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Abstract: In chronic thromboembolic pulmonary hypertension (CTEPH), assessment of severity
requires right heart catheterization (RHC) through cardiac index (CI). Previous studies have shown
that dual-energy CT allows a quantitative assessment of the lung perfusion blood volume (PBV).
Therefore, the objective was to evaluate the quantitative PBV as a marker of severity in CTEPH. In
the present study, thirty-three patients with CTEPH (22 women, 68.2 � 14.8 years) were included
from May 2017 to September 2021. Mean quantitative PBV was 7.6% � 3.1 and correlated with
CI (r = 0.519, p = 0.002). Mean qualitative PBV was 41.1 � 13.4 and did not correlate with CI.
Quantitative PBV AUC values were 0.795 (95% CI: 0.637�0.953, p = 0.013) for a CI � 2 L/min/m2

and 0.752 (95% CI: 0.575�0.929, p = 0.020) for a CI � 2.5 L/min/m2. In conclusion, quantitative lung
PBV outperformed qualitative PBV for its correlation with the cardiac index and may be used as a
non-invasive marker of severity in CTPEH patients.

Keywords: tomography; X-ray computed/methods; lung; perfusion; comparative study

1. Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare disease that

may develop in the event of non-resolving pulmonary thromboemboli [1�3]. CTEPH is
classi�ed as a group 4 pulmonary hypertension (PH) in the current classi�cation of the
World Symposium on PH [4]. The precise pathogenesis is still unclear, but it is characterized
by the presence of thromboembolic material in vessels and vascular remodeling [5�8]. Per
current guidelines, non-invasive imaging modalities, V0/Q0 lung scintigraphy or single-
photon emission CT (SPECT), are the recommended investigations in patients with PH to
look for CTEPH [9,10]. However, assessment of severity still requires an invasive procedure
such as right heart catheterization (RHC) through the assessment of the cardiac index in
particular [5,9,11].

In the past two decades, dual-energy CT (DECT) systems have demonstrated new
capabilities compared to conventional CT and allow the obtention of images speci�c to lung
iodine content [12]. These images, which have been shown to be a surrogate marker of lung
perfusion, enable the analysis of the lung perfusion blood volume (PBV) [13,14]. This PBV
was shown to be correlated with qualitative and quantitative data provided by different
lung perfusion nuclear methods using 99mTc macro aggregated albumin (MAA-Tc99m)
such as multiplanar scintigraphy or cadmium-zinc-telluride camera SPECT-CT [15,16]. In
CTEPH patients, the PBV was reported to be a marker of perfusion failure and correlated
to hemodynamic parameters [11,17�20]. However, studies evaluating the PBV have been
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restricted so far, with �awed qualitative or semi-quantitative methods that are dependent
on an observer’s experience, do not account for the absolute iodine concentration in the
lungs, and do not allow it to be normalized to the concentration in the pulmonary trunk.
Altogether, these limitations may limit the accuracy and impact of their analysis. Recently,
the development of new software allows the quanti�cation of the iodine concentration in
pre-segmented structures such as lungs or pulmonary vessels, which may contribute to the
improvement of PBV analysis relevance.

The objective of the present study was to evaluate the quantitative lung perfusion
blood volume as a marker of severity in CTEPH.

2. Materials and Methods
2.1. Population

This single-center retrospective study in a reference center was approved by the
local institutional review board (BLINDED, approval number 18-305). Written consent
was waived due to the study’s retrospective character. Consecutive CTEPH patients
who underwent DECT and RHC in both lungs between May 2017 and September 2021
were retrospectively analyzed. Patients for whom DECT and RHC examinations had
been conducted more than 3 months apart were excluded. All included patients had a
diagnosis of CTEPH con�rmed by clinical history, examination, imaging (including CT,
ventilation-perfusion scintigraphy or SPECT), RHC, and clinical follow-up. Patients who
had non-exclusive postembolic hypertension were not included in the study.

2.2. Image Acquisition
DECT angiographies were performed on a dual-layer DECT system (iQon; Philips

Healthcarefi). The amount of iodinated contrast agent (iomeprol, iomeron 400 mg/mL;
Braccofi) injected was calculated for each patient based on the time of acquisition for a �ow
rate of 3.5 mL/s using the following formula: volume of contrast agent = (estimated total
time of CT acquisition + 6) * �ow rate. The lung acquisitions were performed from cranial
to caudal and CT scans were started using the bolus tracking technique with a threshold of
110 Houns�eld Units (HU) in the trunk of the main pulmonary artery. Conventional images
and iodine maps were reconstructed for each patient using the Spectral Philips IntelliSpace
Portal 12.0 (Philips HealthCarefi) and stored for quantitative analysis. Time injection quality
was evaluated by a ratio between the iodine concentration in the pulmonary trunk and in
the left auricle, using an ROI sized at 150 mm2 on the iodine maps.

2.3. Quantitative Perfusion Blood Volume (PBV)
One radiologist (LZ, 3 years of experience) proceeded to a semi-automatic segmen-

tation of both lungs using the IntelliSpace Portal software for conventional DECT images
(COPD application; ISP 12, Philips Healthcarefi). After segmentation of both lungs ex-
cluding the main pulmonary vessels, the mean iodine concentration for the two lungs
was automatically measured from the iodine map for PBV calculation. As the time of
injection and the iodine concentration in pulmonary vessels may impact the lung PBV [21],
the quantitative PBV was normalized by quantifying the ratio between the mean iodine
concentration of both lungs and the iodine concentration in a referent vessel. The referent
vessel was de�ned by the trunk of the pulmonary artery (Figure 1). On average, this process
takes 15 to 20 min.

2.4. Per-Segment Qualitative Analysis of the PBV
Two radiologists (LZ and SS-M, 3 and 7 years of experience) scored the extent of

perfusion defects in each lung segment using the following scale [16]: 0: no defect; 1: defect
in <25% of a segment; 2: defect in �25 and <50% of a segment; 3: defect in �50 and <75%
of a segment; and 4: defect in �75% of a segment. The lung PBV score was the sum of the
scores of the 18 segments analyzed, as previously published [20].
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Figure 1. Quantification of the lung perfusion blood volume (PBV) in a 64-year-old male patient 
with chronic thromboembolic pulm onary hypertension (CTEPH). (A) Coronal image of the lung 
iodine density map. ( B) Coronal image after lung segmentation with the semi-automatic software 
COPD (IntelliSpace Portal; Philips Healthcare®) allowing the exclusion of the main pulmonary ves-
sels. (C) Volumetric segmentation of the lungs. ( D) Overlay coronal image of the conventional and 
iodine density maps representing the defect perfusion of the CTEPH condition. 
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a segment; and 4: defect in �Ã75% of a segment. The lung PBV score was the sum of the 
scores of the 18 segments analyzed, as previously published [20]. 
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Parameters measured by RHC examination included the systolic, diastolic, and mean 
pulmonary artery pressure (PAPs, PAPd, PAPm), right atrial pressure (RAP), cardiac out-
put (CO), cardiac index (CI), and pulmonary vascular resistance (PVR). Brain natriuretic 
peptide (BNP), 6 min walk distance (6MWD) , and the World Health Organization func-
tional class (WHO fc) were recorded. 

2.6. Statistical Analyses 

Statistical analyses were performed with the IBM SPSS Statistics 22 (IBM, Armonk, 
NY, USA) and Prism software packages (version 8, GraphPad). Data are expressed as 
means ± mean standard errors and ranges (minimum–maximum), according to the nor-
mality tests (Shapiro–Wilk normality test). Pearson’s and Spearman’s correlation coeffi-
cients were calculated as a function of normality of variables’ distribution between nor-
malized automated PBV, qualitative PBV, and the following parameters: mean iodine con-
centration in pulmonary artery, PAP, RAP, CO, CI, and PVR, WHO fc, 6MWD, BNP level. 

Figure 1. Quanti�cation of the lung perfusion blood volume (PBV) in a 64-year-old male patient with
chronic thromboembolic pulmonary hypertension (CTEPH). (A) Coronal image of the lung iodine
density map. (B) Coronal image after lung segmentation with the semi-automatic software COPD
(IntelliSpace Portal; Philips Healthcarefi) allowing the exclusion of the main pulmonary vessels.
(C) Volumetric segmentation of the lungs. (D) Overlay coronal image of the conventional and iodine
density maps representing the defect perfusion of the CTEPH condition.

2.5. Assessment of Clinical Severity
Parameters measured by RHC examination included the systolic, diastolic, and mean

pulmonary artery pressure (PAPs, PAPd, PAPm), right atrial pressure (RAP), cardiac output
(CO), cardiac index (CI), and pulmonary vascular resistance (PVR). Brain natriuretic peptide
(BNP), 6 min walk distance (6MWD), and the World Health Organization functional class
(WHO fc) were recorded.

2.6. Statistical Analyses
Statistical analyses were performed with the IBM SPSS Statistics 22 (IBM, Armonk,

NY, USA) and Prism software packages (version 8, GraphPad). Data are expressed as
means�mean standard errors and ranges (minimum�maximum), according to the normal-
ity tests (Shapiro�Wilk normality test). Pearson’s and Spearman’s correlation coef�cients
were calculated as a function of normality of variables’ distribution between normalized
automated PBV, qualitative PBV, and the following parameters: mean iodine concentration
in pulmonary artery, PAP, RAP, CO, CI, and PVR, WHO fc, 6MWD, BNP level. Correlations
were described as <0.2 = very weak, 0.2 to 0.39 = weak, 0.40 to 0.59 = moderate, 0.60 to
0.79 = strong, and >0.8 = very strong. Data were categorized according to the CI thresholds
(2 L/min/m2 and 2.5 L/min/m2), according to the PH prognosis determinants [9,22,23].
The areas under the curves (AUCs) for the receiver operating characteristic (ROC) analyses
were calculated. The Youden’s method was used to determine the optimal threshold of
PBV values and to calculate their sensitivity (Se) and speci�city (Sp).
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3. Results
3.1. Patients’ Characteristics

Thirty-three patients of median age 68 � 15 (SD) years (range: 23�88) were included
in the study (Table 1, Figure 2). The median delay between DECT and RHC was 5 days
(IQR: 1�7), and it was �7 days for 26 patients (79%). All patients had anticoagulant
treatment for more than 3 months at the time of the DECT and RHC. None of the patients
underwent either surgical or endovascular intervention between DECT and RHC.

Table 1. Patients’ characteristics.

Population (n = 33) Value * �SD [Min�Max]

Age (years) 68 �15 [63�78]
Sex (male) 11 (33.3%)
Height (cm) 165.2 �8.5 [150�183]
Weight (kg) 77.3 �16.7 [44�114]
Body mass index (kg/m2) 28.1 �5.1 [17�38]
Delay between pulmonary CT angiography and right
heart catheterization 5 [1�7]

DECT parameters
Ratio of the iodine concentrations in the pulmonary
trunk and the left auricle 2.4 [1.7�3.2]

Quantitative perfused blood volume 6.5 [5.4�9.6]
Qualitative perfused blood volume 41.1 �13.4 [16�67]
Iodine concentration in the pulmonary trunk (mg/mL) 11.12 [9.16�13.72]
Right heart catheterization parameter
Mean pulmonary artery pressure (mmHg) 41.8 �10.4 [26�68]
Systolic pulmonary artery pressure (mmHg) 70.9 �17.5 [39�106]
Diastolic pulmonary artery pressure (mmHg) 25.88 �8.2 [14�48]
Right atrial pressure (mmHg) 7.1 �3.4 [1�16]
Pulmonary capillary wedge pressure (mmHg) 9.7 �3.4 [5�18]
Pulmonary vascular resistance (WU) 7.7 �3.9 [1.9�16.3]
Cardiac output (L/min) 4.2 [3.6�5.1]
Cardiac index (L/min/m2) 2.4 �0.6 [1.4�3.8]
Other parameters
6 min walk distance (min) (n = 28) 365 �164 [85�645]
Brain natriuretic peptide (ng/L) 171 [23.5�713]
WHO-fc (n = 32), n (%)

Grade I 4 (12.5%)
Grade II 14 (43.7%)
Grade III 12 (37.5%)
Grade IV 2 (6.3%)

Footnote. SD: standard deviation, WHO fc: World Health Organization functional class. * Values are expressed as
median [1st quartile�3rd quartile] or mean (�SD) [minimal�maximal], as appropriate.

3.2. Correlation Analysis
Moderate to strong correlations were found between the quantitative PBV and the

CI (r = 0.519; p = 0.002), CO (r = 0.672; p = 0.0001), and PVR (r = �0.466; p = 0.006), while
no signi�cant correlation was found between the qualitative PBV and the hemodynamics
parameters (Table 2, Figure 3), despite a moderate correlation between quantitative and
qualitative PBV (r = 0.41; p = 0.018).
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Figure 2. Flow chart of the study population.

Table 2. Correlation analysis between lung perfusion blood volume (PBV) and hemodynamics
parameters. Top row: Pearson’s coef�cients, Bottom row: Spearman’s coef�cients.

PAPs PAPd PAPm RAP PAWP PVR CO CI 6MWD BNP WHOfc

Quantitative PBV r �0.302 �0.194 �0.181 0.103 0.118 �0.466 ** 0.672 *** 0.519 ** 0.071 �0.307 �0.189
p 0.088 0.279 0.314 0.568 0.513 0.006 0.0001 0.002 0.696 0.083 0.291

Qualitative PBV r 0.086 0.231 0.15 0.009 �0.081 0.234 �0.251 �0.095 0.089 0.339 0.188
p 0.636 0.195 0.405 0.959 0.655 0.19 0.159 0.597 0.621 0.054 0.294

Footnote. PAPs: systolic pulmonary artery pressure, PAPd: diastolic pulmonary artery pressure, PAPm: mean
pulmonary artery pressure, RAP: right atrial pressure, PAWP: pulmonary arterial wedge pressure, PVR: pulmonary
vascular resistance, CO: cardiac output, CI: cardiac index, 6MWD: 6 min walk distance, BNP: brain natriuretic
level, WHOfc: World Health Organization functional class, PBV: perfusion blood volume. ** p-value < 0.01,
*** p-value < 0.001.
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Figure 3. Correlation graphs between quantitative perfusion blood volume (PBV) and hemodynamics
parameters; (A) PAPm (mean pulmonary arterial pressure); (B) PVR (pulmonary vascular resistance);
(C) CI (cardiac index); and (D) CO (cardiac output).
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3.3. Diagnostic Performances of Quantitative PBV for Cardiac Index Groups
An ROC analysis for CI � 2 L/min/m2 produced an AUC value of 0.795 (95% CI:

0.637�0.953, p = 0.013) and for a CI � 2.5 L/min/m2, an AUC value of 0.752 (95% CI:
0.575�0.929, p = 0.020). The PBV optimal cut-off values were 8% with a sensitivity of 52%
and a speci�city of 100% for a CI � 2 L/min/m2, and 9.6% with a sensitivity of 54% and
a speci�city of 91% for a CI � 2.5 L/min/m2 (Figure 4). Example cases are provided in
Figure 5.
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Figure 5. Cases of chronic thromboembolic pulmonary hypertension patients. (A�C). 23-year-old
male patient with a quantitative lung perfusion blood volume (PBV) of 10.4% and a cardiac index of
3.4 L/min/m2. (D�F) 73-year-old female patient with a quantitative PBV of 8.9% and a cardiac index
of 2.1 L/min/m2. (G�I) 86-year-old female patient with a quantitative PBV of 3.4% and a cardiac
index of 1.7 L/min/m2.
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3.4. Radiation Dose Study
The mean volume CT dose index was 7.5� 3.4 (SD) mGy (range: 5.3�9.3), and the total

dose length product was 283.6 � 128.7 (SD) mGy.cm�1 (range: 187.5�343.5). As a result, the
mean equivalent dose was calculated and found to be 3.9 � 1.8 (SD) mSv (range: 2.6�4.8).

4. Discussion
In the present study, we demonstrated the additional value of having a full and quan-

titative assessment of the PBV by �nding correlations between the quantitative PBV and
the PVR, CI, and CO, in comparison to qualitative PBV. These �ndings are particularly
interesting because of the prognostic value of these hemodynamic parameters commonly
assessed during patient follow-up [9,22,23]. In addition, this allowed us to calculate optimal
thresholds to differentiate the severity grades proposed by the international recommenda-
tions [9]. To our knowledge, the present study is the �rst to show such a correlation as well
as diagnostic performances to assess the severity of CTEPH.

Numerous studies using DECT systems have highlighted the potential interest of
PBV to indirectly evaluate RHC parameters in CTPEH patients, but with some limitations.
A �rst study in 2010 by Hoey et al. demonstrated in a small cohort a strong correlation
between qualitative PBV and mosaic attenuation pattern; however, no correlation with
the vascular obstructive index, the mean pulmonary artery pressure, or the pulmonary
vascular resistance was found [24]. A second study in 2016 by Takagi et al. found in a
larger cohort study of 46 patients signi�cant correlations between the PBV score, assessed
in a semi-quantitative manner, and the PAP (mean, rho = 0.48; systolic, rho = 0.47; diastolic,
rho = 0.39), PVR (rho = 0.47), and RVP (rho = 0.48) (all p-values < 0.01) [25]. Despite
the fact that the population study did have comparable CI values to our population
(i.e., 2.58 vs. 2.39 mL/min/m2), they did not �nd any correlation with CI. Nevertheless, the
PAP values were much lower than in our study (24 mmHg vs. 41 mmHg in the present
study), highly suggestive of differences between the study populations. In addition, the
PBV calculation was limited to a semi-quantitative analysis using a score of perfusion
defects per segment. A third study in 2013 by Meinel et al. reported a different process for
calculating the PBV [26]. By quantifying the lung parenchyma attenuation, dividing it by the
main pulmonary trunk enhancement, and using a calibration factor of 0.15, they calculated
the PBV and reported signi�cant correlations with the PAP, while no correlation was found
between the PVR and the CI. In that study, despite the use of a DECT system, the iodine
maps were not considered for PBV assessment, which may have limited its signi�cance. A
fourth study in 2020 by Tsutsumi et al. found a signi�cant correlation between the PBV
and the PAP, RAP, and PVR in 52 patients, while no correlation was found with the CI [27].
The authors extracted the PBV attenuation values but did not perform normalization with
the pulmonary trunk enhancement. Furthermore, the injection protocol was different than
the one used in our present study: A bolus tracking method was used with an ROI in the
ascending aorta instead of an ROI located in the pulmonary trunk. This may have strongly
impacted the PBV values because of a collateral circulation that may participate by 30% of
the pulmonary in�ow [28,29]. An injection at an earlier time would have been preferable
to highlight a pulmonary vascular obstruction and limit the participation of systemic
vascularization, such as suggested in other studies [11,30,31]. Lastly, a �fth study in 2022
by Kroeger et al. used an automated semi-quantitative volumetric process to estimate the
PBV and found a correlation between the score of malperfused volume and the PVR but no
correlation with the mPAP, results comparable to those of the present study [32]. Altogether,
these studies support the existence of a relation between the degree of malperfusion in
CTEPH and a hemodynamic impact, though with some discrepancies, and importantly
without showing a correlation with the CI, despite the fact that it is known to play a key
role in the severity assessment of CTEPH [9,11,22,23].

Our study has several limitations. Due to a limited number of patients and the absence
of an external cohort, this study cannot be considered as a validation of PBV thresholds
but only as a preliminary study. In addition, it is known that the streak artefacts due to
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the presence of iodine contrast agent in the superior vena cava and the subclavian vein
could impact the quantitative PBV calculation. For example, Tsutsumi et al. used a lung
PBV calculation that excluded the right upper zone to avoid artefacts [27]. To minimize this
impact, the volume of contrast agent injected should be adjusted to the acquisition duration,
such as performed in our clinical routine [16,31]. Finally, the investigation of a PBV value
in control healthy subjects for a better understanding of its signi�cance is missing. Other
studies investigated the lung PBV in a population with and without vascular obstruction
(especially in acute pulmonary embolism) [33], but no study has yet explored the normal
value of lung PBV in a standard population in a quantitative manner, which leaves the
question open to further investigations.

5. Conclusions
Quantitative lung perfusion blood volume outperformed the qualitative lung per-

fusion blood volume in terms of correlation with the hemodynamic parameters of CT-
PEH. The quantitative lung perfusion blood volume should be investigated as a non-
invasive marker of severity to classify patients with a cardiac index � 2 mL/min/m2 and
�2.5 mL/min/m2.

Author Contributions: Conceptualization, S.A.S.-M.; methodology, S.A.S.-M., S.T. and L.B.; software,
L.B.; validation, S.A.S.-M., L.B. and S.T.; formal analysis, S.A.S.-M. and L.Z.; investigation, S.A.S.-M.,
S.T. and L.Z.; resources, P.D. and L.B.; data curation, S.A.S.-M.; writing�original draft preparation,
S.A.S.-M. and L.Z.; writing�review and editing, J.-F.M., P.D., V.C., L.B., S.B. and S.T.; visualization,
S.A.S.-M. and L.B.; supervision, S.A.S.-M.; project administration, P.D.; funding acquisition, L.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (Hospices Civils de Lyon, approval
number 18-305).

Informed Consent Statement: Patient consent was waived due to the retrospective aspect of
the study.

Data Availability Statement: Not applicable.

Acknowledgments: We are deeply grateful to Adeline Mansuy, Apolline Barbe, and Morgane Bouin
for their help in ethics.

Con�icts of Interest: The authors declare no con�ict of interest.

References
1. Pepke-Zaba, J.; Delcroix, M.; Lang, I.; Mayer, E.; Jansa, P.; Ambroz, D.; Treacy, C.; D’Armini, A.M.; Morsolini, M.; Snijder, R.; et al.

Chronic Thromboembolic Pulmonary Hypertension (CTEPH): Results from an International Prospective Registry. Circulation
2011, 124, 1973�1981. [CrossRef]

2. Becattini, C.; Agnelli, G.; Pesavento, R.; Silingardi, M.; Poggio, R.; Taliani, M.R.; Ageno, W. Incidence of Chronic Thromboembolic
Pulmonary Hypertension After a First Episode of Pulmonary Embolism. Chest 2006, 130, 172�175. [CrossRef] [PubMed]

3. Pengo, V.; Lensing, A.W.; Prins, M.H.; Marchiori, A.; Davidson, B.L.; Tiozzo, F.; Albanese, P.; Biasiolo, A.; Pegoraro, C.; Iliceto,
S.; et al. Incidence of Chronic Thromboembolic Pulmonary Hypertension after Pulmonary Embolism. N. Engl. J. Med. 2004, 8,
2257�2264. [CrossRef] [PubMed]

4. Simonneau, G.; Montani, D.; Celermajer, D.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic
de�nitions and updated clinical classi�cation of pulmonary hypertension. Eur. Respir. J. 2019, 53, 1801913. [CrossRef] [PubMed]

5. Kim, N.H.; Delcroix, M.; Jais, X.; Madani, M.M.; Matsubara, H.; Mayer, E.; Ogo, T.; Tapson, V.F.; Ghofrani, H.-A.; Jenkins, D.P.
Chronic thromboembolic pulmonary hypertension. Eur. Respir. J. 2019, 53, 1801915. [CrossRef]

6. Humbert, M.; Guignabert, C.; Bonnet, S.; Dorfmüller, P.; Klinger, J.R.; Nicolls, M.R.; Olschewski, A.J.; Pullamsetti, S.S.; Schermuly,
R.T.; Stenmark, K.R.; et al. Pathology and pathobiology of pulmonary hypertension: State of the art and research perspectives.
Eur. Respir. J. 2019, 53, 1801887. [CrossRef] [PubMed]

7. Dorfmüller, P.; Günther, S.; Ghigna, M.-R.; De Montpr†ville, V.T.; Boulate, D.; Paul, J.-F.; Jais, X.; Decante, B.; Simonneau, G.;
Dartevelle, P.; et al. Microvascular disease in chronic thromboembolic pulmonary hypertension: A role for pulmonary veins and
systemic vasculature. Eur. Respir. J. 2014, 44, 1275�1288. [CrossRef] [PubMed]

http://doi.org/10.1161/CIRCULATIONAHA.110.015008
http://doi.org/10.1378/chest.130.1.172
http://www.ncbi.nlm.nih.gov/pubmed/16840398
http://doi.org/10.1056/NEJMoa032274
http://www.ncbi.nlm.nih.gov/pubmed/15163775
http://doi.org/10.1183/13993003.01913-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545968
http://doi.org/10.1183/13993003.01915-2018
http://doi.org/10.1183/13993003.01887-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545970
http://doi.org/10.1183/09031936.00169113
http://www.ncbi.nlm.nih.gov/pubmed/25142477


Diagnostics 2023, 13, 769 9 of 10

8. Simonneau, G.; Torbicki, A.; Dorfmüller, P.; Kim, N. The pathophysiology of chronic thromboembolic pulmonary hypertension.
Eur. Respir. Rev. 2017, 26, 160112. [CrossRef]

9. Gali†, N.; Humbert, M.; Vachi†ry, J.-L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Noordegraaf, A.V.; Beghetti,
M.; et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension. Eur. Respir. J. 2015, 46, 903�975.
[CrossRef]

10. Delcroix, M.; Torbicki, A.; Gopalan, D.; Sitbon, O.; Klok, F.A.; Lang, I.; Jenkins, D.; Kim, N.H.; Humbert, M.; Jais, X.; et al. ERS
statement on chronic thromboembolic pulmonary hypertension. Eur. Respir. J. 2020, 57, 2002828. [CrossRef] [PubMed]

11. Remy-Jardin, M.; Ryerson, C.J.; Schiebler, M.L.; Leung, A.N.C.; Wild, J.M.; Hoeper, M.M.; Alderson, P.O.; Goodman, L.R.; Mayo,
J.; Haramati, L.B.; et al. Imaging of Pulmonary Hypertension in Adults: A Position Paper from the Fleischner Society. Radiology
2021, 298, 531�549. [CrossRef]

12. Gref�er, J.; Villani, N.; Defez, D.; Dabli, D.; Si-Mohamed, S. Spectral CT imaging: Technical principles of dual-energy CT and
multi-energy photon-counting CT. Diagn. Interv. Imaging 2022, S2211-5684(22)00221-2. [CrossRef] [PubMed]

13. Fuld, M.K.; Halaweish, A.F.; Haynes, S.E.; Divekar, A.A.; Guo, J.; Hoffman, E.A. Pulmonary Perfused Blood Volume with
Dual-Energy CT as Surrogate for Pulmonary Perfusion Assessed with Dynamic Multidetector CT. Radiology 2013, 267, 747�756.
[CrossRef]

14. Tang, C.X.; Yang, G.F.; Schoepf, U.J.; Han, Z.H.; Qi, L.; Zhao, Y.E.; Wu, J.; Zhou, C.S.; Zhu, H.; Stubenrauch, A.C.; et al. Chronic
thromboembolic pulmonary hypertension: Comparison of dual-energy computed tomography and single photon emission
computed tomography in canines. Eur. J. Radiol. 2015, 85, 498�506. [CrossRef]

15. Dournes, G.; Verdier, D.; Montaudon, M.; Bullier, E.; Rivi–re, A.; Dromer, C.; Picard, F.; Billes, M.-A.; Corneloup, O.; Laurent,
F.; et al. Dual-energy CT perfusion and angiography in chronic thromboembolic pulmonary hypertension: Diagnostic accuracy
and concordance with radionuclide scintigraphy. Eur. Radiol. 2013, 24, 42�51. [CrossRef]

16. Si-Mohamed, S.; Moreau-Triby, C.; Tylski, P.; Tatard-Leitman, V.; Wdowik, Q.; Boccalini, S.; Dessouky, R.; Douek, P.; Boussel,
L. Head-to-head comparison of lung perfusion with dual-energy CT and SPECT-CT. Diagn. Interv. Imaging 2020, 101, 299�310.
[CrossRef]

17. Otrakji, A.; Digumarthy, S.R.; Gullo, R.L.; Flores, E.; Shepard, J.-A.O.; Kalra, M.K. Dual-Energy CT: Spectrum of Thoracic
Abnormalities. Radiographics 2016, 36, 38�52. [CrossRef] [PubMed]

18. Apfaltrer, P.; Sudarski, S.; Schneider, D.; Nance, J.W.; Haubenreisser, H.; Fink, C.; Schoenberg, S.O.; Henzler, T. Value of
monoenergetic low-kV dual energy CT datasets for improved image quality of CT pulmonary angiography. Eur. J. Radiol.
2014, 83, 322�328. [CrossRef]

19. Weidman, E.K.; Plodkowski, A.J.; Halpenny, D.F.; Hayes, S.A.; Perez-Johnston, R.; Zheng, J.; Moskowitz, C.; Ginsberg,
M.S. Dual-Energy CT Angiography for Detection of Pulmonary Emboli: Incremental Bene�t of Iodine Maps. Radiology
2018, 289, 546�553. [CrossRef]

20. Masy, M.; Giordano, J.; Petyt, G.; Hossein-Foucher, C.; Duhamel, A.; Kyheng, M.; De Groote, P.; Fertin, M.; Lamblin, N.; Bervar,
J.-F.; et al. Dual-energy CT (DECT) lung perfusion in pulmonary hypertension: Concordance rate with V/Q scintigraphy in
diagnosing chronic thromboembolic pulmonary hypertension (CTEPH). Eur. Radiol. 2018, 28, 5100�5110. [CrossRef] [PubMed]

21. Kosmala, A.; Gruschwitz, P.; Veldhoen, S.; Weng, A.M.; Krauss, B.; Bley, T.A.; Petritsch, B. Dual-energy CT angiography in
suspected pulmonary embolism: In�uence of injection protocols on image quality and perfused blood volume. Int. J. Cardiovasc.
Imaging 2020, 36, 2051�2059. [CrossRef]

22. Delcroix, M.; Staehler, G.; Gall, H.; Grünig, E.; Held, M.; Halank, M.; Klose, H.; Vonk-Noordegraaf, A.; Rosenkranz, S.; Pepke-Zaba,
J.; et al. Risk assessment in medically treated chronic thromboembolic pulmonary hypertension patients. Eur. Respir. J. 2018, 52,
1800248. [CrossRef] [PubMed]

23. Humbert, M.; Farber, H.W.; Ghofrani, A.; Benza, R.L.; Busse, D.; Meier, C.; Hoeper, M.M. Risk assessment in pulmonary arterial
hypertension and chronic thromboembolic pulmonary hypertension. Eur. Respir. J. 2019, 53, 1802004. [CrossRef] [PubMed]

24. Hoey, E.T.; Mirsadraee, S.; Pepke-Zaba, J.; Jenkins, D.P.; Gopalan, D.; Screaton, N.J. Dual-energy CT angiography for assessment
of regional pulmonary perfusion in patients with chronic thromboembolic pulmonary hypertension: Initial experience. AJR Am.
J. Roentgenol. 2011, 196, 524�532. [CrossRef] [PubMed]

25. Takagi, H.; Ota, H.; Sugimura, K.; Otani, K.; Tominaga, J.; Aoki, T.; Tatebe, S.; Miura, M.; Yamamoto, S.; Sato, H.; et al. Dual-energy
CT to estimate clinical severity of chronic thromboembolic pulmonary hypertension: Comparison with invasive right heart
catheterization. Eur. J. Radiol. 2016, 85, 1574�1580. [CrossRef]

26. Meinel, F.G.; Graef, A.; Thierfelder, K.M.; Armbruster, M.; Schild, C.; Neurohr, C.; Reiser, M.F.; Johnson, T.R.C. Automated Quan-
ti�cation of Pulmonary Perfused Blood Volume by Dual-Energy CTPA in Chronic Thromboembolic Pulmonary Hypertension.
Rofo 2013, 186, 151�156. [CrossRef]

27. Tsutsumi, Y.; Iwano, S.; Okumura, N.; Adachi, S.; Abe, S.; Kondo, T.; Kato, K.; Naganawa, S. Assessment of Severity in Chronic
Thromboembolic Pulmonary Hypertension by Quantitative Parameters of Dual-Energy Computed Tomography. J. Comput. Assist.
Tomogr. 2020, 44, 578�585. [CrossRef]

28. Renard, B.; Remy-Jardin, M.; Santangelo, T.P.; Faivre, J.-B.; Tacelli, N.; Remy, J.; Duhamel, A. Dual-energy CT angiography of
chronic thromboembolic disease: Can it help recognize links between the severity of pulmonary arterial obstruction and perfusion
defects? Eur. J. Radiol. 2011, 79, 467�472. [CrossRef]

http://doi.org/10.1183/16000617.0112-2016
http://doi.org/10.1183/13993003.01032-2015
http://doi.org/10.1183/13993003.02828-2020
http://www.ncbi.nlm.nih.gov/pubmed/33334946
http://doi.org/10.1148/radiol.2020203108
http://doi.org/10.1016/j.diii.2022.11.003
http://www.ncbi.nlm.nih.gov/pubmed/36414506
http://doi.org/10.1148/radiol.12112789
http://doi.org/10.1016/j.ejrad.2015.11.035
http://doi.org/10.1007/s00330-013-2975-y
http://doi.org/10.1016/j.diii.2020.02.006
http://doi.org/10.1148/rg.2016150081
http://www.ncbi.nlm.nih.gov/pubmed/26761530
http://doi.org/10.1016/j.ejrad.2013.11.005
http://doi.org/10.1148/radiol.2018180594
http://doi.org/10.1007/s00330-018-5467-2
http://www.ncbi.nlm.nih.gov/pubmed/29846802
http://doi.org/10.1007/s10554-020-01911-8
http://doi.org/10.1183/13993003.00248-2018
http://www.ncbi.nlm.nih.gov/pubmed/30337446
http://doi.org/10.1183/13993003.02004-2018
http://www.ncbi.nlm.nih.gov/pubmed/30923187
http://doi.org/10.2214/AJR.10.4842
http://www.ncbi.nlm.nih.gov/pubmed/21343493
http://doi.org/10.1016/j.ejrad.2016.06.010
http://doi.org/10.1055/s-0033-1350412
http://doi.org/10.1097/RCT.0000000000001052
http://doi.org/10.1016/j.ejrad.2010.04.018


Diagnostics 2023, 13, 769 10 of 10

29. Endrys, J.; Hayat, N.; Cherian, G. Comparison of bronchopulmonary collaterals and collateral blood �ow in patients with chronic
thromboembolic and primary pulmonary hypertension. Heart 1997, 78, 171�176. [CrossRef]

30. Koike, H.; Sueyoshi, E.; Sakamoto, I.; Uetani, M. Clinical Signi�cance of Late Phase of Lung Perfusion Blood Volume (Lung
Perfusion Blood Volume) Quanti�ed by Dual-Energy Computed Tomography in Patients with Pulmonary Thromboembolism. J.
Thorac. Imag. 2017, 32, 43�49. [CrossRef]

31. Si-Mohamed, S.; Chebib, N.; Sigovan, M.; Zumbihl, L.; Turquier, S.; Boccalini, S.; Boussel, L.; Mornex, J.-F.; Cottin, V.; Douek, P.
In vivo demonstration of pulmonary microvascular involvement in COVID-19 using dual-energy computed tomography. Eur.
Respir. J. 2020, 56, 2002608. [CrossRef] [PubMed]

32. Kroeger, J.R.; Zöllner, J.; Gerhardt, F.; Rosenkranz, S.; Gertz, R.J.; Kerszenblat, S.; Pahn, G.; Maintz, D.; Bunck, A.C. Detection of
patients with chronic thromboembolic pulmonary hypertension by volumetric iodine quanti�cation in the lung�a case control
study. Quant. Imaging Med. Surg. 2022, 12, 1121�1129. [CrossRef] [PubMed]

33. Singh, R.; Nie, R.Z.; Homayounieh, F.; Schmidt, B.; Flohr, T.; Kalra, M.K. Quantitative lobar pulmonary perfusion assessment on
dual-energy CT pulmonary angiography: Applications in pulmonary embolism. Eur. Radiol. 2020, 30, 2535�2542. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1136/hrt.78.2.171
http://doi.org/10.1097/RTI.0000000000000250
http://doi.org/10.1183/13993003.02608-2020
http://www.ncbi.nlm.nih.gov/pubmed/32943402
http://doi.org/10.21037/qims-21-229
http://www.ncbi.nlm.nih.gov/pubmed/35111609
http://doi.org/10.1007/s00330-019-06607-9
http://www.ncbi.nlm.nih.gov/pubmed/32006169

	Introduction 
	Materials and Methods 
	Population 

	Results 
	Discussion 
	Conclusions 
	References

