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Abstract
Prostate cancer (Pca; adenocarcinoma) is one of the most common cancers in adult 
males and one of the leading causes of death in both men and women. The 
diagnosis of Pca requires substantial experience, and even then the lesions can be 
difficult to detect. Moreover, although the diagnostic approach for this disease has 
improved significantly with the advent of multiparametric magnetic resonance, 
that technology has certain unresolved limitations. In recent years artificial 
intelligence (AI) has been introduced to the field of radiology, providing new 
software solutions for prostate diagnostics. Precise mapping of the prostate has 
become possible through AI and this has greatly improved the accuracy of biopsy. 
AI has also allowed for certain suspicious lesions to be attributed to a given group 
according to the Prostate Imaging-Reporting & Data System classification. Finally, 
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AI has facilitated the combination of data obtained from clinical, laboratory (prostate-specific 
antigen), imaging (magnetic resonance), and biopsy examinations, and in this way new 
regularities can be found which at the moment remain hidden. Further evolution of AI in this field 
is inevitable and it is almost certain to significantly expand the efficacy, accuracy and efficiency of 
diagnosis and treatment of Pca.

Key Words: Artificial intelligence; Deep learning; Machine learning; Multiparametric magnetic resonance 
imaging; Prostate cancer; Quantitative imaging

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The peer reviewed literature has provided sufficient support for the continued application and 
development of artificial intelligence (AI) in prostate cancer clinical care. In addition, the expanding 
introduction of various AI-based software products created by leading companies is providing practical 
benefits to radiologists for improved prostate cancer diagnosis. Certainly, the known complexity of the 
disease and its consequential difficult diagnosis supports the continued development of new approaches 
for earlier and more accurate detection, such as could be provided through AI technologies.

Citation: Chervenkov L, Sirakov N, Kostov G, Velikova T, Hadjidekov G. Future of prostate imaging: Artificial 
intelligence in assessing prostatic magnetic resonance imaging. World J Radiol 2023; 15(5): 136-145
URL: https://www.wjgnet.com/1949-8470/full/v15/i5/136.htm
DOI: https://dx.doi.org/10.4329/wjr.v15.i5.136

INTRODUCTION
Prostate cancer (Pca; an adenocarcinoma) is one of the leading causes of death from oncological 
diseases, and it ranks second among adult males. Despite the high frequency of the disease, screening 
still largely relies on digital rectal examination, with low sensitivity and low specificity, and prostate-
specific antigen (PSA) testing, with high sensitivity but low specificity. If the tests support a positive 
suspicion, a transrectal ultrasound (TRUS) biopsy is performed[1]. A Pca diagnosis is classified as either 
clinically significant, with the adenocarcinoma lesion requiring surgical treatment to curb the risk of 
metastasis, or non-significant, with follow-up recommended[2-4].

Multiparametric magnetic resonance imaging (mpMRI) is gaining ground as a primary method for 
Pca diagnosis. However, the diagnostic process requires a radiologist who has deep experiential 
knowledge with both the disease and the MRI technology[1-3,5]. The Prostate Imaging-Reporting & 
Data System (PI-RADS; introduced in 2012) and the 2.1 update (2019, with improved sensitivity and 
specificity) has begun to standardize the process by providing a classification system for findings 
detectable in Pca[6-8].

The mpMRI technology itself has opened up new opportunities for more accurate and earlier Pca 
detection (and diagnosis). It is specifically recommended for patients with elevated PSA levels but 
negative biopsy results and for biopsy-naïve patients who are being monitored for Pca due to risk 
factors (e.g., age, family history, race). In addition, mpMRI is considered a safer alternative to the TRUS 
biopsy, as it avoids the complication risks related to the invasive biopsy procedure (e.g., bleeding, 
infection, urinary hesitancy)[4].

Three-dimensional images of the prostate gland, including high-resolution T2-weighted image (WI), 
diffusion-weighted image (DWI) and dynamic contrast-enhanced (DCE) image, are obtained using 
mpMRI (Figure 1). The imaging findings are combined with the overall clinical profile to determine the 
level of risk for a clinically significant cancer, following the PI-RADS classification[4].

American and European guidelines differ from each other in their recommendations for the 
appropriate time of biopsy[9]. Gleason staging has proven to be an accurate approach, but it (as well as 
the PI-RADS) has significant limitations in diagnosis and quantification; for example, the PI-RADS 
system is known to risk provision of an underestimation of tumor size, especially in patients with a low 
PI-RADS score, while higher PI-RADS score is associated with Gleason score upgrade[10]. In addition, 
the inherent heterogeneity of Pca, known limitations of mpMRI, and possible biopsy inaccuracies can 
lead to inconsistencies in the overall assessment of the patient's condition.

Currently, the detection of a prostate carcinoma lesion depends to a large extent on the experience of 
the radiologist, and in some cases even experienced radiologists find it difficult to detect the lesion or to 
classify the detected lesion by PI-RADS. In addition, in many cases, hypertrophy of the prostate with 
age makes it impossible to accurately localize the lesion and consequently hinders the surgeon’s ability 
to perform an accurate biopsy. It is also necessary to unify the description of a given lesion in relation to 
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Figure 1 Apical peripheral zone with a Prostate Imaging-Reporting & Data System 5 lesion. A and B: Axial (A) and coronal (B) T2-weighted imaging 
(WI) revealed a homogeneous hypointense lesion in the anterior peripheral zone of the apex; C: Postcontrast axial T1WI showed pronounced enhancement of the 
lesion; D: Early dynamic contrast-enhanced imaging showed positive enhancement within the lesion and provided a wash-out signal intensity curve; E: Diffusion 
weighted imaging (DWI) and apparent diffusion coefficient (ADC) diffusion restriction [DWI (b = 1000 s/mm2)] provided a marked hyperintense signal above the 
background, while the ADC map image showed a lesion with hypointense signal below the background.

generally accepted templates. Fortunately, all these limitations can be overcome by the modern software 
technologies based on artificial intelligence (AI)[11].

CHALLENGES IN ASSESSING PROSTATIC MRI
The Pca detection process has its weaknesses at present. Indeed, prostate carcinoma lesions are often 
confused with prostatitis, benign nodules, or hemorrhagic nodules, especially in the transitional zone. 
This often results in unnecessary biopsies[12]. Another pitfall involves the histological assessment of the 
biopsied lesion, with inaccuracies resulting in dangerous false-negative findings or incorrect staging[13].

AI has been applied to various diseases in the fields of imaging diagnostics and pathological 
profiling, most often increasing the efficiency in evaluating results. Especially as with mpMRI, different 
AI-based solutions have been found to allow for accurate segmentation of the prostate as well as an 
accurate characterization of the tumors[14]. In the field of pathology, an improvement in diagnostics has 
also been observed. As with any disease that is managed clinically, a radiological-pathological 
correlation is required, and this presents an existing lacuna that AI can fill, and certainly biomarker data 
will play a role as well. Increased knowledge of the pathological mechanism, as can be supported by 
application of AI, is a crucial component to multidisciplinary clinical care (i.e. collaborative care teams of 
radiologists, pathologists, and urologists for Pca patients). Overall, this process of incorporating AI into 
any disease diagnosis will also aid in the discovery of hitherto hidden relationships between different 
pathology-related biomarkers[15,16].

AI IN MEDICINE
AI is a computer system that performs actions similar to human intelligence. In radiology, AI has 
developed rapidly in recent years due to the ability of the cutting-edge technology to automatically 
extract information. Machine learning  a subfield of AI  is an algorithm that is trained for specific tasks 
without human intervention, which means that computers can be trained from certain examinations 
that have been previously described by a radiologist according to their didactic knowledge and practical 
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experience. As more research data, including that involving AI, accumulates, the effectiveness of 
software increases. Human validation is still required, after which calibration is performed, resulting in 
better sensitivity and specificity of the novel/improved software. A subtype of machine learning is 
convolutional neural networks, where different systems interact with one another[17]. Of note, this type 
of system is the most frequently used in the development of AI[18].

AI has already shown great benefit in improving the detection, characterization, staging and 
participation in adequately treating Pca. Accurate prostate segmentation is particularly important when 
performing mpMRI, which without AI is relatively conditional on the perceptions of individual 
specialists. AI can be involved in the primary detection and staging of prostate carcinoma lesions 
relative to the PI-RADS system. A study by Cuocolo et al[14] published in 2021 investigated the charac-
terization of human vs AI findings and demonstrated the benefit of the latter. In addition, AI can 
optimize the exact site for biopsy, as well as create a three-dimensional model to accurately represent 
the location of the tumor and its relationship to neighboring organs, improving preoperative 
preparation. Still other publications from recent years have shown regularity between the findings in 
T2, the changes in DWI, and the density of tissue composition, allowing for the creation of radiopatho-
logical maps[19-21].

AI has already proven its utility in other fields of medicine. For example, machine learning has been 
used in patients with appendicitis, emerging as a tool to predict whether the disease is acute or 
subacute; specifically, AI showed accurately predicted result in 83.75% of the cases, precision of 84.11%, 
sensitivity of 81.08%, and specificity of 81.01%[22]. In general, the ever-increasing role of precision 
medicine, the anticipated future improvements of machine learning and deep learning, and the ongoing 
expansion of robotics and radiomics are likely to facilitate the robust development of reproducible MRI-
based prostatic diagnostics[23].

AI CHALLENGES
The greatest challenge to establishing AI in medical practice, at the moment, is the need for large 
volumes of data to be integrated into the AI systems. From a practical standpoint, this necessitates a 
large volume of time and effort from already-taxed radiologists with expertise in prostate imaging. 
Another challenge is that the collected data originate from different MRI devices made by various 
manufacturers with varying field strengths, and from studies performed using varying protocols. 
Ultimately, this means that studies should be grouped according to these varying features. Considering 
this issue, a study by Gaur et al[24] has shown the AI can not only reduce the time of interpretation of 
MRI findings from various machines but also improve the sensitivity (from 78% to 83.8% specifically), 
especially when radiologists with less experience in the field were using the technologies.

CURRENT AI PRODUCTS AVAILABLE
The diagnosis of Pca involves initial detection and accurate classification of the lesion(s) finding, and it 
is to these processes that software companies have directed their focus. AI systems are "trained" to 
detect cancer by inputting voluminous data from leading experts. Several groups are reporting various 
AI models for prostate segmentation, intraprostatic lesion detection and classification tasks with 
auspicious results[25].

Improvements are being sought in the detection of prostate carcinoma lesions that are invisible to 
human perception, thereby increasing early diagnosis[26-29]. In Table 1, the current AI products in the 
prostate field are summarized[30].

"AI-Rad companion prostate MR" by Siemens Medical Solutions (Malvern, PA, United States) aids the 
fusion between MRI and ultrasound. Performing an ultrasound-guided biopsy alone carries risks such 
as hemorrhage, infection, and abscessation. Furthermore, the procedure may not provide an answer to 
the presence of carcinoma in a given patient if performed solely, without previous physical examination 
and application of other imaging modalities. At the same time, performing an mpMRI scan cannot 
provide a histological diagnosis. The modern model of Pca diagnosis includes an ultrasound exa-
mination in combination with a previously performed MR scan. The lesions found on the MR scan are 
described by a radiologist, after which the images are superimposed on the ultrasound machine and a 
fusion between the two methods is achieved. AI in this case assists the biopsy by applying automated 
segmentation of the prostate, thus saving time and increasing accuracy of the biopsy. The collaboration 
between the urologist and the radiologist is also improved, as it allows for additional targeting of the 
lesions detected by MR[31].

Another Siemens product is the “Prostate MR” tool (Siemens Healthineers, Cary, NC, United States), 
which is available on the syngo.via workstation and is an AI that supports the evaluation of images 
obtained during a mpMRI scan. Analysis time needed for the AI is extremely short – between 3 sec and 
10 sec. Prostate MR supports the primary detection and classification of findings, and offers description 
according to pre-entered standardized report templates. The use of this type of software is extremely 
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Table 1 Current artificial intelligence products available in the prostate imaging field

Vendor Product name FDA approval class CE approval class Main features in prostate imaging

Siemens Healthineers AI-Rad Companion Prostate MR II IIb - MDR Segmentation, volume assessment, lesion 
annotation, PSA density

Quantib Quantib® Prostate II IIb - MDR Volume assessment, PSA density, 
segmentation, PI-RADS scoring, report 
structure

Quibim QP-Prostate II IIb - MDR ADC, Ktrans, parametric maps 
obtainment, volume assessment, 
segmentation, report structure

Quibim Perfusion pharmacokinetics 
modeling

N/A IIa - MDD Ktrans map, volume assessment, contrast 
enhancement assistance

Quibim Texture analysis N/A IIa - MDD Quantification, radiomics, imaging 
biomarker discovery

Quibim T2 mapping (relaxometry) N/A IIa - MDD T2 values, T2 histogram

Siemens Healthineers Prostate MR on syngo.via N/A IIa - MDD Segmentation, volume assessment, lesion 
assessment, PI-RADS scoring

JLK Inc. JPC-01K N/A I - MDD Lesion detection

Lucida Medical Prostate Intelligence™ N/A I - MDD Segmentation, lesion characterization, PI-
RADS scoring, report structure

Quibim DWI - ADC N/A IIa - MDD Volume assessment, ADC support, 
histogram

Quibim DWI - IVIM N/A IIa - MDD ADC support, multiparametric maps, 
perfusion assessment

ADC: Apparent diffusion coefficient; AI: Artificial intelligence; CE: Single Market in the European economic area; DWI: Diffusion weighted imaging; FDA: 
Food and Drug Administration; IVIM: Intravoxel incoherent motion; JPC-01K: An artificial intelligence-based prostate cancer detection solution; Ktrans: 
Volume transfer constant; MDD: Medical Devices Directive; MDR: Medical device regulation; MR: Magnetic resonance; N/A: Not applicable; PI-RADS: 
Prostate Imaging-Reporting & Data System; PSA: Prostate-specific antigen.

valuable for training radiologists without experience in prostate diagnostics. Indeed, it has been 
reported that the software application leads to a reduction of false-positive results[32].

With the advent of mpMRI, the total number of examinations performed has increased significantly 
worldwide[33]. Radiologists today have to interpret multiple MRI scans of the prostate, but this requires 
great expertise in this challenging field. New guidelines from the European Association of Urology and 
the American Association of Radiology suggest that an MRI be performed before any biopsy is 
undertaken, and currently the number of prostate biopsies in the United States and Europe alone is over 
3 million[33]. Eventual involvement of AI in the interpretation algorithm may improve the detection 
rate, accurate localization and risk stratification of patients with suspected Pca. “Quantib® Prostate” 
software (Quantib, Rotterdam, Netherlands) offers fast and automated segmentation of the prostate and 
detection of findings on the most used mpMRI sequences [T2WI, apparent diffusion coefficient (ADC), 
DWI, DCE]. The software also provides assistance in the PI-RADS classification of a discovery. Finally, 
with the help of the software, a standardized report can be written based on pre-created templates, 
thereby saving time and improving the quality of the report.

DCE perfusion imaging identifies tumors according to their vessel characteristics. The Pharma-
cokinetic Model used in Quantib® Prostate helps detect neoplasms and quantifies tumor neoan-
giogenesis to stage cancer aggressiveness. This suite supports the characterization of tumoral processes 
in the early detection, diagnosis, treatment response evaluation and follow-up of patients with cancer. 
The software assesses the characteristics of the tissues, provides T2WI mapping, and depicts the changes 
according to segmentation. The information obtained allows for the assessment and monitoring of solid 
tumors, such as prostate, rectal, and liver lesions[31].

"JPC-01K" (JLK Inc., Seoul, Korea) is a neural network-based software used to characterize tumors on 
mpMRI. This software aims to reduce the time needed to evaluate the prostate examination findings 
and assist in the description of such by providing quantitative analysis. It also aims to overcome the 
difficulties in image analysis, which are largely dependent on the radiologist and his/her qualifications 
and experience. The system uses mpMR images, T2WI, DWI, and DCE as input and visualizes the 
location of prostate carcinoma lesions and related probabilities. According to a study carried out in one 
center, the accuracy of the method was 99.65%, with a time required for analysis of only 2 min. The AI at 
this manufacturer undergoes constant improvement through the addition of new data from leading 
experts.
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“Prostate Intelligence™” (Lucida Medical, Cambridge, United Kingdom) is AI-based software that 
allows prostate tumor detection on MR images. It is intended to augment a radiologist's interpretation 
of prostate MRI by providing a risk score and prostate segmentation, and aiding in lesion identification 
and segmentation. The processing time for this software is between 1 sec and 10 sec. The DWI algorithm 
by Quibim (Valencia, Spain) calculates the ADC. The suite provides information on the cellular and 
microstructural organization of tissues and highlights the relationship between pathological changes 
and the diffusion of water molecules. In addition, this suite aims to characterize tumoral processes to 
support early detection, diagnosis, treatment response evaluation and follow-up of patients.

The DWI algorithm by Quibim is also used to analyze the microstructure changes according to intra-
voxel incoherent motion. The tool allows for the differentiation of pure diffusion changes due to 
variations in the vascular component and offers additional information complementary to conventional 
ADC results. This suite aims to characterize tumoral processes to support early detection, diagnosis, 
treatment response evaluation and follow-up of patients[31].

For timely detection, accurate diagnosis and proper treatment of the patient, we offer the algorithm 
presented in Figure 2.

OPPORTUNITIES
Creating teams of radiologists and pathologists to jointly decide on the most accurate diagnosis and 
most effective and efficient treatment methods of patients with Pca would create a more efficient 
approach to clinical management of the disease to achieve the most successful outcome. With the help of 
AI, specialists from both fields can join forces, especially when making decisions about suspicious 
lesions classified as PI-RADS 3. It is possible to bring together in one system all critical components 
disease history, PSA levels, findings from imaging studies, genetic tests, laboratory tests, physical and 
histological exams, and treatment(s) performed. AI can facilitate the ability to analyze all these 
components and compare them to databases for risk stratification and better predictability[34,35].

Positron emission tomography/computed tomography
Unlike most other carcinomas, the application of 18F-fludeoxyglucose (FDG) in positron emission 
tomography/computed tomography (PET/CT) is limited for Pca, due to the low or missing glucose 
consumption that is typically presented by prostate carcinoma lesions. Thus, the use of specific targeting 
is required. Until recently, choline was considered a promising marker (since choline uptake/concen-
tration is high in prostatic carcinoma lesion cells). While this radioactive indicator was originally used 
for staging of high-risk patients as well as re-staging after biochemical relapse, its low sensitivity led to 
its largely being abandoned. Other markers such as 11C-acetate, 18F-oorocyclobutan-1-carboxylic acid 
and 18F-uciclovire have been tested but have failed to meet expectations, presenting the same character-
istics as choline and low sensitivity.

The prostate-specific membrane antigen (PSMA) currently dominates all other markers in PET scans 
for Pca. PSMA, also known as glutamate carboxypeptidase II, is a transmembrane glycoprotein, highly 
expressed in prostatic carcinoma lesion cells. PSMA expression tends to increase as Gleason score 
increases. So far, several 68gallium (68GA)-labeled ligands have been designed to target PSMA; these 
include PSMA-11 (known as Hbed-Cc or Hbed-PSMA), PSMA-I & T, and PSMA-617. Therefore, a 
68germanium (GE)/68GA generator with T1/2WI of 271 d is widely used (Figure 3). However, with 
cyclotron access, PSMA-1007 looks like a substantial breakthrough as it shows an advantage over 68GA-
labeled PSMA markers.

Multiple studies have shown that PET/CT with PSMA has a moderate sensitivity but a very high 
specificity for detecting metastases in lymph nodes and other organs. If the primary Pca shows PSMA 
expression, then a PSMA+ and PSMA- finding will be characterized as a secondary lesion or will be 
treated accordingly as a minor/benign lesion in the fragment imaging, although with the caveat of 
having high negative prognostic value. Due to the high monetary cost of PSMA studies, careful selection 
of patients suitable for examination is required. The mpMRI is superior for local assessment of the 
disease, and PSMA PET/MRI has an advantage in whole-body scanning. However, several restrictions 
are noted for patients suffering from Pca. For one, PET cameras are not always available and are missing 
in some of the nuclear medicine departments, especially in remote regions, for various logistical 
reasons. Another limitation is based in the fact that PSMA is not currently included in international 
guidelines. Lastly, although the utility of PSMA PET/CT in diagnosis of Pca is indisputable (outper-
forming diagnostics based solely on PSA, CT, and TRUS biopsy[36-40]) its role in monitoring of the 
disease remains unresolved.

Currently, only the “Pylarify AI™” software (Lantheus, Billerica, MA, United States) is legalized for 
support in PSMA PET/CT examinations, according to its demonstrated quantitative and accurate 
reporting. The AI software allows automated analysis of the CT examination’s findings and allowing for 
targeting of the hotspots[41,42].
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Figure 2 Prostate cancer diagnosis algorithm. AI: Artificial intelligence; mpMRI: Multiparametric magnetic resonance imaging; MRI: Magnetic resonance 
imaging; Pca: Prostate cancer; PI-RADS: Prostate Imaging-Reporting & Data System; PSA: Prostate-specific antigen; US: Ultrasound.

Figure 3 68GA prostate-specific membrane antigen positron emission tomography-computed tomographic images for a patient with 
prostate cancer (adenocarcinoma). The imaging revealed a primary tumor and diffuse lymph node metastatic spread as well as multiple spinal metastases.

CONCLUSION
The increased incidence of Pca in recent years and the improvement of MRI technologies have led to an 
increase in the number of the examinations performed on patients for diagnosis of the disease. The 
larger volume of data that has resulted, combined with the insufficient number and/or insufficiently 
trained personnel, has unfortunately complicated the clinical process and management of these patients. 
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AI is a powerful modern tool that offers benefits of time reduction and improved quality and accuracy 
of interpretation of prostatic carcinoma lesion findings according to the unified PI-RADS system. AI 
application to the field of radiological imaging may revolutionize the approach to Pca patients. 
However, there is still a long way to go until we are able to fully calibrate the individual components of 
the new AI-based software solutions and carry out accurate and thorough studies in this arena to gain a 
comprehensive understanding of the pathology of the disease and clinical care benefits of this powerful 
tool.
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Abstract
BACKGROUND 
Although lung volumes are usually normal in individuals with chronic 
thromboembolic pulmonary hypertension (CTEPH), approximately 20%-29% of 
patients exhibit a restrictive pattern on pulmonary function testing.

AIM 
To quantify longitudinal changes in lung volume and cardiac cross-sectional area 
(CSA) in patients with CTEPH.

METHODS 
In a retrospective cohort study of patients seen in our hospital between January 
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2012 and December 2019, we evaluated 15 patients with CTEPH who had chest computed 
tomography (CT) performed at baseline and after at least 6 mo of therapy. We matched the CTEPH 
cohort with 45 control patients by age, sex, and observation period. CT-based lung volumes and 
maximum cardiac CSAs were measured and compared using the Wilcoxon signed-rank test and 
the Mann-Whitney u test.

RESULTS 
Total, right lung, and right lower lobe volumes were significantly reduced in the CTEPH cohort at 
follow-up vs baseline (total, P = 0.004; right lung, P = 0.003; right lower lobe; P = 0.01). In the 
CTEPH group, the reduction in lung volume and cardiac CSA was significantly greater than the 
corresponding changes in the control group (total, P = 0.01; right lung, P = 0.007; right lower lobe, 
P = 0.01; CSA, P = 0.0002). There was a negative correlation between lung volume change and 
cardiac CSA change in the control group but not in the CTEPH cohort.

CONCLUSION 
After at least 6 mo of treatment, CT showed an unexpected loss of total lung volume in patients 
with CTEPH that may reflect continued parenchymal remodeling.

Key Words: Pulmonary hypertension; Lung; Computed tomography; Retrospective study; Lung volume 
measurements; Follow-up studies
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Core Tip: The total lung volume, right lower lobe volume, and cardiac cross-sectional area were reduced 
after at least 6 mo of follow-up after treatment in patients with chronic thromboembolic pulmonary 
hypertension (CTEPH). This finding suggests that structural lung changes have occurred in CTEPH, 
possibly from continued infarction with secondary volume loss from fibrosis or bronchoconstriction. The 
loss of lung volume may prove to be an important clinical consideration in CTEPH treatment because 
pulmonary function may continue to deteriorate despite improved right heart function in patients with 
CTEPH.

Citation: Tsuchiya N, Xu YY, Ito J, Yamashiro T, Ikemiyagi H, Mummy D, Schiebler ML, Yonemoto K, 
Murayama S, Nishie A. Chronic thromboembolic pulmonary hypertension is associated with a loss of total lung 
volume on computed tomography. World J Radiol 2023; 15(5): 146-156
URL: https://www.wjgnet.com/1949-8470/full/v15/i5/146.htm
DOI: https://dx.doi.org/10.4329/wjr.v15.i5.146

INTRODUCTION
Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by the presence of residual 
organized thrombi and vascular remodeling, leading to progressive pulmonary hypertension and right 
ventricular failure[1]. Surgical pulmonary endarterectomy (PEA) is a treatment for surgically accessible 
CTEPH. However, it has been reported that 17%-25% of patients undergoing PEA have residual or 
recurrent pulmonary hypertension[2]. In addition, approximately 30% of patients are not eligible for 
PEA because of the distal location of their pulmonary thromboemboli[3]; balloon pulmonary 
angioplasty (BPA) or medical therapy are the preferred treatment strategies for such patients[1,4,5].

Spirometry results and lung volumes are usually normal in patients with CTEPH, but approximately 
20%-29% of patients exhibit a restrictive pattern on pulmonary function testing[6-8]. This reduction in 
lung volume is thought to be caused by parenchymal scarring from pulmonary infarction and not by 
displacement from proximal vessel hypertrophy and dilatation[7].

The nature of the progression of this observed reduction in lung volume in patients with CTEPH has 
not previously been described[3,9]. In our practice, we sometimes encounter patients who are receiving 
BPA or medical treatment for CTEPH but are gradually losing lung volume on chest computed 
tomography (CT); these patients require long-term follow-up. Based on this experience, we hypo-
thesized that lung volume decreases over time in patients with CTEPH who have not undergone PEA. 
Furthermore, since heart size can be increased in patients with CTEPH and right heart failure, we 
suspected that this cardiomegaly might be another potential and as yet unreported contributor to the 
lung volume reduction seen in CTEPH.

https://www.wjgnet.com/1949-8470/full/v15/i5/146.htm
https://dx.doi.org/10.4329/wjr.v15.i5.146
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The purpose of this study was to investigate longitudinal changes in CT lung volume and to evaluate 
the relationship between lung volume and heart size in patients with CTEPH.

MATERIALS AND METHODS
Our institutional review board approved this retrospective cohort study and waived the requirement 
for patient informed consent.

Patients
We conducted a retrospective review of patients seen at our institution between January 2012 and 
December 2019. Patients were initially identified using a picture archiving and communications system 
database, and patient selection was further refined by reviewing the electronic medical records. The 
inclusion criteria were a clinical diagnosis of CTEPH, age between 20 years and 90 years, chest CT 
performed at initial diagnosis and at the time of follow-up, and a minimum 6-mo interval between CT 
imaging sessions (Figure 1). We excluded patients who underwent PEA, patients for whom there was a 
lack of thin-slice CT images (< 2 mm) or poor image quality (e.g., motion artifact from a missed breath 
hold), and patients with other conditions that might affect lung volume (e.g., pleural effusion, 
underlying chronic pulmonary disease such as emphysema, interstitial lung disease, or old tuberculosis, 
and a history of thoracic surgery). The inclusion criterion for individuals in the control group, which 
was matched by age, sex, and observation period, was the presence of two chest CTs performed to 
observe cancer status (renal or prostate cancer for men; uterine cancer for women). Individuals were 
excluded from the control group if there was a lack of thin-slice CT images, poor image quality, or any 
abnormal findings on chest CT.

The diagnosis of CTEPH was determined by cardiologists based on a detailed medical history, 
physical examination, chest radiography, chest CT, echocardiography, lung ventilation–perfusion scinti-
graphy, right heart catheterization (RHC), and angiographic demonstration of multiple stenoses and 
obstruction of bilateral pulmonary arteries[10]. Radiologist reports were reviewed to determine which 
pulmonary arteries were affected by chronic thrombosis. Clinical data, including age, height, weight, 
and treatment details (e.g., anticoagulant therapy, BPA), were extracted from the medical records. We 
also noted the results of RHC (mean pulmonary arterial pressure, cardiac output, cardiac index) and 
echocardiography (tricuspid regurgitation pressure gradient, left ventricular end-diastolic diameter, left 
ventricular end-systolic diameter) at the examination closest in time to the chest CT.

Computed tomography
Chest CT, with or without contrast, was performed as part of routine clinical practice. Two scanners 
were used: The Light Speed VCT 64-row CT (GE HealthCare, Milwaukee, WI, United States) and the 
Aquilion ONE 320-row CT (Canon Medical Systems, Odawara, Japan). Imaging was performed during 
a supine breath-hold at full inspiration. Instructions for full inspiration were given using an automatic 
voice system to keep the degree of inspiration constant. The imaging parameters were: Voltage, 120 
kVp; current, automatic exposure control; collimation, 0.5 (Canon) or 0.625 mm (GE); rotation time, 0.5 
sec; matrix, 512 × 512; and slice thicknesses, 1 mm (Canon) or 1.25 mm (GE).

Image analysis
Lung volumes were automatically segmented and calculated using a commercially available 
workstation (SYNAPSE VINCENT, version 4.1; Fujifilm Healthcare Corporation, Tokyo, Japan). We 
used images with a soft tissue reconstruction algorithm [Standard (GE) or FC14 (Cannon)] for analysis. 
Lung volumes were assessed based on lobe anatomy: Right upper and middle lobe; right lower lobe; left 
upper lobe; and left lower lobe. The right upper and middle lobes were assessed together because of the 
frequent presence of incomplete lobulation.

We calculated the amount of change in lung volume between the initial CT and follow-up CT. The 
slice with the maximal cardiac cross-sectional area (CSA) in cm2 was measured semiautomatically using 
a commercially available workstation (SYNAPSE VINCENT, version 4.1). Based on a previously 
published method[11], the following process was used for each patient. A hounsfield unit threshold was 
set to exclude the pericardial fat pad (0-300 hounsfield unit). All images that contained the heart were 
then identified, and the maximum cardiac CSA was determined. Finally, the boundary of the heart was 
traced, and the maximum cardiac CSA recorded. In addition, we calculated the size change (difference 
in area) in cardiac CSA between the initial and follow-up CT images. Lung volume and cardiac CSA 
were analyzed separately by different radiologists (NT and YX) who were blinded to the patients’ 
clinical information (Figure 1).

Statistical analysis
The sample size for this study was determined by the following method[12]: Average lung volume, 2000 
mL; standard deviation, 400 mL; effect size, 400 mL (20% of average); patient to control ratio, 1:3; α, 0.05; 
and power, 0.8.
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Figure 1 Study flow chart. CT: Computed tomography; CTEPH: Chronic thromboembolic pulmonary hypertension; PACS: Picture archiving and communications 
system.

Statistical analyses were performed using JMP 11 (SAS Institute Japan, Tokyo, Japan). Continuous 
variables were calculated as the mean and 95% confidence interval. The Wilcoxon signed-rank test was 
used to compare parameters between the initial and follow-up CT for both groups. The Mann-Whitney 
U test was used to compare parameters between patients with CTEPH and those in the control group. 
The Spearman correlation coefficient was used to determine the correlation between lung volume and 
cardiac CSA. A P value of less than 0.05 was considered statistically significant.

RESULTS
We identified 27 individuals with CTEPH who were seen during the study period. Of these, 24 had two 
chest CTs with an interval greater than 6 mo. We excluded 3 patients who underwent PEA, 5 patients 
who lacked thin-slice CT images, and 1 patient with a pleural effusion. The size of the CTEPH 
population was thus fixed at 15 (4 males and 11 females) due to the retrospective nature of the study. 
The mean patient age was 48 years (range: 40-83 years). The size of the control group was set at 45 
individuals (3 times the size of the CTEPH group). All individuals with CTEPH received anticoagulant 
therapy, and 14 patients underwent BPA. Patient characteristics are summarized in Table 1. The results 
of echocardiography and RHC performed before and after therapy are shown in Table 2.

Comparison between initial and follow-up measurements of lung volume and cardiac CSA
The initial and follow-up measurements for lung volume are shown in Table 2. The total lung volume (P 
= 0.004), right lung volume (P = 0.003), and the right lower lobe volume (P = 0.01) at total lung capacity 
(TLC) were significantly reduced in patients with CTEPH at follow-up (Figures 2 and 3), but there were 
no significant longitudinal changes in lung volumes in the control group. The cardiac CSA was 
significantly reduced in the CTEPH cohort at follow-up (P = 0.001), but this change was not observed in 
the control group.

Comparison between measures of lung volume and cardiac CSA in patients with CTEPH vs controls
The lung volumes and cardiac CSA measurements for the CTEPH cohort and the control group are 
shown in Table 3. There was no significant difference in lung volumes between groups, but the cardiac 
CSA was larger in the CTEPH group than in the control group at both initial and follow-up assessments 
(P < 0.0001). In the CTEPH cohort, the reduction in total lung volume (P = 0.01) and in right lung 
volume (P = 0.007) and right lower lobe volume (P = 0.01) was significantly larger than that seen in the 
control group (Figure 4). The reduction in cardiac CSA in the CTEPH cohort was significantly greater 
than in the control group (P = 0.0002).
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Table 1 Population characteristics

Characteristic CTEPH, n = 15 Control, n = 45 P value

Age in yr, mean (95%CI) 48 (40, 83) 48 (40, 83) -

Height in cm, mean (95%CI) 159 (151, 162) 159 (154, 163) 0.5

Weight in kg, mean (95%CI) 58 (49, 75) 61 (54, 72) 0.9

Interval between initial and follow-up CT in d, mean (95%CI) 547 (273, 846) 531 (294, 815) 0.9

Results of RHC and echocardiography Initial, n = 15 Follow-up, n = 15 P value

Pulmonary arterial pressure in mmHg, mean (95%CI) 47 (38, 59) 34 (23, 44) - 0.001b

Cardiac output in L/min, mean (95%CI) 3.4 (2.8, 4.3) 4.6 (3.6, 6.1) - 0.01a

Cardiac index in L/min/m2, mean (95%CI) 2.2 (1.6, 2.7) 2.7 (2.4, 3.6) - 0.01a

Tricuspid regurgitation pressure gradient in mmHg, mean (95%CI) 66 (51, 77) 42 (23, 61) - 0.01a

Left ventricular end-diastolic diameter in mm, mean (95%CI) 38 (37, 42) 44 (41, 47) - 0.02a

Left ventricular end-systolic diameter in mm, mean (95%CI) 25 (22, 28) 27 (24, 31) - 0.5

Results of spirometry Initial, n = 10 Follow-up, n = 10

Vital capacity % predicted 83 (70, 102) 87 (76, 99) - 0.2

Forced vital capacity % predicted 76 (71, 97) 83 (74, 97) - 0.3

Forced expiratory volume-one second % predicted 74 (63, 959 83 (69, 96) - 0.5

aP < 0.05.
bP < 0.01. CI: Confidence interval; CT: Computed tomography; CTEPH: Chronic thromboembolic pulmonary hypertension; RHC: Right heart 
catheterization.

Table 2 Comparison between measurements on initial and follow-up computed tomography

CT measurement CTEPH, n = 15 Control, n = 45

Initial Follow-up P value Initial Follow-up P value

Total lung volume in mL, mean (95%CI) 3238 (3016, 4494) 3360 (2687, 4043) 0.004b 3669 (3063, 4167) 3657 (2993, 4385) 0.9

Right lung volume in mL, mean (95%CI) 1879 (1700, 2619) 1817 (1522, 2299) 0.003b 1939 (1635, 2268) 1990 (1614, 2347) 0.9

Right upper + middle lobe volume in mL, mean (95%CI) 977 (913, 1103) 973 (900, 1148) 0.2 1028 (868, 1169) 1010 (865, 1212) 1.0

Right lower lobe lung volume in mL, mean (95%CI) 978 (737, 1123) 815 (611, 1111) 0.01a 931 (707, 1112) 911 (733, 1148) 0.8

Left lung volume in mL, mean (95%CI) 1396 (1316, 1875) 1455 (1216, 1744) 0.1 1692 (1376, 1940) 1659 (1403, 2023) 0.7

Left upper lobe lung volume in mL, mean (95%CI) 836 (752, 925) 802 (689, 1000) 0.4 867 (747, 1042) 869 (741, 1089) 0.9

Left lower lobe lung volume in mL, mean (95%CI) 636 (555, 902) 652 (476, 806) 0.05 826 (628, 939) 749 (622, 999) 0.6

Heart cross-sectional area in cm2, mean (95%CI) 97 (86, 112) 83 (69, 100) 0.001b 75 (65, 85) 74 (64, 85) 0.7

aP < 0.05.
bP < 0.01. CI: Confidence interval; CT: Computed tomography; CTEPH: Chronic thromboembolic pulmonary hypertension.

Correlation between lung volume and cardiac CSA
There were no significant correlations between lung volume and cardiac CSA in the CTEPH cohort or 
the control group at either initial or follow-up CT. In the CTEPH group, there were no significant correl-
ations between lung volume change and the change in cardiac CSA. In the control group, the change in 
cardiac CSA was negatively correlated with total lung volume change (ρ = -0.44; P = 0.002), right lung 
volume change (ρ = -0.34; P = 0.01), right upper and middle lobe volume change (ρ = -0.27; P = 0.06), 
right lower lobe volume change (ρ = -0.34; P = 0.02), left lung volume change (ρ = -0.50; P = 0.0004), left 
upper lobe volume change (ρ = -0.40; P = 0.0005), and left lower lobe volume change (ρ = -0.52; P = 
0.0002) (Figure 5).
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Table 3 Lung volume and heart-size change in patients with chronic thromboembolic pulmonary hypertension and in the control group

Parameter CTEPH, n = 15 Control, n = 45 P value

Total lung volume change in mL, mean (95%CI) 176 (13, 468) 39 (-228, 252) 0.01a

Right lung volume change in mL, mean (95%CI) 120 (47, 292) 4 (-121, 126) 0.007b

Right upper + middle lobe lung volume change in mL, mean (95%CI) 35 (-26, 91) -7 (-46, 46) 0.9

Right lower lobe lung volume change in mL, mean (95%CI) 85 (19, 167) -9 (-66, 83) 0.01a

Left lung volume change in mL, mean (95%CI) 23 (-37, 214) 33 (-109, 99) 0.1

Left upper lobe lung volume change in mL, mean (95%CI) 13 (-31, 81) 1 (-44, 53) 0.4

Left lower lobe lung volume change in mL, mean (95%CI) 40 (-23, 112) 9 (-59, 63) 0.1

Cardiac cross-sectional area change in cm2, mean (95%CI) 19 (4, 25) -0.3 (-2, 3) 0.0002c

aP < 0.05.
bP < 0.01.
cP < 0.001. CI: Confidence interval; CTEPH: Chronic thromboembolic pulmonary hypertension.

Figure 2 Parallel plots between initial computed tomography and follow-up computed tomography. The right lower lung volume decreased 
significantly over time in the chronic thromboembolic pulmonary hypertension (CTEPH) group. There were no significant changes in lung volume in the control group.

DISCUSSION
This pilot study showed that the lung volume in patients with CTEPH who are treated medically 
decreases over 6 mo of follow-up, despite a reduction in heart size during that same period. These 
results suggest that a reduction in lung volume may continue in patients with CTEPH who have not 
undergone PEA, and that this reduction may occur independently of right heart enlargement quantified 
using cardiac CSA.

Although decreased TLC has been previously observed in patients with CTEPH[7], this report 
analyzed regional contributions to reduction in lung volume using CT measurements, showing that the 
right lung and right lower lung have significantly reduced volumes. The reason for this may be related 
to continued lung remodeling and loss of parenchyma from continuing pulmonary infarction. Reports 
of pulmonary embolism show a striking lower lobe predominance, with an embolus rate in the right 
lower lobe twice that of the left lower lobe[13]. Thus, it is plausible that the right lower lung is a major 
contributor to lung volume reduction because of its status as a predominant region of pulmonary 
infarction.

A retrospective study by Morris et al[7] found that 22% of the 51 patients with CTEPH who were 
candidates for PEA had restrictive lung disease on pulmonary function testing, defined as a TLC less 
than 80% of predicted. They also demonstrated that the reduction in lung volume was correlated to the 
degree of parenchymal scarring occurring after pulmonary infarction. Pulmonary infarction is more 
common with peripheral pulmonary emboli than with central pulmonary emboli due to the relatively 
lower contribution of bronchial arterial supply to the peripheral lung[13,14].
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Figure 3 A 55-year-old female with chronic thromboembolic pulmonary hypertension was observed for 15 mo. A: The lung lobar volumes 
before treatment; B: The lung lobar volumes after treatment showed a loss of volume from both lung bases; C: The cardiac cross-sectional area was improved after 
balloon pulmonary angioplasty; D: The right ventricle returned to a normal size. CT: Computed tomography.

The decline in heart size seen with CTEPH is most likely related to the improvement in right 
ventricular function and decreased right ventricular end-diastolic and end-systolic volumes with 
medical therapy or BPA. Echocardiography and RHC show these improvements at follow-up. Cardiac 
CSA, measured in the transverse plane, is affected by the phase of ventilation. Inhalation stretches the 
heart in the vertical plane and reduces cardiac CSA, whereas expiration lifts the diaphragm and pushes 
the heart upward, increasing cardiac CSA[11]. The control group in this study had a significant negative 
correlation between heart size change, as measured by CSA, and lung volume change. However, the 
correlation between these changes disappeared in the CTEPH cohort. We initially speculated that 
cardiomegaly was a factor in lung volume decline in the CTEPH group. In addition to the physiologic 
increase in cardiac CSA caused by poor inspiration, the increase in the right ventricle and right atrium 
volume caused by exacerbation of right heart failure would compress the lung parenchyma, leading to a 
decrease in lung volume. However, we found the opposite to be true: lung volumes decreased in the 
CTEPH group despite a reduction in heart size. In other words, a reduction in heart size that is 
associated with improved heart function can occur simultaneously with a loss of lung volume in 
CTEPH. An additional explanation of this negative correlation between heart size and lung volume is 
that in normal individuals more vigorous inspiration when measuring TLC reduces venous filling of the 
right atrium. In patients with CTEPH, there should be less of an effect because these individuals already 
have volume overload in the right heart.

There have been remarkable recent advances in treatment for inoperable CTEPH, and survival has 
significantly improved in the population treated with medication or BPA[2]. However, whether quality 
of life improves after medical therapy has been controversial, and there have been no reports of changes 
in quality of life following BPA[15-19]. While TLC reportedly increases following BPA for CTEPH[20], 
this is only a short-term outcome. Further study is needed to clarify whether this temporary increase in 
lung volume and subsequent regression may influence quality of life in patients with CTEPH.

There are several limitations to this study. First, this is a retrospective single-center study with a small 
number of patients, and spirometry data are lacking. Second, height is an important factor influencing 
lung volume, but this was not matched between patients in the CTEPH and control groups; however, 
mean height was not significantly different between the groups. Therefore, this effect is likely to be 
negligible. Third, there were multiple hardware vendors for the CT scanners used in this project. 
Finally, the absolute inspiration volume for CT was not measured with spirometry.

CONCLUSION
The total lung volume, right lower lobe volume, and the cardiac CSA were reduced after at least 6 mo of 
follow-up after treatment in patients with CTEPH. This finding suggests that structural changes in the 
lung have occurred, possibly from continued infarction with secondary volume loss from fibrosis or 
bronchoconstriction. The results of this study suggest that pulmonary function may continue to 
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Figure 4 Box and whisker plots of individuals with chronic thromboembolic pulmonary hypertension and individuals in the control 
group. There were significant changes over time in the total lung, right lung, and right lower lobe but not the right upper and middle lobes. There was no significant 
change in volume in the left lung, left upper lobe, or left lower lobe. CTEPH: Chronic thromboembolic pulmonary hypertension; Up: Upper lobe; M: Middle lobe; Low: 
Lower lobe.

Figure 5 Relationship between lung volume change and cardiac cross-sectional area in patients with chronic thromboembolic pulmonary 
hypertension group and in the control group. There was a negative correlation between total lung volume and cardiac cross-sectional area (CSA) in the 
control group but not in the chronic thromboembolic pulmonary hypertension (CTEPH) group.

deteriorate in patients with CTEPH despite improvements in right heart function and decreased right 
ventricular volumes from lowered pulmonary arterial pressure after treatment. This loss of lung volume 
may prove to be an important clinical consideration in CTEPH treatment.
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ARTICLE HIGHLIGHTS
Research background
In chronic thromboembolic pulmonary hypertension (CTEPH), about 20% of patients have lung 
restriction due to parenchymal scarring. We sometimes follow CTEPH patients who gradually lose lung 
volume. There is no report describing the temporal change in lung volume of CTEPH patients.

Research motivation
The loss of lung volume may be an important clinical consideration in CTEPH treatment.

Research objectives
The purpose of this study was to assess the temporal lung volume changes in CTEPH.

Research methods
Included in the study were patients with CTEPH who underwent two thoracic computed tomography 
(CT) examinations with a between-test interval that was greater than 6 mo. We also assessed controls 
matched by age, sex, and observation period. The lung volume was measured on the left and right sides 
by thin-slice CT scanning. Lung volume was automatically measured by lung analysis software. We 
analyzed the lung volume changes between the initial CT and follow-up CT in patients and controls by 
the Wilcoxon signed-rank test.

Research results
The total and right lung volumes were significantly reduced from the initial CT to the follow-up CT in 
the patients with CTEPH. In CTEPH patients, there was no significant change in the left lung volume. In 
controls, there were no significant changes in lung volume.

Research conclusions
In patients with CTEPH, the lung volume was reduced temporally. The right lung was more affected 
than the left lung by the lung volume reduction.

Research perspectives
Further study is needed to clarify whether this temporary increase in lung volume and subsequent 
regression may influence quality of life in patients with CTEPH.
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