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Retrospective Cohort Study
Chronic thromboembolic pulmonary hypertension is associated with a loss of total lung volume on computed tomography
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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 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.
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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.



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 hypothesized 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.
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 scintigraphy, 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.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]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.
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
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]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).

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 correlations 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).

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].
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 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.

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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Figure Legends
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Figure 1 Study flow chart. CT: Computed tomography; CTEPH: Chronic thromboembolic pulmonary hypertension; PACS: Picture archiving and communications system.
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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. 
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[bookmark: OLE_LINK5][bookmark: OLE_LINK6]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.
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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.
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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. 



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

	[bookmark: _Hlk41081317]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.



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.
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