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A nomogram model based on clinical @
and 3D-EIT parameters for CTEPH diagnosis

Jian Xu'", Yuhan Wang?', Ying Gong'*", Lu Wang', Yuanlin Song"***>" and Xu Wu'*"

Abstract

Background Chronic thromboembolic pulmonary hypertension (CTEPH) is easily misdiagnosed. Three-dimensional
(3D) electrical impedance tomography (EIT) can monitor the whole-lung perfusion at the bedside. In this study, three-
dimensional electrical impedance tomography (3D-EIT) features in patients with suspected chronic thromboembolic
pulmonary hypertension (CTEPH) was investigated, and nomogram models based on clinical and 3D-EIT parameters
were constructed to identify CTEPH.

Methods Patients with pulmonary hypertension (PH) due to left heart disease and chronic hypoxia were excluded.
The enrolled patients were divided into CTEPH and Non-CTEPH groups by confirmatory tests. Then, history and
laboratory results were collected and 3D-EIT examination was performed. Out of 70 enrolled patients, 50 cases were
used as the training set to construct the nomogram model. Obtained nomogram diagnostic model was calibrated
and then evaluated using receiver operating characteristic (ROC) curves, decision curve analysis (DCA), and clinical
impact curves (CIC).

Results Through a comprehensive univariate analysis, Wald test, Akaike information criterion (AIC), and Bayesian
information criterion (BIC), the nomogram model for CTEPH diagnosis based on 50 patients was constructed using
venous thromboembolism (VTE) history, D-dimer, maximum of corresponding regional ventilation/perfusion ratio (V/
Qmax), range between the maximum and minimum values of regional perfusion (P-Range) and the percentage of
ventilation/perfusion match area (VQMatch). The C-index of the nomogram model in the training set was 0.926 (95%
Cl: 0.859-0.993). In the training set and test set, the nomogram model had a larger area under the curve (AUC) than
models containing only VTE history, VTE history + D-dimer and EIT parameters. Both DCA and CIC analyses indicate
that this model can provide significant clinical benefits.

Conclusions A nomogram model combining clinical and 3D-EIT parameters facilitated the diagnosis of CTEPH.
Clinical trial number Not applicable.
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Background

Chronic thromboembolic pulmonary hypertension
(CTEPH) is categorized as group four pulmonary hyper-
tension (PH) according to the guidelines by the European
Society of Cardiology and the European Respiratory
Society (ESC/ERS). CTEPH is associated with a chal-
lenging prognosis; without treatment, individuals with
a mean pulmonary artery pressure (mPAP) above 40
mmHg have only a 30% chance of surviving beyond five
years [1]. Although CTEPH leads to high morbidity and
mortality, it remains frequently underdiagnosed. This is
attributed to several factors, including the nonspecific
nature of its symptoms and the limitations of accessible
imaging modalities, which make it challenging to accu-
rately identify at-risk individuals [2, 3].

Electrical impedance tomography (EIT) is gaining rec-
ognition as a radiation-free imaging technique, enabling
non-invasive, real-time bedside monitoring of regional
lung ventilation, and potentially perfusion, particularly
for patients in intensive care [4, 5]. EIT-derived assess-
ments of ventilation and perfusion offer a unique combi-
nation of functional and anatomical insights [6]. Growing
evidence supports the use of EIT to evaluate regional
lung perfusion, particularly in conditions like pulmonary
embolism (PE) [7] and acute respiratory distress syn-
drome (ARDS) [8, 9]. In the context of pulmonary vas-
cular diseases, electrical impedance tomography (EIT)
offers a complementary approach to traditional hemody-
namic assessments [10], providing insights into changes
in pulmonary artery pressure [11]. This technique shows
promise for estimating lung perfusion and monitor-
ing patients with PH. Clinical studies have highlighted
the diagnostic potential of EIT, particularly when used
in conjunction with hypertonic saline bolus injections
[12]. EIT has demonstrated high reliability in visualiz-
ing perfusion, suggesting its potential as an alternative to
computed tomography pulmonary angiography (CTPA)
[13]. A recent advancement in EIT technology involves a
pulsatility-based method designed to quantify perfusion
signals. This approach enables the calculation of the per-
centage of matched or unmatched ventilation-perfusion
regions, allowing for a completely non-invasive evalua-
tion of perfusion [14]. Additionally, the development of
three-dimensional EIT (3D-EIT) has enabled compre-
hensive whole-lung ventilation and perfusion assessment,
effectively identifying perfusion deficits that earlier two-
dimensional methods could overlook. However, com-
parative studies examining the use of EIT in patients with
pulmonary vascular diseases like CTEPH remain limited.

This study aimed to develop a more straightforward
approach for identifying CTEPH in patients with PH
by utilizing 3D-EIT parameters alongside readily avail-
able clinical indicators. Various statistical methods were
employed to select significant variables, and a nomogram
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was constructed to integrate clinical characteristics and
3D-EIT metrics, forming a diagnostic model for CTEPH.

Methods

Study design and participants

This prospective study was conducted at Zhongshan
Hospital in Shanghai, China, from 2021 to 2023, with
approval from Zhongshan Hospital’s ethics committee
(Approval No. 402) in accordance with the Declaration
of Helsinki. Written informed consent was obtained from
all participants. All included patients were hospitalized in
the respiratory ward. All patients were unscheduled and
came to the hospital on their own for treatment of cer-
tain symptoms. Patients presenting with features of PH
were included, provided they were not classified under
category II or III causes of PH based on diagnostic and
treatment guidelines from the European Society of Car-
diology and European Respiratory Society. However,
for the mPAP criterion, we adopted the Chinese guide-
line (mPAP>25 mmHg) to better align with the popula-
tion under study. PH diagnosis was confirmed via right
heart catheterization or, for patients unable to toler-
ate catheterization or unwilling to undergo an invasive
examination, echocardiography. Participants were then
categorized into CTEPH and Non-CTEPH groups based
on the presence or absence of perfusion deficits observed
through V/Q scanning or CTPA.

Participants were excluded if they had not undergone
V/Q scanning or CTPA within one week or if their mean
pulmonary artery pressure was below 25 mmHg. Addi-
tional exclusion criteria included age under 18 years, a
body mass index exceeding 40 kg/m®, ribcage deformi-
ties, or any contraindications to the use of EIT, such as
pregnancy, chest injuries that prevented electrode belt
placement, or the presence of automatic implantable car-
dioverter defibrillators or implantable pumps. Clinical
histories and laboratory data were collected on the day
of enrollment. The enrollment process is illustrated in
Fig. 1.

EIT-based ventilation and perfusion measurement

All enrolled patients underwent EIT measurements while
spontaneously breathing in the supine position. Two
EIT belts, each containing 16 surface electrodes, were
positioned around the thorax at the armpit and xiphoid
levels. EIT data were acquired using the Infivision 1900
Impedance Imaging System (Infivision Medical Imaging
Technology Co., Ltd.) and processed through digital fil-
tering methods, as described in prior studies.

The image reconstruction was achieved through a deep
generative model-integrated three-dimensional (3D)
time-difference imaging algorithm, implemented using
Python and TensorFlow. The algorithm takes as input
the difference between two frames of data and outputs
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Fig. 1 Flow diagram of patient enrollment

a reconstructed 3D image that reflects the conductiv-
ity changes in the chest between the two time points.
For ventilation imaging, one frame is selected from the
ventilation-related signal at the end of expiration, and the
other from the end of inspiration. For perfusion imaging,
one frame is selected from the cardiac-related signal at
the end of systole, and the other from the end of diastole.
In the reconstructed ventilation (or perfusion) image, the
ventilated (or perfused) region is defined as pixels whose
amplitude exceeds 35% of the maximum pixel amplitude
in the image. It is important to note that the heart region
is excluded from the perfused area, as the heart and lungs
exhibit opposite conductivity changes during perfusion.

Both the ventilation and perfusion maps were divided
into six cross quadrants: lower left (LL), lower right (LR),
middle left (ML), middle right (MR), upper left (UL), and
upper right (UR). Only the ventilated or perfused regions
were considered for evaluation. The regional ventilation
distribution (V, %), perfusion distribution (Q, %), and the
ventilation-to-perfusion ratio (V/Q) were calculated for
each quadrant (LL, LR, ML, MR, UL, and UR).

Further, the following three terms were defined:
region that is only ventilated (Ry), region that is
only perfused (Rp), and region that is both venti-
lated and perfused (Rvyp). From the aspect of set
theory, Ry = ventilated region — perfused region
, Rp = perfused region — ventilated region, and
Ry 4p = ventilated region N perfused region. The per-
centages of the three regions can be calculated as:
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area of Ry < 100

D e (%) =
eadSpace (%) area of Ry + area of Rp + area of Ry p

area of Rp
hunt (%) = '
Shunt (%) area of Ry + area of Rp + area of Ry 4p X 100
VOMatch (%) - area of Ry yp x 100

area of Ry + area of Rp + area of Ry p

In addition, V/Qmax indicated the maximum value of
the ventilation/perfusion ratio in the six lung regions
(relative worst perfusion). P-Range (%) referred to range
between the maximum and minimum values of regional
perfusion.

Statistical analysis

Data analysis was conducted using R (version 4.3.3).
Baseline data were examined with the CBCgrps pack-
age. T-tests were applied to continuous variables that
followed a normal distribution, while the Wilcoxon rank-
sum test was used for non-normally distributed data. The
Chi-square test was employed for binary classification
parameters. The rcorr package was used for correlation
analysis between variables, and the circlize package was
used to generate chord diagrams. A P-value of <0.05 was
considered statistically significant.

Training set partitioning and variable selection

The data were split into training and test sets with a
7:3 ratio using the createDataPartition function in the
caret package in R. To ensure the balance of grouping
conditions across the two datasets, stratified sampling
based on grouping was employed. To assess differences
between the variables in the two sets, the CBCgrps pack-
age was utilized. In the training set, univariate logistic
regression was applied to identify variables associated
with CTEPH, using the finalfit package. For the variables
selected through univariate analysis, the Wald test, vari-
ance inflation factor (VIF) analysis, Akaike information
criterion (AIC), and Bayesian information criterion (BIC)
were comprehensively utilized to further refine and select
variables for inclusion in the model. The car package was
used to compute the VIF values, while the Wald test,
AIC, and BIC were analyzed by R’s built-in functions.

Nomogram model construction and evaluation

Selected variables were used to construct the nomogram
model for CTEPH diagnosis with the rms and regplot
packages. The Hmisc package was used to calculate the
C-index of the nomogram model. Calibration analysis
was performed on the training set using the rms pack-
age with the bootstrap value of 1000. Then, receiver
operating characteristic (ROC) analyses of the nomo-
gram model and models with clinical parameters or EIT
parameters were performed using the training and test
sets with the pROC package. What’s more, decision curve



Xu et al. Respiratory Research (2025) 26:137

analysis (DCA) and clinical impact curves (CIC) analysis
were used to evaluate the performance of the nomogram
diagnostic model with the rmda package. Integrated dis-
crimination improvement (IDI) analysis was employed to
compare the incremental benefits brought by the model
as parameters were added stepwise, using the PredictA-
BEL package.

Results

Baseline characteristics of enrolled patients

During the study period, a total of 157 patients exhibit-
ing characteristics suggestive of pulmonary hyperten-
sion (such as chest tightness, a history of pulmonary
embolism, or previously documented elevated mean
pulmonary artery pressure estimated by echocardiog-
raphy) were screened. These patients were excluded
if they had significant left heart disease or a history of
chronic hypoxia; all others provided written informed
consent. Of these, 106 patients confirmed to have pul-
monary hypertension through right heart catheteriza-
tion (RHC) or echocardiography (for patients who were
clinically assessed as intolerant to RHC or unwilling to
undergo invasive examinations) met the eligibility crite-
ria for enrollment. However, 23 patients were excluded
due to insufficient imaging data or contraindications to
3D-EIT. Finally, 13 patients were excluded due to 3D-EIT
data with poor quality that did not meet the analytical
requirements. As a result, 70 patients were included in
the final analysis. The enrollment flow diagram is pre-
sented in Fig. 1.

After discriminating tests, including V/Q scanning
and CTPA, the enrolled patients were categorized into
two groups: CTEPH (n#=37) and Non-CTEPH (n=33).
Clinical data (e.g., age, gender, history of venous throm-
boembolism (VTE)), laboratory findings (e.g., D-dimer),
echocardiography parameters (e.g., mPAP, the maximum
value of tricuspid regurgitation velocity (TRV max), right
atrial dimensions (RAD)) and 3D-EIT parameters (e.g.,
VQMatch, V/Qmax) were recorded for each patient.
The distribution of baseline parameters between the
two groups and the results of the statistical tests for dif-
ferences are presented in Table 1. Notably, systolic pres-
sure, PE history, deep venous thrombosis (DVT) history,
VTE history, and D-dimer levels showed significant dif-
ferences between the CTEPH and Non-CTEPH groups.
The echocardiographic parameters showed no significant
differences between the two groups. For 3D-EIT param-
eters, significant differences were observed in V/Qmax,
DeadSpace VQMatch, and P-Range. To better under-
stand the background of VTE, VTE-related etiological
factors (e.g., immobility, injury, cancer) were collected
and analyzed, but no significant statistical differences
were observed between the two groups (Table S1). Addi-
tionally, the ventilation and perfusion measurements for
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each lung region obtained from 3D-EIT are presented
in Table S2. Typical ventilation, perfusion, VQ match-
ing images, and V/Q scanning images from one CTEPH
patient are shown in Fig. 2. Based on SPECT perfu-
sion imaging, this patient exhibited perfusion defects in
the left lower segment, right upper segment, and right
lower segment (Fig. 2A, B, and F). In parallel, the 3D-EIT
images revealed a homogeneous ventilation distribu-
tion with a marked bilateral lower lung perfusion deficit
(Fig. 2C, D, E, and F). Both lower lungs also displayed
abnormally elevated V/Q ratios (Fig. 2G). Since RHC is
the true gold standard for diagnosing PH, the patients
who underwent RHC and those who did not among the
70 cases were compared and described separately. In the
CTEPH group, 14 (37.84%) patients underwent RHC,
while in the Non-CTEPH group, 12 (36.36%) patients
underwent RHC, with no statistically significant differ-
ence in this ratio (P=1). Additionally, the baseline char-
acteristics of patients who underwent RHC and those
who did not showed no significant differences in most
variables (except for D-dimer and VQMatch) (Table S3).
In summary, clinical and 3D-EIT parameters differed
between the CTEPH and Non-CTEPH groups, and the
3D-EIT perfusion images effectively reflected lung perfu-
sion defects.

Correlation analysis of variables

To assess the correlation between variables in the base-
line data, Spearman’s method was used to calculate the
correlation coefficients and P-values. It is evident that
there is a strong correlation among parameters related
to EIT and among those derived from echocardiogra-
phy (Fig. 3A). For instance, mPAPe and TRV max show
a positive correlation (r=0.85, P<0.01), while DeadSpace
and VQMatch exhibit a negative correlation (r = -0.65,
P<0.01). However, the correlations between clinical or
echocardiography parameters and 3D-EIT parameters
were relatively weak. The relationships between variables
were visualized using a chord diagram (Fig. 3B). These
findings suggest that integrating both clinical informa-
tion and 3D-EIT results is a reasonable approach for
diagnosing CTEPH.

Training set partitioning and variable filtering for model
construction

To construct a nomogram model for CTEPH diagnosis,
the data were randomly divided into training and test sets
in a 7:3 ratio. A total of 50 patients were assigned to the
training set, while 20 patients were assigned to the test
set. Among the patients, 26 (52%) in the training set and
11 (55%) in the test set were diagnosed with CTEPH,
with no statistically significant difference (P=1) between
the two sets. The distribution of each parameter in the
training and test sets, along with the results of statistical
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Table 1 Baseline characteristics of enrolled subjects
Variables Total (n =70) Non-CTEPH (n =33) CTEPH (n=37) P value
Basic information and clinical parameters
Gender 0.681
male 46 (65.71%) 23 (69.70%) 23 (62.16%)
female 24 (34.29%) 10 (30.30%) 14 (37.84%)
Age (yrs) T 60.1 £ 16.49 5921 £16.22 60.89 £ 1691 0.673
Heart rate (beats/min) 80.5 (78, 89.75) 81 (80, 89) 80 (76,91) 0475
Systolic pressure (mmHg)t 12381 +18.11 118.12+£18.98 128.89 + 15.88 0.013*
Sa0, (%) 97 (96,98) 98(97,98) 97 (95,98) 0.074
Hemoptysis 0434
No 63 (90.00%) 31 (93.94%) 32 (86.49%)
Yes 7 (10.00%) 2 (6.06%) 5(13.51%)
Chest tightness 0.591
No 39 (55.71%) 20 (60.61%) 19 (51.35%)
Yes 31 (44.29%) 13(39.39%) 18 (48.65%)
Palpitations 0277
No 52 (74.29%) 27 (81.82%) 25 (67.57%)
Yes 18 (25.71%) 6 (18.18%) 12 (3243%)
Leg swelling 0.171
No 58 (82.86%) 30(90.91%) 28 (75.68%)
Yes 12 (17.14%) 3(9.09%) 9 (24.32%)
Syncope 0.714
No 62 (88.57%) 30 (90.91%) 32 (86.49%)
Yes 8 (11.43%) 3(9.09%) 5(13.51%)
PE history 0.014*
No 56 (80%) 31 (93.94%) 25 (67.57%)
Yes 14 (20%) 2 (6.06%) 12 (32.43%)
DVT history 0.001,**
No 47 (68.57%) 29 (87.88%) 18 (48.65%)
Yes 23 (31.43%) 4(12.12%) 19 (51.35%)
VTE history <0.001,***
No 42 (60.00%) 28 (84.85%) 14 (37.84%)
Yes 28 (40.00%) 5(15.15%) 23 (62.16%)
Right heart catheterization”
mPAP (mmHg) 38(28.25,47) 38.5(29.25,53.75) 38(28.25,46.5) 0.68
CO (L/min/m2) 4.24(3.28,5.53) 4.5 (3.58,5.44) 3.72(3.26,5.63) 0.631
Laboratory parameters
D-dimer (mg/L) 0.83(0.37,3.61) 0.6 (0.35,1.01) 1.67 (0.38,7.06) 0.030,
cInT (ug/L) 0.01(0.01,0.02) 0.01(0.01,0.02) 0.02 (0.01,0.03) 0.133
NT-proBNP (pg/mL) 440.5 (205.75, 1230) 459 (212,1057) 422 (205, 1421) 0916
Echocardiography parameters
mPAPe (mmHg) 57.5(48,70.75) 63 (49, 76) 54 (45, 64) 0.144
TRV max (cm/s) 441.5 (400, 492) 467 (409, 511) 433 (389, 467) 0.178
RADs-long diameter (mm) 48 (45.25,51) 48 (46, 52) 48 (45, 50) 0.781
RADs-short diameter (mm) 42 (40, 44.75) 41 (40, 45 42 (40, 44) 0.53
Pericardial effusion 1
No 65 (92.86%) 31(93.94%) 34 (91.89%)
Yes 5(7.14%) 2 (6.06%) 3(8.11%)
EIT parameters
V/Qmax 3.01(2.23,64) 2.83(2.05,3.6) 448 (2.46,9.78) 0.003,**
DeadSpace (%) 28.18(25.36,33.2) 26.72(23.72,31.95) 29.69 (26.74,35.34) 0.017%
Shunt (%) 4.83 (2.06,9.05) 4.37(1.79,6.63) 5.91(2.73,1048) 0.096
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Table 1 (continued)

Variables Total (n =70) Non-CTEPH (n =33) CTEPH (n=37) P value
VQMatch (%) 65.87 (61.55,69.9) 69.29 (6545, 72.46) 62.89 (60.72,67.04) < 0.001,***
P-Range (%) 26.72 (24.15,32.57) 25.11(22.01, 26.8) 29.95 (25.53,34.11) 0.002,**

# A total of 26 (37.14%) patients underwent right heart catheterization, 14 (37.84%) in the CTEPH group and 12 (36.36%) in the Non-CTEPH group, with no statistical
differences (P=1) (Table S3)

Data are displayed as mean + standard deviation if the continuous variable conforms to a normal distribution, otherwise as median (lower quartile, upper quartile).
Categorical variables are presented as n%. 1, normal distribution; *, P<0.05; **, P<0.01; *** P<0.001

Abbreviations: Sa0,, arterial oxygen saturation; PE, pulmonary embolism; DVT, deep venous thrombosis; VTE, venous thromboembolism; mPAP, mean right
pulmonary artery pressure; CO, cardiac output; cTnT, cardiac troponin T; NT-pro BNP, N-terminal pro-brain natriuretic peptide; mPAPe, mPAP on echocardiography;
TRV max: the maximum value of tricuspid regurgitation velocity; RAD, right atrial dimension; EIT, electrical impedance tomography; V, ventilation; Q, perfusion;
V/Qmax: relative maximum of corresponding regional ventilation/perfusion ratio; DeadSpace, the area of dead space detected by EIT; Shunt, the area of shunt
detected by EIT; VQMatch, the area with matched ventilation and perfusion on EIT; P-Range: range between the maximum and minimum values of regional perfusion
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Ventilation on EIT|
Perfusion on EIT| Left
T ViG Lower seg.
'erfusion on scan | L Middle seg_
Ventilation on EIT T W Upper seg.

Perfusion on EIT Right

Perfusion on V/Q scan

D

Perfusion Percentage

REGIONAL V/P

Regional V/P

Right  Left

3D-EIT

V/Q scanning

Fig. 2 Typical V/Q scanning and 3D-EIT images of patients in the CTEPH group. (A) The perfusion scanning images merged with coronal CT reconstruct-
ed images. (B) The total perfusion-related radioactivity on VQ scanning in the supine anterior position. (C) The ventilation image derived from 3D-EIT. The
brightness of the blue color represents the level of ventilation. (D) The perfusion image derived from 3D-EIT. The brightness of the red color represents
the level of perfusion. (E) A merged image of the EIT ventilation image and perfusion image. (F) Stacked histograms of the percentage of ventilation or
perfusion in 6 lung regions named before on EIT and SPECT. (G) The ventilation-perfusion ratios (V/Q) of each lung region

tests for differences, is presented in Table S4. Except for
some 3D-EIT-derived parameters, no significant dif-
ferences were observed in the parameters between the
training and test sets. Therefore, this data partitioning
method was deemed suitable for constructing and testing
the subsequent nomogram model.

To select variables for model construction, univari-
ate logistic regression analyses were conducted on indi-
vidual clinical and EIT parameters in the training set.

Parameters related to right heart catheterization, such
as mPAP and cardiac output (CO), were excluded from
the analysis, as the goal was to identify easily accessible,
non-invasive diagnostic markers. The univariate analy-
sis revealed that the following variables were statisti-
cally significant (P<0.05 and the confidence interval did
not intersect the invalid line): PE history, DVT history,
VTE history, D-dimer, V/Qmax, DeadSpace, VQMatch,
and P-Range, which included both clinical and 3D-EIT
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Fig. 3 Variable correlation analysis. (A) Correlation coefficients and P-values between the variables. (B) The chord diagram showing the correlation of
variables. The thickness of the chord represents the strength of the correlation. Red is for positive correlation and green is for negative correlation

parameters (Table 2). Subsequently, the Wald test was
used to further refine the selection of parameters (Table
S5). Only one parameter, D-dimer, showed significant
difference (P=0.0359). Therefore, the variables selected
through univariate analysis were directly screened and
included in the model based on clinical significance, VIF,
AIC, and BIC. VIF analysis indicated that the medical
history parameters and the EIT parameters DeadSpace
and VQMatch may exhibit multicollinearity (Table 3).
Considering clinical significance, the parameter VTE
history was retained because it encompasses both PE
and DVT cases and had a lower P-value in the univari-
ate analysis. Regarding the EIT parameters, DeadSpace
reflects the proportion of dead space ventilation associ-
ated with poor lung perfusion, while VQMatch repre-
sents the proportion of ventilation-perfusion matched
regions. These two parameters were individually included
in models (Model 2 and Model 3 in Table 3) for evalu-
ation. Based on a comprehensive analysis of VIEF, AIC,
and BIC, all variables in Model 3 had VIF values below
10, and the model overall demonstrated lower AIC and
BIC values, making it the superior model. Therefore, the
subsequent nomogram model incorporated the following
parameters: VTE history, D-dimer, V/Qmax, VQMatch,
and P-Range.

Nomogram model construction and evaluation

VTE history, D-dimer, V/Qmax, VQMatch, and P-Range
were selected as variables for constructing the nomo-
gram model in the training set. As examples, a typical
CTEPH patient had a high total score and predictive

probability in the model, while a Non-CTEPH patient
had a low total score and predictive probability (Fig. 4A
and B). The C-index of the nomogram in the training set
was 0.926 (95% CI: 0.859-0.993). Next, the model was
calibrated using the bootstrap method. The calibration
curve analysis indicated that the predicted probabilities
closely matched the actual observed probabilities, with a
mean absolute error of only 0.046 (Fig. 4C).

To further assess the diagnostic performance of the
model, various analyses were conducted using the test
set. ROC analysis showed that the area under the curve
(AUC) for the nomogram model (0.9263 in the train-
ing set and 0.8990 in the test set) was higher than those
of VTE history (0.7420 in the training set and 0.7273 in
the test set), VTE history+D-dimer model (0.7716 in
the training set and 0.8586 in the test set) and the EIT-
parameter model with V/Qmax, VQMatch and P-Range
(0.8109 in the training set and 0.7172 in the test set)
(Fig. 5A and B). Additionally, IDI analysis was applied
to calculate the incremental benefits brought by the
model as variables were added stepwise. In the training
set, the nomogram model provided incremental ben-
efits compared to models that included only VTE history
(IDI: 0.333), VTE history+D-dimer (IDI: 0.2539), and
EIT parameters (IDI: 0.2776), and these improvements
were statistically significant (Table S6). Also, the model
combining VTE history and D-dimer outperformed the
model with VTE history alone. However, in the test set,
the IDI among models with different parameters did not
show significant differences. This may be due to the small
sample size of the test set, resulting in limited evaluation
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Table 2 Univariate logistic regression analyses for differentiating
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Table 3 Analysis of VIF, AIC, and BIC for the model derived from

CTEPH univariate regression analysis

Variables OR (with 95% Cl) Pvalue Variables VIF value AIC BIC
Gender 1.06 (0.33-3.47) 0.924 Model 1 PE history 2.247562 50.0875 672957
Age 1.01 (0.97-1.04) 0.738 DVT history 6.938138

Heart rate 0.99 (0.94-1.03) 0518 VTE history 10.291355

Systolic pressure 1.02 (0.99-1.06) 0.229 D-dimer 1.295521

Sa0, 0.83 (0.62-1.05) 0.145 V/Qmax 1.838151

Hemoptysis 143 (0.22-11.69) 0.707 DeadSpace (%)  8.636968

Chest tightness 1.18 (0.39-3.64) 0.768 VQMatch (%) 7.988679

Palpitation 1.14 (0.30-4.56) 0.848 P-Range (% 2027614

Leg swelling 4.05 (0.86-29.46) 0.104 Model 2 VTE history 1.079233 494344 60.90654
Syncope 1.27 (0.25-7.11) 0.769 D-dimer 1.14003

PE history 6.87 (1.55-48.89) 0.022* V/Qmax 1.231658

DVT history 6.82 (1.94-28.82) 0.005,* DeadSpace (%) 1.087897

VTE history 8.55 (2.50-33.97) 0.001,* P-Range (%) 1.348481

D-dimer 1.21(1.05-1.53) 0.047* Model 3 (Nomogram) VTE history 1.050144 46.7734 58.24553
cTnT (-log10) 0.82 (0.19-343) 0.786 D-dimer 1.26664

NT-proBNP 1.00 (1.00-1.00) 0.365 V/Qmax 1.228703

mPAPe 0.98 (0.95-1.01) 0.278 VQMatch (%) 1.145556

TRV max 1.00 (0.99-1.00) 0.257 P-Range (%) 1430455

RADs-Long Diameter 0.99 (0.88-1.12) 0923 Abbreviations: VIF, Variance inflation factor; AIC, Akaike information criterion;
s or Dt 107(089-120 odg  SCSaysnnlomatonciteron % pumony ambl DV depveno
Pericardial effusion 0.92(0.10-8.18) 0933 corresponding regional ventilation/perfusion ratio; DeadSpace, the area of
V/Qmax 1.26 (1.07-1.58) 0.021* dead space detected by EIT; VQMatch, the area with matched ventilation and
DeadSpace (%) 109 (1.02-121) 0,04 g?:(f;;si:;)nna?;;lf'zs}i);iange. range between the maximum and minimum values
Shunt (%) 1.11(1.01-1.26) 0.059

VQMatch (%) 0.84 (0.73-0.95) 0.013*

P-Range (%) 1.12(1.03-1.24) 0012 performance compared to models relying on single or

Each ORis displayed with its 95% ClI. *, P<0.05 and the Cl did not intersect the
invalid line

Abbreviations: OR, odds ratio; Cl, confidence interval; SaO,, arterial oxygen
saturation; PE, pulmonary embolism; DVT, deep venous thrombosis; VTE,
venous thromboembolism; cTnT, cardiac troponin T; NT-pro BNP, N-terminal
pro-brain natriuretic peptide; mPAPe, mean pulmonary arterial pressure on
echocardiography; TRV max: the maximum value of tricuspid regurgitation
velocity; RAD, right atrial dimensions; V, ventilation; Q, perfusion; V/Qmax:
relative maximum of corresponding regional ventilation/perfusion ratio;
DeadSpace, the area of dead space detected by EIT; Shunt, the area of shunt
detected by EIT; VQMatch, the area with matched ventilation and perfusion on
EIT; P-Range: range between the maximum and minimum values of regional
perfusion

power. Nonetheless, the IDI evaluation results in the
training set reflect that incrementally adding parameters
can optimize the model. Additionally, DCA demon-
strated that the nomogram model provided significant
clinical net benefits across both the training and test sets,
indicating its robust utility in clinical decision-making
(Fig. 5C and D). CIC analysis revealed that the nomo-
gram model exhibited strong concordance between pre-
dicted values and actual clinical outcomes at higher risk
thresholds, specifically when the risk threshold exceeded
0.7 in the training set and 0.4 in the test set, highlight-
ing its reliability in practical clinical settings (Fig. 5E
and F). Collectively, these findings underscore the effi-
cacy of the nomogram model, which integrates both
clinical and 3D-EIT parameters, demonstrating superior

limited parameters. Furthermore, the results suggest that
3D-EIT technology holds significant potential in aiding
the identification of CTEPH.

Discussion

The clinical symptoms of CTEPH, such as chest tight-
ness, palpitations, and reduced exercise capacity, are
non-specific and often overlap with idiopathic pulmo-
nary hypertension, making the diagnosis challenging.
While right heart catheterization is used to measure
pulmonary artery pressures, additional tests like V/Q
scanning or CTPA are necessary to identify pulmonary
perfusion defects. V/Q scanning is considered the pri-
mary method for assessing actual lung tissue perfusion
dysfunction, whereas CTPA mainly evaluates vascular
conditions. Although V/Q scanning and CTPA are accu-
rate and essential for the differential diagnosis of CTEPH,
there may be cases where patients cannot tolerate or
afford these methods, and using them for follow-up
assessments may further increase the burden on patients.
Given that 3D-EIT can non-invasively and radiation-
free capture whole-lung ventilation and perfusion at the
bedside, we explored the diagnostic value of 3D-EIT for
CTEPH, with the aim of expanding its application in
pulmonary vascular diseases and providing potential for
CTEPH differentiation and follow-up monitoring.
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In this study, we developed a diagnostic model for
CTEPH by combining routine clinical data related to pul-
monary hypertension and 3D-EIT parameters. Among
the clinical factors, a history of PE, DVT or VTE sta-
tus showed significant differences between CTEPH and
Non-CTEPH patients, and VTE history was selected
for the model. It is well established that CTEPH can
result from a complication following an acute pulmo-
nary embolism. The incidence of CTEPH appears to be
approximately 2.3% among patients with acute pulmo-
nary embolism [15]. Even in survivors who had received
appropriate treatment, incomplete resolutions always
put them at risk for developing CTEPH [16]. Our results
also reflected this correlation. Although D-dimer reflects
the presence of thrombus, its diagnostic significance for
exclusion is greater when it is negative. In critically ill
patients, D-dimer is not a reliable predictor for PE [17].
Previous studies found that D-dimer was insensitive and
nonspecific for CTEPH diagnosis but was a significant
predictor for the outcome of CTEPH [18, 19]. Therefore,
additional research is required to explore the diagnostic
and prognostic value of D-dimer in CTEPH. In this study,
D-dimer was included in the model because it showed
significant differences in the univariate analysis. Fur-
thermore, various echocardiographic parameters (such

as TRV max and mPAPe) did not show significant differ-
ences between the two groups. This aligns with previous
international guidelines (ESC/ERS, 2022) and Chinese
guidelines (2021), which suggest that echocardiography
may primarily aid in distinguishing pulmonary hyperten-
sion caused by left heart disease. It is worth noting that
the echocardiography-derived mPAP values in our study
were higher than those obtained from RHC. Previous
studies on different populations and varying severities
of PH have shown that discrepancies between the two
methods do exist, and the extent of these differences is
closely related to the study context [20-23]. Since our
research primarily focuses on the differential diagnosis of
CTEPH rather than the diagnosis of PH itself, and there
was no significant difference in the use of RHC for confir-
mation between the two groups, the potential bias intro-
duced by this discrepancy is relatively small.

Several key parameters included in the model were
derived from 3D-EIT. EIT detects changes in intratho-
racic resistance, which reflect variations in lung gas
volume and perfusion, and uses this information to
reconstruct images of lung ventilation and perfusion.
In the context of pulmonary vascular diseases, previ-
ous studies have shown that EIT, when combined with
hypertonic saline bolus injection, can assist in diagnosing
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pulmonary embolism at the bedside [24—26]. Addition-
ally, EIT technology has been used to assess pulmonary
pressure in healthy individuals exposed to normobaric
hypoxemia [11]. These studies highlight the value of EIT
perfusion imaging in the investigation of pulmonary vas-
cular diseases. Our novel 3D-EIT technique, which uti-
lizes a pulsatility-based algorithm instead of hypertonic
saline injections combined with artificial breath-holding,
broadens its potential applications. Additionally, the use
of two electrode belts allows for the acquisition of whole-
lung ventilation and perfusion signals, rather than just
from a single level. These advancements enabled us to
better characterize lung perfusion in patients suspected
of having CTEPH. Theoretically, patients with CTEPH
may exhibit localized perfusion deficits. In this study,
CTEPH patients demonstrated a larger dead space area,
a smaller VQMatch area, higher V/Qmax, and a greater
range of regional perfusion values. These characteris-
tics suggest that CTEPH patients experience significant
heterogeneity in perfusion and a mismatch between
ventilation and perfusion signals. The 3D-EIT find-
ings were generally consistent with V/Q scanning, and
three 3D-EIT parameters were included in the diagnos-
tic model. Interestingly, the weak correlation between
3D-EIT and clinical parameters underscored the impor-
tance of constructing a model that integrates multiple
parameters.

After performing univariate logistic analysis, Wald test,
VIE, AIC and BIC evaluations, five variables (VTE his-
tory, D-dimer, V/Qmax, P-Range, and VQMatch) were
incorporated into the nomogram model. The C-index
(0.926, 95% CI: 0.859—0.993) and calibration analysis
demonstrated that the model performed well. ROC and
IDI analyses demonstrated that the stepwise inclusion of
parameters can enhance the diagnostic performance of
the model. DCA and CIC analyses demonstrated that the
nomogram model offers substantial clinical net benefits,
highlighting its practical utility in improving diagnostic
accuracy and guiding clinical decision-making. These
findings underscore the model’s potential to enhance
patient outcomes by providing reliable risk stratification
and supporting tailored therapeutic strategies. Overall,
the nomogram combining clinical and 3D-EIT parame-
ters exhibited strong performance in diagnosing CTEPH.

The main strength of our study lies in enhancing the
characterization of CTEPH and Non-CTEPH patients
through 3D-EIT technology, and in constructing a com-
prehensive diagnostic model that integrates both clinical
parameters and EIT data. However, a notable limitation
of this study is the relatively small sample size, which
may not fully represent the real clinical scenario and
could hinder the robustness of model training and valida-
tion. Additionally, only a subset of patients (26 individu-
als) had RHC results, while the remaining patients were
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classified as having pulmonary hypertension based solely
on echocardiography. Although RHC is the gold standard
for diagnosing pulmonary hypertension, and there are
certain discrepancies between echocardiography-derived
and RHC-derived mPAP measurements, the acceptance
of RHC did not significantly differ between the CTEPH
and Non-CTEPH groups (Table 1). Furthermore, the
baseline characteristics of patients who underwent RHC
and those who did not were relatively consistent (Table
S3). Therefore, the potential bias introduced by the
absence of RHC is likely minimal. Despite this, our pre-
liminary findings highlight the potential of 3D-EIT in
CTEPH diagnosis and offer insights into developing eas-
ily accessible diagnostic and differential diagnostic mod-
els for CTEPH at the bedside. Future studies should aim
to expand the cohort size, incorporate additional clini-
cal features, and explore advanced 3D-EIT parameters
to better capture the true perfusion characteristics of
patients.

Conclusion

3D-EIT was first applied to identify the features of
CTEPH, and a nomogram model was subsequently
developed for CTEPH diagnosis, incorporating both clin-
ical parameters (VTE history and D-dimer) and 3D-EIT
parameters (V/Qmax, P-Range, and VQMatch). C-index
and calibration analysis in the training set, along with
ROC, DCA, and CIC analyses in the training and test
set, demonstrated that this nomogram model exhibited
strong diagnostic performance. 3D-EIT may provide
future assistance in the identification and therapeutic
evaluation of CTEPH.
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