 
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conventional FWHM algorithm; other airway measurement algorithms such as the maximum-

likelihood algorithms, deep learning methods will need to be further assessed. 

 

Conclusion 

This study proposed and validated a semi-automatic, integrated-intensity based approach 

for quantification of small airway dimensions. The proposed IIB method shows a factor of two 

improvement in accuracy and precision as compared to the standard FWHM method in the 

determination of airway lumen diameter and wall thickness. The IIB method with AIDR3D 

reconstruction using the FC30 kernel resulted in the most accurate measurement of airway 

dimensions. This quantitative technique can potentially provide a better understanding of small 

airway remodeling in patients with COPD and asthma. 
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Chapter 9 Clinical Translation and Future Work  

 

In this dissertation, the accuracy of regional perfusion measurement was first 

retrospectively validated in a swine animal model as compared to the quantitative microsphere 

perfusion measurement. With the optimal timing protocol, the accuracy and the reproducibility of 

the prospective two-volume perfusion technique was validated against the retrospective perfusion 

measurement on the whole lung and lobar-basis regional perfusion territories. In combination, the 

findings indicated that accurate whole-lung and vessel-specific lobar perfusion measurement (in 

ml/min/g) is feasible with the comprehensive pulmonary CT technique at a significantly reduced 

radiation and contrast dose, as compared to current dynamic CT perfusion techniques. In 

addition, small airway dimensions can be accurately assessed using an integrated-based 

quantification method in a phantom study.  

Given these findings, the next step and future direction of the low-dose comprehensive 

pulmonary CT technique is clinical implementation in human subjects with pulmonary disease. 

The current study data was acquired at a single center using our Aquilion One Canon CT scanner. 

A further multi-center and multi-scanner perfusion study needs to be carried out to verify the 

proposed dynamic CT technique.  

 

Future clinical implementation 

Small PE detection 

A preliminary study was performed in a swine model to detect small PEs in distal 

segmental and sub-segmental arteries using the proposed two-volume, comprehensive CT 

pulmonary technique. The CTPA can be used as the standard diagnostic tool in the examination 
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of PE.  Within a single contrast injection, quantitative assessment of pulmonary perfusion can be 

compared to the CTPA to determine whether it can bring additional clinical value in detection of 

small PE.  

Procedures: Under the fluoroscopy, an 8-Fr Pigtail catheter was placed in the distal left 

pulmonary artery (left caudal lobe) via right jugular vein (11-F) for induction of PE. After confirming 

the location of the catheter’s tip, two or three gelatin sponge plugs with a 2-mm diameter were 

injected to produce small PEs in peripheral pulmonary arteries. Thereafter, followed by the 

contrast injection, the two-volume dynamic CT perfusion was performed prospectively using a 

helical scan mode. After 15-minute delay for the contrast clearance, two to three more gelatin 

sponges were injected to gradually increase the degree of PE severity and CT acquisition was 

repeated. Perfusion measurement was made with the comprehensive CT pulmonary technique 

under each PE condition (Figure 9.1).  

 

 

 

Figure 9.1 CT pulmonary angiography with the presence of small embolus. 
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An example of the morphological assessment by the CTPA and physiological assessment 

by the dynamic perfusion is shown in Figure 9.2.  

Figure 9.2 Two-volume, whole-lung CT perfusion distribution map with the presence of PE. 

 

PE risk stratification with MCP technique 

 In Chapter 4, MCP technique was validated for quantifying the PE-distal territory with the 

perfusion defect territory as the reference standard. The mass and spatial correspondences 

showed that the MCP technique can accurately quantify the subtended lung tissue distal to a PE 

using the CTPA image. While the amount of subtended lung tissue at-risk can be quantitatively 

measured, it is clinically important to relate the subtended mass to the PE severity as other 

pulmonary arterial obstruction indices and indicators. Subsequently, the diagnostic performance 

of the MCP technique needs to be assessed in patients with suspected PE in future studies.  

Experimental and imaging studies also suggest that the heterogeneity of the distribution 

of ventilation and perfusion can be observed in various lung diseases, including pulmonary 
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embolism, chronic obstructive pulmonary disease, and lung cancer (137–141,150). The influence 

of gravity on the measured distribution of blood flow in the lung is largely through the deformation 

of the parenchymal tissue(211). Also, as previously discussed, the lungs are anatomically and 

functionally separated into different lobes by lobar fissures; many diseases preferentially impact 

a particular lobe (150,151). Hence, it is clinically essential to provide perfusion and airway 

obstruction assessment on specific regions. The vessel-specific MCP technique determines the 

lobar territories by assigning each voxel to its supplying vessel based on the shortest spatial 

distance, which does not rely on visualization and manual segmentation of the fissures.  Such a 

technique can be implemented to study the regional perfusion in the presence of tissue 

deformation and potentially be translated to other perfusion image modalities such as SPECT, 

PET, and MRI, enabling the cross-validation of regional ventilation/perfusion between different 

modalities and techniques. 

 

Quantitative assessment of airway alteration 

In chapter 8, a semi-automatic and quantitative technique based on the integrated-HU 

method was validated for the quantification of small airway dimensions. The airway dimensions, 

including the inner lumen diameter (ID) and the wall thickness (WT), can be accurately measured 

down to 0.5mm in lumen diameter with an acceptable error using physical airway phantoms as 

the gold standard. With such high accuracy in small airways, the integrated-HU technique can be 

implemented to quantify airway dimensions in both healthy human subjects and patients with 

asthma or COPD. Due to the complexity of the lung anatomy, future works will need to be 

concentrated on the intensity calibration for airway wall material and the background lung 

parenchyma, and the selection of measurement regions-of-interest with the presence of nearby 

airways and vessels. 
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Differentiation of Pulmonary Nodule Malignancy 

The lung has a dual vascular supply by the pulmonary circulation and bronchial circulation, 

with a trend that malignant nodules have higher portion of bronchial circulation. A first-pass 

technique may be implemented with four volume scans to assess both pulmonary and bronchial 

blood flow (Figures 9.3 and 9.4). Future studies can aim to assess diagnostic capability of the 

whole-nodule, first-pass CT technique for the classification pulmonary nodules using low-dose 

CT perfusion. 

 

Figure 9.3 Dual-supply pulmonary circulation. 
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Figure 9.4 Contrast-enhanced arterial input functions for pulmonary artery and descending aorta. 

 

A preliminary study was conducted in nineteen patients (8 males, 11 females; mean age 

of 61 years) with pulmonary nodules where patients underwent low-dose dynamic CT perfusion 

scan and histopathological diagnosis. A total of 20 volume scans were acquired using a 320-

detector CT scanner for duration of 90 seconds after 40 mL of contrast followed by a 40 mL saline 

chaser at an injection rate of 5 ml/sec.  Pulmonary arterial perfusion (PAP) and bronchial arterial 

perfusion (BAP) in ml/min/100ml and Perfusion Index (PI = PAP/(PAP+BAP)) were assessed 

using all 20 volume scans for dual-input maximum slope model (MSM) perfusion using standard 

2D technique. For the novel, dual-input, whole nodule first-pass analysis (FPA) measurement, 

only four volume scans were used to obtain absolute PAP, BAP (both in ml/min/g) and PI. Average 

perfusion values within the entire tumor were compared with the biopsy results as the reference 

standard.  
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By using the perfusion index with a cutoff threshold of 0.6 for MSM technique and 0.5 for 

the FPA technique, the overall accuracy, sensitivity, and specificity were 0.47, 0.46, 0.50 and 

0.68, 0.73, 0.63, respectively. The effective radiation dose for the MSM and the FPA technique 

were estimated to be 26 and 2.4 mSv, respectively. Representative perfusion maps of both 

malignant and benign cases are shown in Figure 9.5.  The preliminary results indicate that the 

whole-nodule, first-pass analysis perfusion technique was more accurate in detecting malignant 

pulmonary nodules using the perfusion index as an imaging biomarker, while simultaneously 

lowering the radiation dose by a factor of 10 when compared to standard maximum slope low-

dose CT perfusion techniques. Whole nodule first-pass technique can be prospectively 

implemented to substantially reduce patient dose while accurately detecting malignant pulmonary 

nodules.  

Figure 9.5 Representative cases of lung nodule malignance differentiation. 
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Conclusion 

The research as part of this dissertation addresses the unmet clinical need through the 

development, validation, and preliminary clinical translation of an accurate, low-dose, 

comprehensive pulmonary CT technique based on first-pass analysis. A comprehensive CT 

technique can provide the morphological and physiological assessments of pulmonary disease 

by a single low-dose CT examination at a substantially reduced radiation dose. In addition, a 

semi-automatic, integrated-intensity based approach was validated for quantification of small 

airway dimensions, enabling a better understanding of small airway remodeling in patients with 

COPD and asthma. The proposed CT-based techniques make the quantitative assessment of 

pulmonary diseases more reliable, accessible, and impactful to patients in need. 
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