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Detection of patients with chronic thromboembolic pulmonary
hypertension by volumetric iodine quantification in the lung—a
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Background: To evaluate whether volumetric iodine quantification of the lung allows for the automatic
identification of patients with chronic thromboembolic pulmonary hypertension (CTEPH) and whether the
extent of pulmonary malperfusion correlates with invasive hemodynamic parameters.

Methods: Retrospective data base search identified 30 consecutive patients with CTEPH who underwent
CT pulmonary angiography (CTPA) on a spectral-detector CT scanner. Thirty consecutive patients who
underwent an identical CT examination for evaluation of suspected acute pulmonary embolism and had no
signs of pulmonary embolism or PH, served as control cohort. Lungs were automatically segmented for all
patients and normal and malperfused volumes were segmented based on iodine density thresholds. Results
were compared between groups. For correlation analysis between the extent of malperfused volume and
mean pulmonary artery pressure (nPAP) and pulmonary vascular resistance (PVR) 3 patients were excluded
because of a time span of more than 30 days between CTPA and right heart catheterization.

Results: Patients with CTEPH had a higher percentage of malperfused lung compared to controls
(43.25%+24.72% wvs. 21.82%=20.72%; P=0.001) and showed reduced mean iodine density in malperfused
and normal-perfused lung areas, as well as in the vessel volume. Controls showed a left-tailed distribution of
iodine density in malperfused lung areas while patients with CTEPH had a more symmetrical distribution
(Skew: —0.382£0.435 vs. —=0.010+0.396; P=0.004). Patients with CTEPH showed a significant correlation
between the percentage of malperfused lung volume and the PVR (r=0.57, P=0.001).

Conclusions: Volumetric iodine quantification helps to identify patients with CTEPH by showing
increased areas of malperfusion. The extent of malperfusion might provide a measurement for disease
severity in patients with CTEPH.
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Introduction

Pulmonary hypertension (PH) describes a group of diseases
that are defined by an elevated pressure in the pulmonary
vasculature. The WHO classification subdivides PH in
different groups based on pathogenesis and classifies chronic
thromboembolic pulmonary hypertension (CTEPH) as
WHO group 4 (1). The pathogenesis of CTEPH is based on
acute pulmonary emboli that persist either because they are
not detected or do not dissolve under anticoagulant therapy
and endothelialized residues remain leading to significant
stenoses or complete obstruction of pulmonary vessels, a
condition called chronic thromboembolic disease (CTED).
If these residues lead to a pathologic increase in pulmonary
artery pressure the condition is called CTEPH (2).
CTEPH is associated with a significant mortality with
a median survival rate of 10-20% at 2-3 years if not
treated (3). The identification of patients with CTEPH is
important because they can potentially be cured by surgical
thrombendarteriectomy. Moreover balloon angioplasty can
be used to improve vessel patency in selected patients (4).
The diagnosis of PH is made by right heart catherization
(RHC) and a mean pulmonary artery pressure (mPAP) of
above 20 mmHg in combination with a pulmonary vascular
resistance (PVR) of at least 3 Wood Units is considered as
definitive PH (5,6). RHC can also discern pre-capillary and
post-capillary PH by evaluating the pulmonary artery wedge
pressure (PAWP) (5). CTEPH is a form of precapillary
PH with a PAWP of less than 15 mmHg. For further
differentiation of the different groups of precapillary PH
(WHO Group 1, 3-5) further diagnostic tests including
V/Q scintigraphy, lung function testing, CT pulmonary
angiography (CTPA), conventional angiography are used (6).
The severity of PH is defined by clinical performance
and hemodynamic parameters measured by RHC (5).
While CTPA is the standard of care for diagnosis of
acute pulmonary embolism (7), V/Q-scintigraphy has long
been favored in the evaluation of PH because of its ability
to provide information on pulmonary perfusion instead
of merely showing vessel anatomy (8,9). The diagnosis of
CTEPH by CTPA can be challenging because the vessel
abnormalities may be minor and thus even experts reach
only a suboptimal sensitivity (10). The introduction of
dual-energy CT (DECT) has enabled the reconstruction
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of iodine density images (IDIs) which provide information
about iodine distribution and concentration. Therefore, a
comprehensive analysis of pulmonary perfusion and vessel
anatomy using standard clinical C'T protocols is possible
without the need for additional scans (11-14). IDIs can
show different types of perfusion abnormalities that have a
different prevalence in different types of PH (15-17). This
is especially helpful in the diagnosis of CTEPH with a
reported sensitivity of up to 100% (17).

A software application, that has recently become
available, now allows for volumetric iodine quantification
per voxel for a 3D-dataset acquired on a dual-layer CT
platform called spectral-detector CT (SDCT). The objective
of our study is to evaluate whether these volumetric iodine
quantifications can help diagnose CTEPH. Furthermore,
we evaluated if there is a correlation between hemodynamic
parameters and the extent of pulmonary malperfusion on
IDIs.

We present the following article in accordance with the
STROBE reporting checklist (available at https://dx.doi.
org/10.21037/qims-21-229).

Methods
Patient population

This retrospective study was approved by the Ethics
Commission of Cologne University’s Faculty of Medicine
and the need for informed consent for study enrollment was
waived due to the retrospective nature of this study. The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013).

A retrospective data base search identified 98 consecutive
patients that underwent CTPA for the evaluation of possible
PH on a spectral detector CT (SDCT) between June
2016 and February 2018. All these patients had suspected
PH and were admitted to the department of cardiology
at our hospital for further testing. Additional testing in
accordance with the 2015 ESC/ERS guidelines for the
diagnosis of PH was performed (5). Patients were classified
by expert consensus based on all available diagnostic tests
and CTEPH was diagnosed in 30 of these patients. In 3
of these patients there was a delay of more than 30 days
between CT examination and RHC, thus we excluded these
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patients from correlation analysis between CT and RHC
parameters. For the other 27 patients the median time
between CT examination and RHC was 1 day (Min: 0 days,
Max: 23 days).

In addition to that a cohort of patients that underwent
CTPA on the same CT scanner in the same time span for
evaluation of suspected acute pulmonary embolism was
identified. Of these patients, 30 consecutive patients in
which pulmonary embolism was ruled out and who did not
show signs of PH or extensive parenchymal infiltration were
selected as control cohort.

Image acquisition and reconstruction

CT data were acquired on a 128-row spectral detector
CT (IQon, Philips Healthcare, Best, The Netherlands).
According to our institutional standard for CTPA studies, all
patients received 50 mL of contrast media (300 mg Iodine/
mL, Accupaque, GE Healthcare, Chicago, Illinois, USA)
followed by a 40 mL NaCl flush injected intravenously with
a flow rate of 4 mL/s. Scanning was initiated with a delay
of 4.9 s after an attenuation of 150 HU was reached in the
MPA. Scanning and reconstruction parameters were: slice
collimation 0.625 mm; rotation time 0.33 s; tube potential
120 kV, automatic tube current modulation; reconstructed
axial slice thickness 1 mm; reconstructed axial slice overlap
0.5 mm; pixel matrix 512x512. Spectral information in a so
called spectral-based-image (SBI) format was saved.

Image analysis

Automatic segmentation of the whole lung (including lung
parenchyma, smaller airway and pulmonary vasculature)
was performed using commercially available software
(IntelliSpace Portal, COPD tool, Philips, Best, The
Netherlands). Automatic segmentation was controlled
and edited when needed. Segmentation and SBI file
were exported to a dedicated software for volumetric
iodine quantification (Volumetric quantification, Philips
Intellispace Release 11). Lung volume was then separated
into 3 different compartments based on iodine density
(measured in mg/mL). For this, different settings were
tested and correlated to the visual assessment by two
radiologists with [6 and 12 years of experience in PH
imaging (blinded)]. Finally, the vessel compartment was
defined as all voxels with an iodine density greater than
half of the iodine density measured in a ROI in the left
atrium. This was done to account for pulmonary arteries
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and veins. Malperfused lung volume was defined as voxels
with an iodine density of less than 5% of the iodine density
in the main pulmonary artery. An example of the lung
volume separation is presented in Figure 1. Volume, volume
percentage and mean iodine density, as well as skewness
of iodine density were recorded for all patients. Skewness
describes the asymmetry of the iodine density distribution,
with more negative values indicating a shift of the peak
number of voxels towards higher iodine density values and
more positive values indicating a shift of the peak number
of voxels towards lower iodine density values. A skewness
of zero is consistent with a symmetric distribution of iodine
density values around the mean in a given volume.

Statistics

Statistical analysis was performed using SPSS (Version 25,
IBM). Values are given as mean + standard deviation. Visual
analysis of histograms of data samples showed that our
data was not normally distributed. 95% CI were calculated
using bias corrected and accelerated bootstrapping with
1,000 iterations to account for the non-normal distribution.
To compare differences between groups non-parametric
testing was used. Significance of differences was calculated
by Mann-Whitney-U-test. A P value of less than 0.05 was
accepted as statistically significant. Cohen’s d was calculated
to illustrate effect sizes. Correlation between the extent of
malperfusion and hemodynamic parameters was calculated
using Spearman’s-rho-correlation coefficient. ROC analysis
was performed for the prediction of existing CTEPH with
the percentage of malperfused lung volume. Youden’s index
was used to calculate a cut-off value and define sensitivity
and specificity at the optimal cut-off point.

Results

Patients with CTEPH had a mean age of 59.17+17.02 (95%
CI: 52.81-65.52) while patients in the control group had a
mean age of 59.80+18.23 (95% CI: 52.99-66.61) and the
difference was not significant (P=0.865).

MPAP was elevated in all patients with CTEPH with
43.32+11.30 mmHg. PVR in patients with CTEPH was
8.12+3.78 Wood units.

Patients with CTEPH had a significantly higher
percentage of malperfused lung volume compared to
controls. Although CTEPH may be associated with
pulmonary artery stenosis and obliteration, the percentage
of vessel volume was not significantly different between
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Figure 1 Exemplary assessment of iodine density-based lung segmentation in a patient with chronic thromboembolic pulmonary

hypertension. (A) Iodine density image. (B-D) Color-coded images from the automatic quantification based on iodine density. Color coding

as follows: red, vessel; green, normal perfused lung regions; brown, malperfused lung regions.

patients with CTEPH and controls (see Figure 2). Patients
with CTEPH showed a significantly lower iodine density
in malperfused and normal-perfused lung areas as well as
in the vessel volume. However, the differences between
patients with CTEPH and controls for iodine density values
were relatively small and showed only moderate effect size
(Cohen’s d). In the control group the iodine density in
malperfused lung areas showed a negative skew, owing to
a left skewed distribution, which means that voxels tended
to have a higher iodine density. In patients with CTEPH
the distribution of iodine density in malperfused lung areas
was more uniform. The difference in skew between patients
with CTEPH and controls was statistically significant
(see Figure 3). The results for comparison of patients with
CTEPH and controls are summarized in Table 1.

Patients with CTEPH showed a significant correlation
between PVR and the percentage of malperfused lung
volume (p=0.58, P=0.001) while the correlation between
mPAP and the percentage of malperfused lung volume was
not significant (p=0.34, P=0.079) (see Figures 4,5).
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ROC analysis for the prediction of CTEPH by using the
percentage of malperfused lung volume produced an AUC
value of 0.76 (see Figure 6). By using Youden’s index a cut-
off point of >36.45% was identified resulting in a sensitivity
of 0.67 and a specificity of 0.8.

Discussion

CTPA plays an important role in the diagnosis of PH (18).
DECT and SDCT offer novel insights regarding
pulmonary perfusion that rival V/Q-Scintigraphy. While it
has been shown that IDIs are very valuable for radiologists
who have experience in the diagnosis of PH (15-17), there
is only limited experience regarding quantitative analysis
of pulmonary perfusion. SDCT offers 3D volumetric
information of iodine distribution in the lungs. We
evaluated the usefulness of this information in patients with
CTEPH.

We found that automatic lung segmentation and
threshold-based segmentation and quantification of
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Figure 2 Comparison of the percentage of malperfused lung
volume between patients with chronic thromboembolic pulmonary
hypertension (CTEPH) (43.25%+24.72%) and controls
(21.82%=20.72%). Patients with CTEPH had significant (P=0.001)
higher percentage of malperfused lung volume compared to

controls.
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Figure 3 Comparison of skew of iodine density in malperfused
lung volume. Controls had a negative skew of iodine density
(-0.382+0.435) while the distribution of iodine density in voxels
was more centered in patients with chronic thromboembolic
pulmonary hypertension (CTEPH) (-0.010£0.396). Meaning that
in areas of malperfusion controls tended to have voxels with higher
iodine density compared to patients with CTEPH. This difference
was statistically significant (P=0.004).

Table 1 Overview of volumetric parameters for patients with chronic thromboembolic pulmonary hypertension and controls

CTEPH BCa 95% Cl Controls BCa95% Cl P value Cohen’sd
Percentage of malperfused lung 43.25+24.72  34.02-52.48 21.82+20.72  14.09-29.56  0.001* 0.94
Percentage of vessel volume 2.18+0.95 1.82-2.53 2.33+1.29 1.84-2.81 0.882 -0.13
Mean iodine density in malperfused lung areas (mg/mL) 0.023+0.006 0.021-0.025 0.026+0.005 0.024-0.028  0.047* -0.54
Mean iodine density in normal perfused lung areas 0.105+0.033 0.092-0.117 0.117+0.030 0.106-0.128  0.046* -0.38
(mg/mL)
Mean iodine density in vessel volume (mg/mL) 0.548+0.200 0.473-0.623 0.619+0.117  0.575-0.662  0.015* -0.43

Skewness in malperfused lung areas

-0.010+£0.396 -0.158-0.138 -0.382+0.435 -0.545 to -0.220 0.004* -0.89

Mean pulmonary artery pressure (mPAP) (mmHg) 43.32+11.30 39.47-47.30 n.a. n.a. n.a. n.a.
Pulmonary vascular resistance (PVR) (WU) 8.12+3.78 6.75-9.70 n.a. n.a. n.a. n.a.
Age (years) 59.17+17.02 52.66-65.61 59.80+18.22 52.67-66.93  0.865 0.036

Data are given as mean =+ standard deviation and 95% bias-corrected and accelerated confidence interval. *, statistically significant

differences.

malperfused lung based on iodine density values is feasible.
It reveals significant differences between patients with
and without CTEPH. The percentage of malperfused
lung volume can be used to predict whether a patient
has CTEPH with modest sensitivity and sufficient
specificity. While it has been shown in a previous study that
differentiation of CTEPH patients is possible on qualitative
assessment of IDIs for radiologists with experience in the
imaging of PH (17), these quantitative findings might be
helpful to facilitate confident diagnosis of CTEPH for
less experienced radiologists. However, the diagnostic
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performance of the percentage of malperfused lung
volume is only mediocre possibly because some pulmonary
perfusion changes are lost when only analyzing overall
changes in lung perfusion. Thus, more detailed analysis
using sophisticated features (Radiomics analysis) which
should be possible using this volumetric assessment might
be useful.

We found that the extent of pulmonary malperfusion
correlates with hemodynamic markers of disease severity.
Takagi et al. reported a similar correlation between the
mPAP and PVR and the extent of malperfusion scored

Quant Imaging Med Surg 2022;12(2):1121-1129 | https://dx.doi.org/10.21037/qims-21-229



1126

70

mPAP [mmHg]

0 20 40 60 80 100
Percentage of malperfused lung volume

Figure 4 Scatterplot of percentage of malperfused lung volume
and mean pulmonary artery pressure (mPAP) for patients with
chronic thromboembolic pulmonary hypertension (CTPEH).
Percentage of malperfused lung volume tended to be higher in
patients with higher mPAP but the correlation was not significant
(p=0.34, P=0.064).
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Figure 5 Scatterplot of percentage of malperfused lung volume
and pulmonary vascular resistance (PVR) for patients with chronic
thromboembolic pulmonary hypertension (CTEPH) Percentage of
malperfused lung volume was higher in patients with higher PVR
with a significant correlation (r=0.57, P=0.001).

by two radiologists in CTEPH using a semi-quantitative
approach (19). While we did observe a similar trend in our
cohort the correlation between mPAP and the extent of
malperfusion did not reach significance in our study, but the
correlation between PVR and the extent of malperfusion we
found was of modest strength but significant and somewhat
higher in our cohort. A potential explanation for these
differences may be the significantly shorter delay of only 1
second between measurement of iodine attenuation increase
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Figure 6 ROC-curve showing the performance for the prediction
of chronic thromboembolic pulmonary hypertension by using the

percentage of malperfused lung volume (AUC: 0.760).

in the pulmonary artery and the start of the CT scan
employed by Takagi et 4/. Unfortunately, the minimal scan
delay possible with the SDCT platform is 4.9 s which might
lead to a decreased sensitivity for malperfused regions on
IDIs.

A single study performed an automatic evaluation of
pulmonary perfusion by an algorithm called pulmonary
perfused blood volume which calculates the relative
enhancement of the pulmonary parenchyma compared to
the enhancement of the pulmonary artery and provides
relative values for the upper, middle and lower lung zone
in patients with CTEPH (20). These values correlated
significantly with the mPAP (20) but not with the
pulmonary resistance. Still these results are similar to
our results in showing that the degree of malperfusion in
patients with CTEPH seems to be connected to the degree
of hemodynamic abnormalities. Our results are in contrast
to a previous study which found no significant correlation
between mPAP or PVR and the extent of malperfusion
scored by visual analysis of two radiologists (17), showing
that volumetric quantification provides benefits compared
to semiquantitative scoring. Additional benefits of the
semiautomated volumetric quantification are its impartiality
and time efficiency.

We found that patients with CTEPH showed
significantly decreased mean iodine density in areas of
malperfused and normal perfused lung as well as in the
vessel volume though only by a small margin. Still this

Quant Imaging Med Surg 2022;12(2):1121-1129 | https://dx.doi.org/10.21037/qims-21-229



Quantitative Imaging in Medicine and Surgery, Vol 12, No 2 February 2022 1127

result may indicate an overall reduced lung perfusion in
patients with CTEPH.

While iodine density in malperfused areas was relatively
uniformly distributed in patients with CTEPH in controls
we saw a significant negative skew, meaning that iodine
values tended to be higher. This shows that areas defined
as malperfused in controls still had more voxels with a
relatively high iodine content. This highlights the difficulty
of setting a true cut-off for defining malperfused volumes.

Interestingly, based on our chosen thresholds for
differentiating between normal and malperfused lung
regions, our control cohort exhibited some degrees of
pulmonary malperfusion, too. It is important to note that
our control cohort did not consist of healthy individuals
but of patients who underwent CTPA for suspected acute
pulmonary embolism. Even though PE was excluded, these
patients underwent CTPA because of clinical suspicion of
PE and thus might exhibit altered pulmonary perfusion, due
to pneumonia, venous congestion, underlying pulmonary
emphysema or fibrosis. However, we would deem a CT
examination in truly healthy individuals unethical.

The need to define a threshold based on visual
assessment is a limitation of our approach. However, it has
been shown that the areas of malperfusion on IDIs correlate
well with perfusion imaging by V/Q-SPECT (14,21).

Another limitation of our approach are potential
inaccuracies of the threshold-based segmentation due
to image artifacts. Residual amounts of high-density
contrast media in the subclavian veins or the superior
vena cava, for example, can lead to falsely increased iodine
attenuation values in the upper lung zones. At the same
time, artificially reduced densities may occur due to beam
hardening effects.

A limitation of the SDCT is that IDIs can only be
created by scanning with a tube current of 120 kV. Lower
tube currents like 100 kV are often used in CTPA to
enhance the iodine contrast while simultaneously reducing
radiation dose. SDCT allows for reconstruction of
monoenergetic images (e.g., at 100 keV) which improves
iodine enhancement if needed.

To conclude, we showed that volumetric assessment
of iodine content and thus volumetric quantification of
pulmonary malperfusion may assist diagnosis of CTEPH.
Our study provides the first results of a truly voxel-based
volumetric quantification of iodine content in the lungs.
The correlation of hemodynamic parameters and the extent
of malperfusion holds promise to provide a noninvasive,
objective parameter of disease severity.
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