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Background: Chest dynamic digital radiography (DDR) is used as a supplementary tool for the routine 
pulmonary function test (PFT); however, its potential as a novel standard PFT method has yet to be 
explored. Therefore, the present study aimed to investigate the correlation between the change in the 
projected lung area (ΔPLA) and forced vital capacity (FVC) using chest DDR, and to establish a DDR-FVC 
estimation model and a predictive value model for the ΔPLA.
Methods: In total, 139 participants who underwent chest DDR and the PFT in the same period at 
The First Affiliated Hospital of Guangzhou Medical University from April 2022 to February 2023 were 
prospectively included in the study. The patients’ age, gender, height, and weight measurements were 
recorded. Additionally, the ΔPLA was measured, and the IWS workstation software was used for automated 
outlining and calculation. Subsequently, a correlation analysis and regression analysis models were 
employed to examine the relationship between the ΔPLA, FVC, and individual physiological characteristics. 
Additionally, an independent sample t-test was used to determine whether there were any significant 
differences between the normal and abnormal FVC groups.
Results: The 139 participants were grouped according to the results of the ratio of measured/predicted 
FVC values (FVC%pred); those with an FVC%pred ≥80%, were allocated to the normal FVC group, and 
those with an FVC%pred <80% were allocated to the abnormal FVC group. The correlation coefficient was 
>0.8 in the full sample; the ΔPLA showed a significant linear correlation with the measured FVC value [r=0.81, 
95% confidence interval (CI): 0.75–0.86, P<0.001]. There was a significant difference in the ΔPLA between 
the normal and abnormal FVC groups. With the ΔPLA, age, gender, height, and weight as predictor 
variables, the following DDR-FVC estimation model was established: DDR-FVC estimation model = −0.997 
+ 1.35×10−4 × ΔPLA + 0.017 × height − 0.014 × age + 0.249 × gender (1 for male and 0 for female) [adjusted 
R2 (adj. R2)=0.731, F=94.615, P<0.001]. The following formula was used to determine the predictive value of 
the ΔPLA: Predictive value of ΔPLA = −12,504.287 + 173.185 × height + 62.971 × weight − 84.933 × age (adj. 
R2=0.393, F=20.453, P<0.001).
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Introduction

The routine pulmonary function test (PFT) is currently 
the gold standard for measuring pulmonary function (1). 
However, patients with severe myocardial infarction, 
unstable cardiac function, uncontrolled hypertension, an 
inability to cooperate, and other limiting factors, cannot 
undergo the PFT. Many studies have been conducted 
worldwide to examine the correlation between the 
quantitative pulmonary indicators of computed tomography 
(CT) scans and conventional pulmonary function indicators 
(2-4). However, these studies are still in the research and 
verification stage, and their findings have not been applied 
to clinical practice. In recent years, with the application 
of dynamic digital radiography (DDR) equipment, some 
researchers have conducted studies on diaphragmatic 
motion and pulmonary ventilation function using DDR 
and concluded that DDR chest radiographs can be used 
to quantitatively analyze diaphragmatic motion in chronic 
obstructive pulmonary disease (COPD) patients and to 
dynamically evaluate the diaphragmatic function in COPD 
patients simply and effectively (5-8).

Many studies have examined the correlation between 
certain pulmonary function parameters and DDR images. 
Ohkura et al. (9) examined the correlation between the 
change in the projected lung area (ΔPLA) on digital 
radiography (DR) images and residual volume/total lung 
capacity (RV/TLC) and forced expiratory volume in 1 
second (FEV1) in patients with airflow limitation. Hino  
et al. (10) found that the ΔPLA measured by DR images in 
healthy participants was significantly correlated with their 
pulmonary function indicators [vital capacity (VC) and 
FEV1], highlighting its potential as an alternative testing 
method for those who are not suitable for the routine 
PFT. Ueyama et al. (11) also found that the VC (ΔPLA) 
measured by DR chest radiographs was correlated with 

forced vital capacity (FVC) in patients with interstitial 
lung disease (ILD) and attempted to develop a prediction 
model to predict other pulmonary function parameters of 
ILD. A preliminary study (12) reported that dynamic chest 
radiography (DCR) demonstrated significant improvements 
in hemidiaphragm excursion and PLA in people with 
cystic fibrosis who had commenced elexacaftor/tezacaftor/
ivacaftor. The results observed by DCR are physiologically 
plausible and correlate well with spirometry.

In this study, biphasic chest DR images were obtained 
by DDR, one with deep inhalation and the other with deep 
exhalation. The participants in this study included both 
healthy individuals and patients with lung disease. By studying 
the correlation between the ΔPLA and FVC measured in 
two images, a DDR-FVC estimation model and a ΔPLA 
prediction value model were established. The FVC was 
estimated using the DDR-FVC estimation model, and the 
ratio of the measured ΔPLA value to the predicted ΔPLA value 
(ΔPLA%pred) was further applied to evaluate the FVC for 
anomalies. This study sought to provide a new and operable 
method for evaluating pulmonary function in patients who 
cannot undergo the conventional PFT, to simplify and enrich 
the FVC methods for assessing disease severity and efficacy, 
and to provide a possible supplementary method for the PFT. 
We present this article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.com/
article/view/10.21037/qims-23-1186/rc).

Methods

Participants

This prospective study was approved by the Research 
Ethics Review Committee of The First Affiliated Hospital 
of Guangzhou Medical University (No. 106 of 2022), and 
all the participants signed informed consent forms. The 

Conclusions: There was a linear correlation between the ΔPLA measured by biphasic chest DDR and 
the FVC. A model for estimating the FVC was established based on the ΔPLA, which allows the FVC to be 
assessed by the ΔPLA measured by biphasic chest DDR. A predictive value model for the ΔPLA was also 
established to provide ΔPLA reference values for assessment and comparison.
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study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). Between April 2022 and 
February 2023, 143 participants at The First Affiliated 
Hospital of Guangzhou Medical University were recruited 
to undergo PFT and DDR examinations for routine health 
care or clinical screenings of chest lesions. To be eligible 
for inclusion in this study, the patients had to meet the 
following inclusion criteria: (I) be aged 20–85 years; (II) 
not be pregnant or lactating; (III) have planned to undergo 
a routine chest DR physical examination; and (IV) have 
undergone the PFT within 1 week during the same period. 
Patients were excluded from the study if they met any of the 
following exclusion criteria: (I) were unable to understand 
and cooperate with the chest DDR examination; (II) did not 
undergo PFT or had no PFT report available; and/or (III) 
refused to sign the informed consent form.

Ultimately, 139 participants were enrolled in the study. 
According to the classification of respiratory diseases, there 
were 68 cases of normal pulmonary imaging, 36 cases  
of COPD, 8 cases of ILD, 6 cases of diaphragmatic 
paralysis, and 3 cases of space-occupying lesions in the 
lung. Additionally, there were another 10 cases of infectious 
pulmonary disease. Based on the PFT results, there were 
50 cases of normal ventilation, 27 cases of small airway 
obstruction, 29 cases of obstructive ventilation, and 19 cases  
of restrictive ventilation. Further, mixed ventilatory 
dysfunction was observed in 14 patients. The FVC actual 
measured value was used as a grouping index. According to 
the guidelines for pulmonary function examination (13,14), 
the lung volume parameters and ventilation function 
parameters were reduced to abnormal, and the percentage 
of measured values in the normal range was ≥80%. The 
participants were allocated to the normal FVC group if the 
ratio of measured/predicted FVC values (FVC%pred) was 
≥80% and to the abnormal FVC group if the FVC%pred 
was<80%.

Equipment

The following equipment was used: (I) X-ray imaging 
equipment: AeroDR C80 Digital Radiography X-Ray 
System (Konica Minolta, Tokyo, Japan); (II) image 
measurement equipment: Dynamic DR Equipment with 
IWS Dynamic Image Processing Workstation Software DI-
X1 (Ver.1.2; Konica Minolta); and (III) PFT equipment: 
MasterScreen PFT System (Jaeger, Wurzburg, Germany).

Radiographic methods

The participants were radiographed in DDR ventilation 
mode in the standing position, and the forced breathing 
mode captured, under a state of deep inspiration, the 
process of expiring at the fastest rate and then immediately 
inspiring deeply. The following radiographic parameters 
were established based on previous research findings (9,10): 
180 cm source-image distance, 110 kV tube voltage, 100 mA  
tube current, 5 ms pulse X-ray duration, an additional 
filter of 1 mm aluminum + 0.5 mm copper, and dynamic 
image data captured at 15 frames/second synchronized 
with the pulse X-rays. Images were sent to the dynamic 
image processing workstation after the radiography was 
completed.

Area measuring methods

On the dynamic image processing workstation provided 
with the DDR equipment, the horizontal axis represents 
the time (unit: frame, 1 frame =1/15 second), and the 
vertical axis represents the amplitude of diaphragmatic 
motion (unit: mm) according to the diaphragmatic motion 
curve. The maximum PLA (Figure 1A) was determined 
by finding the frame with the lowest position of the 
diaphragm at the end of deep inspiration (Figure 1B), and 
the minimum PLA (Figure 1C) was determined by finding 
the frame with the highest position of the diaphragm at 
the end of deep expiration (Figure 1D). The PLA (enclosed 
by the medial edge of the ribs, the diaphragm, and the 
mediastinal margin) was automatically outlined. Due to the 
precise measurement requirements, the outlined range was 
determined, any necessary adjustments were made, and the 
outlined range was confirmed through consultation with 
two senior technicians with 15 years of work experience, 
and the corresponding ΔPLA was finally automatically 
calculated by the software (Figure 1).

PFT methods

All the participants underwent the PFT in the same week 
as the chest DDR, which met the requirements of the 
American Thoracic Society 2019 guidelines for pulmonary 
ventilation function tests (15), and their measured FVC, 
predicted FVC, FVC%pred, forced expiratory volume in 
one second (FEV1), predFEV1, FEV1%pred, maximum 
vital capacity (VC MAX), predVC MAX, VC MAX%pred, 
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forced inspiratory vital capacity (FVC IN), predFVC IN, 
FVC IN%pred, forced expiratory volume in the sixth 
second (FEV6), peak expiratory flow (PEF), predPEF, 
PEF%pred were recorded.

Statistical methods

The statistical analysis was performed using SPSS 22.0 
statistical software (IBM Corp., Armonk, NY, USA). 
A correlation analysis was performed on the data of 
the 139 participants, of whom 91 were in the normal 
FVC group and 48 were in the abnormal FVC group. 
A regression analysis was performed using the data of 

the normal participants for the ΔPLA and the data of all 
the participants for the FVC. The ΔPLA results and the 
measured and predicted FVC results were analyzed by 
non-parametric tests (the Kruskal-Wallis test) and pairwise 
comparisons of multiple independent samples. The ΔPLA 
and the mean FVC were determined. Correlation and 
regression analyses were performed on the measured data, 
and the correlation coefficients were tested for significance. 
A linear correlation was established if the P value was 
<0.05. Using a stepwise regression model, the explained 
variables [i.e., height, weight, age, and gender (male =1, 
female =0)] were indicators that were related to the PLA. 
The value in parentheses below the estimated regression 

Figure 1 Measuring method for the PLA. The area enclosed by the medial edge of the ribs, the diaphragm and the mediastinal margin is 
the PLA. The maximum PLA (A) was determined by the lowest point (B) of the diaphragm movement directed by the arrow. The minimum 
PLA (C) was determined by the highest point (D) of the diaphragm movement directed by the arrow. The red arrows in (B,D) and (A,C) 
refer to the same points, indicating the highest points of the bilateral diaphragm (the purple and green lines). PLA, projected lung area.

A B

C D
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equation was the t-statistic for the significance test of the 
regression coefficients, and the F-statistic was used to test 
whether the equation as a whole was significant. The results 
were considered statistically significant when the one-sided 
P value was <0.05 in the F-test and Kruskal-Wallis test, 
and the two-sided P value was <0.05 in the correlation and 
regression analyses. A regression analysis was performed to 
evaluate the correlations using the following criteria: strong 
(r>0.8), moderate (r=0.5–0.8), and poor (r<0.5).

Results

Statistical characteristics of variables in various sample 
conditions

In total, 139 participants were included in this study. The 
patients had an average age of 52.8±13.3 years, and 66 
were male and 73 were female. A detailed description of 
the participant selection process can be found in Figure 2, 
in which FVC%pred was ≥80% for the normal pulmonary 
function group and <80% for the abnormal pulmonary 
function group, with 91 and 48 patients in each group, 
respectively. According to the normality test: full sample 
(n=139), normal FVC group (n=91), abnormal FVC group 
(n=48). For predFEV1, FEV1, FEV1%pred, predVC MAX, 
VC MAX, VC MAX%pred, predFVC IN, FVC IN, FVC 
IN%pred, FEV6, predPEF, PEF, PEF%pred, a P value 
>0.05 was considered not statistically significant (Table 1).

Correlation and regression analysis between the ΔPLA and 
the measured FVC under forced breathing

According to the results of the one-sample t-test, the ΔPLA 
and FVC were normally distributed. Thus, the Pearson 
simple correlation coefficient was used to measure the linear 
correlation between them. The Pearson simple correlation 
coefficients were 0.81, 0.74, and 0.68 with 95% confidence 
intervals (CIs) of 0.75–0.86, 0.64–0.81, and 0.53–0.81 in the 
full sample, normal FVC group, and abnormal FVC group, 
respectively (all P<0.001). The correlation coefficient was 
>0.8 in the full sample, which indicated a strong correlation 
(Table 2).

For further significance testing, the null hypothesis 
was that the population correlation coefficient was 0. The  
P values of the t-tests were <0.001, and the null hypothesis 
was rejected, which indicated that there was a statistically 
significant linear correlation between the ΔPLA and FVC 
in all three sample conditions. The scatter diagrams of the 
ΔPLA and FVC in the full sample, normal FVC group, and 
abnormal FVC group showed that the scatter points were 
all distributed in the oblique upward oval area, indicating a 
positive covariant relationship between the two variables in 
these sample conditions (Figure 3).

With the measured FVC as the explained variable, 
and the ΔPLA, height, age, gender, and weight as the 
explaining variables, the variables affecting the measured 
FVC were screened using the stepwise regression method 
to establish the DDR-FVC estimation model. Ultimately, 
four explaining variables were included in the stepwise 
regression; that is, the ΔPLA, height, age, and gender, which 
had respective regression coefficients of 1.35×10−4, 0.017, 
−0.014, and 0.249 with 95% CIs of 1.14×10−4 to 1.56×10−4, 
0.003 to 0.031, –0.022 to –0.006, and –0.019 to 0.498 
(P<0.001, P=0.015, P<0.001, and P=0.041), respectively 
(Table 3). Therefore, the results showed that the ΔPLA had 
a positive effect on the measured FVC and could be used to 
estimate the FVC measurement results. In addition, for the 
measured FVC, the effect of height was positive, the effect 
of age was negative, and the mean FVC was greater for 
males. The adjusted R2 (adj. R2) of the stepwise regression 
coefficient was 0.731, which indicated that 73.1% of the 
FVC information could be explained by the four variables. 
The F-statistic was used to test whether the equation as 
a whole was significant. The calculated results showed a 
F-value of 94.615 with a P value <0.001; thus, it can be 
inferred that this linear regression relationship also exists 

Enrolled participants (n=143)
•  20–85 years old
•  No pregnancy or lactation
•  Planning for routine chest DR physical 

examination
•  PFT within 1 week during the same period

Eligible participants for this study  
(n=139)

Excluded participants (n=4)
•  Inability to understand and 

cooperate with chest DDR 
examination (n=1)

•  Cannot provide PFT report (n=3)

Figure 2 Flow diagram of the inclusion criteria. DR, digital 
radiography; PFT, pulmonary function test; DDR, dynamic digital 
radiography.
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in the population. The specific regression equation was 
expressed as follows:

( )4DDR-FVC estimation model 0.997 1.35 10 PLA 0.017 height 0.014 age 0.249 gender gender is 1 for male, 0 for female−= − + × ×∆ + × − × + ×

( )4DDR-FVC estimation model 0.997 1.35 10 PLA 0.017 height 0.014 age 0.249 gender gender is 1 for male, 0 for female−= − + × ×∆ + × − × + ×

( )4DDR-FVC estimation model 0.997 1.35 10 PLA 0.017 height 0.014 age 0.249 gender gender is 1 for male, 0 for female−= − + × ×∆ + × − × + ×

( )4DDR-FVC estimation model 0.997 1.35 10 PLA 0.017 height 0.014 age 0.249 gender gender is 1 for male, 0 for female−= − + × ×∆ + × − × + ×

   [1]

Table 1 Statistical characteristics of variables

Variables All participants (n=139) Participants with normal FVC (n=91) Participants with abnormal FVC (n=48)

Age (years) 52.8±13.3 [18.0–84.0] 50.0 (5.0) [18.0–84.0] 63.0 (13.3) [31.0–79.0]

Female 73 (52.5) 59 (64.8) 14 (29.2)

Male 66 (47.5) 32 (35.2) 34 (70.8)

Height (cm) 160.3±8.4 [143.5–178.0] 158.5±8.3 [143.5–178.0] 163.9±7.7 [148.0–178.0]

Weight (kg) 58.7 (15.0) [34.0–119.0] 58.7 (14.4) [34.0–119.0] 57.4±12.4 [35.0–89.9]

ΔPLA (mm2) 12,662.9±4,518.5 [4,525.0–25,310.0] 14,498.5±3,914.4 [5,141.0–25,310.0] 91,82.8±3,422.4 [4,525.0–18,5470.0]

FVC (L) 2.8±0.9 [1.0–5.1] 3.2±0.8 [1.5–5.1] 2.1±0.7 [1.0–3.8]

predFVC (L) 3.2±0.8 [1.7–5.0] 3.1±0.8 [1.7–5.0] 3.4±0.7 [1.9–5.0]

FVC%pred 0.9±0.2 [0.3–1.4] 1.1±0.1 [0.8–1.4] 0.6 (0.2) [0.3–0.8]

FEV1%FVC 0.8 (0.3) [0.2–1.8] 0.8 (0.1) [0.3–1.0] 0.6 (0.5) [0.2–1.8]

predFEV1 2.6 (0.8) [1.4–4.2] 2.4 (0.8) [1.4–4.2] 2.8 (0.7) [1.6–4.2]

FEV1 2.0±0.9 [0.3–4.2] 2.4±0.8 [0.7–4.2] 1.3±0.7 [0.3–2.7]

FEV1%pred 85.7 (45.8) [10.0–126.6] 96.8 (22.5) [31.0–126.6] 46.8±22.4 [10.0–108.4]

predVC MAX 3.1 (1.1) [2.1–5.3] 2.9 (1.0) [2.1–5.1] 3.5±0.7 [2.2–5.3]

VC MAX 2.9±0.9 [1.0–5.1] 3.2±0.8 [1.6–5.1] 2.2±0.7 [1.0–3.8]

VC MAX%pred 94.0 (36.3) [32.5–138.3] 103.6±14.9 [57.7–138.3] 62.0±13.8 [32.5–101.8]

predFVC IN 2.9 (1.0) [2.0–5.3] 2.8 (0.9) [2.1–5.2] 3.4±0.9 [2.0–5.3]

FVC IN 2.7±0.9 [0.8–5.0] 3.0±0.8 [1.4–5.0] 1.9±0.8 [0.8–3.8]

FVC IN%pred 88.2±23.1 [32.5–133.7] 97.7±15.6 [49.8–133.7] 57.7±15.8 [32.5–96.9]

FEV6 2.8±1.0 [0.8–5.1] 3.1±0.8 [1.6–5.1] 1.9±0.7 [0.8–3.6]

predPEF 6.5 (1.8) [4.8–9.7] 6.1 (1.6) [4.8–9.7] 7.2±1.1 [5.0–9.7]

PEF 5.7±2.3 [0.8–10.9] 6.4±2.0 [1.6–10.9] 3.9±2.1 [0.8–7.5]

PEF%pred 91.5 (33.1) [11.0–135.5] 98.6 (21.9) [24.7–135.5] 55.1±29.3 [11.0–111.5]

Data are presented as the mean ± SD [range], median (interquartile) [range], or number (percentage). FVC, forced vital capacity; ΔPLA, 
change in the projected lung area; FEV1, forced expiratory volume in one second; VC MAX, maximum vital capacity; FVC IN, forced 
inspiratory vital capacity; FEV6, forced expiratory volume in the sixth second; PEF, peak expiratory flow; %pred, % predicted; SD, 
standard deviation.

Table 2 Correlation analysis between the ΔPLA and the measured FVC

Sample r 95% CI P value

All participants 0.81 0.75, 0.86 <0.001

Participants with normal FVC 0.74 0.64, 0.81 <0.001

Participants with abnormal FVC 0.68 0.53, 0.81 <0.001

ΔPLA, change in the projected lung area; FVC, forced vital capacity; 
CI, confidence interval.
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The comparison of the ΔPLA under forced breathing 
between the normal FVC group and the abnormal FVC 
group

An independent samples t-test was used to examine whether 
there was a significant difference in the ΔPLA between the 
normal and abnormal FVC groups. First, using the Levene 
F-test, no significant difference in variance was found 
between the normal and abnormal groups in the population. 
Accordingly, with a t-statistic of 7.940 and a P value <0.001, 
the t-test indicated that there was no significant difference 
in the ΔPLA between the two groups. Therefore, the null 
hypothesis was rejected and the ΔPLA between the normal 
and abnormal FVC groups was considered statistically 
significantly different.

Prediction of the ΔPLA under forced breathing in the 
normal FVC group

With the ΔPLA as the explained variable, and age, gender, 
height, and weight as the explaining variables, the variables 
affecting the ΔPLA were screened using the stepwise 
regression method. Ultimately, three explaining variables 
were included in the stepwise regression; that is, height, age, 
and weight (weight was retained because the significance 
level was 0.055, which was close to 0.05, and significant at 
a 0.10 level), which had respective regression coefficients 
of 173.185, −84.933, and 62.971 with 95% CIs of 73.161 
to 277.341, –136.408 to –28.729, and 6.063 to 117.762 
(P=0.001, P=0.002, and P=0.055), respectively (Table 4). The 
greater the height and weight, the greater the ΔPLA on 

Figure 3 From the scatter diagrams of the ΔPLA and FVC in the full sample, normal FVC group, and abnormal FVC group, it can be seen 
that the scatter points are all distributed in the oblique upward oval area, indicating a positive covariant correlation between the two variables 
in these sample conditions. (A) All participants. (B) Participants with normal FVC. (C) Participants with abnormal FVC. FVC, forced vital 
capacity; ΔPLA, change in the projected lung area.

Table 3 Regression coefficients of the DDR-FVC estimation model

Explaining variable Coefficient 95% CI t P value

C −0.997 –3.413, 1.212 −0.869 0.386

Lung area change 1.35×10−4 1.14×10−4, 1.56×10−4 12.935 <0.001

Height 0.017 0.003, 0.031 2.463 0.015

Age −0.014 –0.022, –0.006 −3.704 <0.001

Gender 0.249 –0.019, 0.498 2.059 0.041

DDR, dynamic digital radiography; FVC, forced vital capacity; CI, confidence interval; C, constant.
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average; however, the opposite was true for age. The adj. R2 
of the stepwise regression was 0.393, which indicated that 
39.3% of the FVC information could be explained by the 
three variables. The F-statistic was used to test whether the 
equation as a whole was significant. The calculated results 
showed an F-value of 20.453 with a P value <0.001; thus, 
it can be inferred that this linear regression relationship 
also exists in the population. The regression equation was 
expressed as follows:

Predictive value of PLA 12,504.287 173.185 height 62.971 weight 84.933 age∆ = − + × + × − ×
Predictive value of PLA 12,504.287 173.185 height 62.971 weight 84.933 age∆ = − + × + × − ×

 [2]

Characteristics of indicators in the FVC normal group and 
FVC abnormal group

Based on the sample data, multiple index values with 
respect to FVC were calculated and compared (using the 
independent sample t-test) in the normal and abnormal 
groups (Table 5). The mean values of FVC were 3.2 and 2.1 
(95% CI of mean difference: 0.827–1.360, P<0.001), the 
FVC%pred values were 1.051 and 0.622 (95% CI of mean 
difference: 0.380–0.477, P<0.001), the ΔPLA values were 
14,498.550 and 9,182.750 (95% CI of mean difference: 
3,991.966–6,639.633, P<0.001), and the ΔPLA%pred 
values were 0.999 and 0.628 (95% CI of mean difference: 
0.300–0.443, P<0.001), in the normal group and the 

abnormal group, respectively. The results indicated that all 
these indicators were significantly different when the two 
groups were divided according to the following standard: an 
FVC%pred of 80%.

Discussion

Exploration of the correlation between the ΔPLA measured 
by biphasic DDR and the FVC, and the establishment of a 
DDR-FVC estimation model and a predictive value model 
of the ΔPLA

The diaphragm is the main muscle that maintains human 
respiration. When the diaphragm actively contracts and 
moves downward, it creates negative pressure in the thoracic 
cavity, which promotes the entry of air into the chest cavity, 
and the PLA becomes larger. When the diaphragm relaxes, 
the air is exhaled with the elastic retraction of the lung, 
and the PLA becomes smaller. This is the well-known 
physiological process of breathing. Many relevant imaging 
studies have evaluated the morphology or function of the 
diaphragm (16-18). The common chest X-ray is the primary 
screening method for evaluating morphological changes in 
the diaphragm (19). However, few studies have examined 
the correlation between the ΔPLA and FVC. Therefore, we 
conducted a preliminary study on the correlation between 

Table 5 Statistical characteristics of the indicators in the FVC normal group and FVC abnormal group

Variables
Participants with normal 
FVC (n=91), mean value

Participants with abnormal 
FVC (n=48), mean value

95% CI of mean difference t P

FVC 3.210 2.117 0.827, 1.360 8.11 <0.001

FVC%pred 1.051 0.622 0.380, 0.477 17.35 <0.001

ΔPLA 14,498.550 9,182.750 3,991.966, 6,639.633 7.94 <0.001

ΔPLA%pred 0.999 0.628 0.300, 0.443 10.26 <0.001

In this article, the predictive value of the ΔPLA was calculated using the original regression model. FVC, forced vital capacity; CI, 
confidence interval; ΔPLA, change in the projected lung area; %pred, % predicted.

Table 4 Regression coefficients of the ΔPLA predictive value

Explaining variable Coefficient 95% CI t P value

C −12,504.287 –27,736.282, 1,898.602 −1.725 0.088

Height 173.185 73.161, 277.341 3.373 0.001

Age −84.933 –136.408, –28.729 −3.212 0.002

Weight 62.971 6.063, 117.762 1.948 0.055

ΔPLA, change in the projected lung area; CI, confidence interval; C, constant.
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the ΔPLA and FVC, and the results revealed a statistically 
significant linear correlation between the ΔPLA measured 
by chest DDR and FVC.

A previous study reported that lung air content is strongly 
correlated with the FVC and other PFT parameters in 
patients with pulmonary dysfunction, which helped to 
establish a multi-linear model of PFT parameters with high 
predictive ability (11). Based on the ΔPLA, we established 
a DDR-FVC estimation model to estimate a patient’s 
FVC through the PLA change, and we also established 
a predictive value model for the ΔPLA. The DDR 
examination is characterized by its user-friendly operation, 
low radiation dose, and capability for vertical photography. 
Compared to CT, magnetic resonance imaging (MRI), and 
other functional examinations, DDR depicts the normal 
pathological status of patients more effectively.

The PFT has a high level of difficulty due to factors 
such as poor tester cooperation, which often results in 
inconsistencies between the examination results and the 
patient’s condition. By using DDR and collecting maximum 
and minimum areas through deep inspirations and 
exhalations, the area difference can be calculated. Patients 
can be diagnosed as ILD if the percentage of vital capacity 
(%VC) is <80% (10). The ΔPLA is strongly correlated with 
the FVC, which enables ΔPLA%pred. Additionally, the 
DDR-FVC estimation model can be employed to estimate 
a patient’s FVC while calculating the ratio between the 
estimated DDR-FVC value and preFVC; if this ratio is 
<80%, an abnormality in FVC may also be considered. 
These two models serve as preliminary evaluations for 
assessing a patient’s FVC while providing an imaging basis 
for clinical decision making.

Correlation between the ΔPLA and FVC under forced 
breathing

The PLA, as measured by biphasic chest DR, changes with 
respiratory movements. The PLA increases as the lung air 
content increases during inspiration, and the PLA decreases 
as the lung air content decreases during expiration. In 
this study, patients with abnormal vital capacity primarily 
presented with COPD and restrictive lung diseases, such 
as interstitial disease and diaphragmatic paralysis. These 
patients exhibited distinct ΔPLA values due to varying 
pathogeneses. For instance, COPD patients displayed 
limited airway stenosis and reduced alveolar retraction 
function, resulting in increased alveolar compensation and 
residual volume. Consequently, the minimum area increased 

while the maximum area remained relatively unchanged, 
leading to a smaller ΔPLA value. Conversely, patients with 
restrictive lung diseases experienced restricted respiratory 
function. Interstitial disease was characterized by low 
residual lung volume accompanied by significant reductions 
in both the minimum and maximum areas. Diaphragmatic 
paralysis, a neuromuscular disorder associated with high 
residual lung volume, caused an opposite movement of 
the diaphragm during expiration compared to normal 
individuals, and as a result, the minimum area expanded. 
During inspiration when the diaphragm ascended, 
the maximum area decreased significantly leading to a 
smaller ΔPLA value. Therefore, a decreasing ΔPLA and a 
ΔPLA%pred ratio <80% may indicate diseases related to a 
decreased FVC.

The FVC, which is the gold standard of the PFT, 
reflects the amount (volume) of inspired air into the human 
body, which corresponds to the change in the volume of 
human lung tissue (thorax). The quantitative analysis of 
pulmonary function in patients with COPD by CT and 
its post-processing techniques has great advantages. It 
provides an early quantitative diagnosis, and condition and 
prognosis evaluations of COPD by indirectly analyzing 
pathological and physiological changes of lung tissue 
based on factors such as the lung volume, lung density, or 
pixel index (20). DDR uses a lower dose of radiation than 
conventional X-ray fluoroscopy and CT, and it provides 
continuous chest radiographs during respiration (21). 
The utility of MRI is limited due to its high costs, low 
usability, and low throughput. Conversely, despite being 
two-dimensional (2D) imaging, DCR can be performed in 
seconds with a radiation dose comparable to conventional 
posteroanterior and lateral chest radiography (22). These 
images reflect neodynamics parameters that can effectively 
aid in evaluating pulmonary function in patients with 
lung diseases (23), providing a simple and convenient new 
method for assessing pulmonary function with 2D imaging 
examinations.

With following advances in DDR equipment in 
recent years, some researchers have conducted studies on 
pulmonary ventilation function using DDR. It has been 
proposed that the rate of change in the lung area from 
maximum inspiration to maximum expiration (the Rs ratio) 
is correlated with the RV/TLC ratio and the percentage 
of the predicted FEV, and the rate of change in the lung 
area during the respiratory cycle reflects the severity of 
the airflow limitation (3). It has also been suggested that 
the lung area at the time of the maximum inspiration is 



Quantitative Imaging in Medicine and Surgery, Vol 14, No 2 February 2024 1573

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(2):1564-1576 | https://dx.doi.org/10.21037/qims-23-1186

correlated with the VC (functional residual capacity, RV, 
and TLC) (9). 

In this article, we focused on the correlation between 
the ΔPLA and lung capacity. However, only PLA (rather 
than lung tissue volume) could be measured in the DR 
2D images. In the lung tissue volume change during the 
respiratory cycle, the main influencing factors were the up-
and-down motion of the diaphragm, and changes in the 
transverse diameter and anterior-posterior diameter of the 
thorax. Diaphragmatic motion and changes in the transverse 
thoracic diameter directly affected the ΔPLA, which can 
be easily measured in routine posterior-anterior chest 
images. However, changes in the anterior-posterior thoracic 
diameter have relatively low effects on the lung volume, and 
the main factor contributing to lung tissue volume changes 
is diaphragmatic motion. This study showed that the PLA 
had a significant and strong correlation with the lung 
volume. Therefore, changes in the PLA could indirectly 
reflect changes in the lung volume. Additionally, changes 
in lung volume are closely related to the VC. The results 
of this study on the correlation between the ΔPLA and 
FVC under forced breathing showed that the correlation 
coefficient between the ΔPLA and the measured FVC in 
the PFT was 0.81 (P<0.001).

Estimation of FVC by the ΔPLA under forced breathing 
and the establishment of the DDR-FVC estimation model

Research in other populations has shown that the PLA 
measured by chest DDR can be used to predict FVC (11). 
In this study, the data of 139 participants were statistically 
analyzed to examine the influence of age, gender, height, 
weight, the PLA, and the ΔPLA on the FVC. We further 
compared the FVC, FVC%pred change in peak left 
atrial pressure ΔPLA, ΔPLA%pred, and the differences 
between the two groups (Table 5). Our analysis revealed a 
significant disparity between the two groups, confirming 
that participants with normal FVC and abnormal FVC 
exhibited distinct correlations. However, when applying 
the criterion of FVC%pred ≥80% to divide the participants 
into two groups, we found that the DDR-FVC estimation 
model remained statistically significant for evaluating FVC. 
The estimated result reflects the actual and examiner results 
and differs from the normal predicted value of the FVC. 
Based on the statistical analysis, the estimation model was 
expressed as DDR-FVC = –0.997 + 1.35×10−4 × ΔPLA + 
0.017 × height −0.014 × age + 0.249 × gender (male: 1,  
female: 0; adj. R2=0.731; F=94.615; P<0.001). This indicates 

that regardless of whether a patient’s FVC is normal or 
abnormal, it is closely aligned with the estimated value 
derived from our DDR-FVC estimation model, thus 
demonstrating its ability to accurately reflect the examiner’s 
actual measurement values.

Further, our findings suggest that FVC can be effectively 
estimated using the ΔPLA in conjunction with age, sex, 
and height to construct a reliable DDR-FVC estimation 
model. By comparing the actual measured FVC values 
with those predicted by our model, we were able to 
identify potential abnormalities in FVC levels. The Global 
Initiative for Chronic Obstructive Lung Disease (GOLD) 
2020 states that COPD is characterized by respiratory 
symptoms and airflow limitation, and persistent airflow 
limitation can be confirmed with FEV1/FVC <0.7 after 
the use of bronchodilators (24). A larger PLA during 
expiration may reflect a higher degree of lung inflation at 
the end of expiration. Therefore, an increased PLA during 
expiration may suggest greater RV and obstruction due to 
air trapping, which may be observed in functional CT (25).  
Therefore, FVC estimation by the PLA has practical 
clinical significance for patients who cannot undergo PFTs. 
In patients with pulmonary fibrosis, the measurement of the 
PLA by chest DDR can be used as an auxiliary indicator to 
assess the deterioration of pulmonary function (26). DDR 
is a potential tool for assessing respiratory disorders in 
patients with respiratory diseases (27).

Establishment of a predictive value model for the ΔPLA 
under forced breathing

In routine spirometry, measurements are assessed by 
comparison with reference values based on age, height, 
gender, and race (28,29). In this study, age, gender, 
height, weight, the PLA, and the ΔPLA were statistically 
analyzed in the samples. The statistical results showed 
that the predictive value of the ΔPLA could be calculated 
as follows: ΔPLA = −12,504.287 + 173.185 × height + 
62.971 × weight − 84.933 × age (adj. R2=0.393, F=20.453, 
P<0.001). Thus, the ΔPLA could be predicted by age, 
height, and weight, and the ΔPLA was significantly 
correlated with the FVC. In other words, a prediction 
model for the ΔPLA established based on age, height, and 
weight, and a DDR-FVC estimation model for estimating 
FVC was established based on the ΔPLA by age, gender, 
and height. These models provide a theoretical basis 
for evaluating pulmonary ventilation function in related 
diseases by biphasic chest DR. However, we also note 
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that the correlation between the ΔPLA and FVC in 
participants with abnormal FVC was 0.68, which was 
slightly lower than that in participants with normal FVC 
(0.74), which may be related to different types of diseases, 
diverse mechanisms of change, or different degrees of 
cooperation of patients with diseases.

We performed a characteristics analysis of the normal 
and abnormal FVC groups (Table 5), and found significant 
differences. Based on the FVC%pred of 80% criterion, 
the participants were divided into two groups. There was a 
statistically significant clear difference in the performance 
of each index between the two groups that could be used 
to evaluate whether the FVC was abnormal. The specific 
disease classification needs to be further explored. The 
directions of our continued research include increasing 
the evaluation of the resting breathing state and seeking to 
identify disease types based on the changes in the maximum 
and minimum lung field area.

Limitations

The qualitative results of this study are clear; however, 
the quantitative data needs to be further improved due to 
a number of factors. First, the sample size was small, and 
there were biases in the prediction model; thus, a study with 
a large sample size needs to be conducted to improve the 
quantitative analysis. Second, it was a single-center study 
with limited coverage. Third, the radiography process, 
patient cooperation, and test specifications need to be 
further improved. Fourth, chest DDR is a new technique, 
and the captured images only contain anterior-posterior 
information, and lateral information is lacking. This needs 
to be further improved to provide more objective data 
for clinical research. Fifth, this study only focused on the 
correlation between the ΔPLA and FVC under forced 
breathing during deep breathing, and did not include the 
eupnea state; thus, further correlation studies need to be 
conducted under this state.

Conclusions

In summary, there was a linear correlation between the 
ΔPLA measured by biphasic chest DR and the FVC. A 
model for estimating the FVC was established based on the 
ΔPLA, which allows the FVC to be assessed by the ΔPLA 
measured by biphasic chest DDR. A predictive value model 
for the ΔPLA was also established to provide reference 
values of the PLA changes for assessment and comparison.
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