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Abstract
Background As one of the most common traffic-related pollutants, diesel exhaust (DE) confers high risk for 
cardiovascular and respiratory diseases. However, its impact on pulmonary vessels is still unclear.

Methods To explore the effects of DE exposure on pulmonary vascular remodeling, our study analyzed the number 
and volume of small pulmonary vessels in the diesel engine testers (the DET group) from Luoyang Diesel Engine 
Factory and the controls (the non-DET group) from the local water company, using spirometry and carbon content in 
airway macrophage (CCAM) in sputum. And then we constructed a rat model of chronic DE exposure, in which 12 rats 
were divided into the DE group (6 rats with 16-week DE exposure) and the control group (6 rats with 16-week clean 
air exposure). During right heart catheterization, right ventricular systolic pressure (RVSP) was assessed by manometry. 
Macrophage migration inhibitory factor (MIF) in lung tissues and bronchoalveolar lavage fluid (BALF) were measured 
by qRT-PCR and ELISA, respectively. Histopathological analysis for cardiovascular remodeling was also performed.

Results In DET cohort, the number and volume of small pulmonary vessels in CT were positively correlated with 
CCAM in sputum (P<0.05). Rat model revealed that chronic DE-exposed rats had elevated RVSP, along with increased 
wall thickness of pulmonary small vessels and right the ventricle. What’s more, the MIF levels in BALF and lung tissues 
were higher in DE-exposed rats than the controls.

Conclusion Apart from airway remodeling, DE also induces pulmonary vascular remodeling, which will lead to 
cardiopulmonary dysfunction.
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Introduction
Diesel engines are widely used in various sectors such as 
transportation, mining, and shipping due to their advan-
tages of strong power and cost-effectiveness. However, 
diesel exhaust (DE) is also considered as a significant 
contributor to air pollution [1, 2], chronic exposure to DE 
can bring various diseases, including respiratory, circula-
tory, neurological, and reproductive disorders, and even 
increase the risk of malignant tumors [3–6].

Since the respiratory system is the first target of DE 
exposure, individuals with DE exposure are more suscep-
tible to various chronic airway diseases, such as chronic 
obstructive pulmonary disease (COPD), asthma, and 
lung cancer [7, 8].A previous controlled study in humans 
demonstrated that acute exposure to DE increased the 
pulmonary vascular resistance in healthy participants [9]. 
Epidemiological studies had showed that ambient partic-
ulate matter exposure is associated with increased right 
ventricular diastolic pressure and increased right ventric-
ular mass [10, 11]. Diesel exhaust particles are one of the 
main components of PM2.5 in urban environments [12, 
13]. Animal experiments have shown that environmental 
fine particulate matter can aggravate pulmonary artery 
vasoconstriction and pulmonary artery wall thickening 
[14–16], as well as increase pulmonary artery pressure 
by echocardiography [17], suggesting that environmental 
particulate matter, mainly diesel exhaust particles, may 
cause pulmonary hypertension or right heart failure by 
promoting pulmonary vascular remodeling. However, 
due to the limitations of related examination technology, 
we still lack direct evidence of the impact of environmen-
tal particulate matter, mainly DE, on human pulmonary 
vessels.

In recent years, with the recent advances in CT imaging 
technology, thin-section CT combined with automated 
image analysis has been used for the quantitative evalu-
ation of airways and pulmonary vessels in chronic airway 
diseases and a series of artificial intelligence platform 
have been established [18–21]. Currently, these platforms 
are primarily applied to the detection of COPD [22–24] 
and idiopathic pulmonary fibrosis [25]. However, there is 
still a lack of research on pulmonary vascular structure in 
the population exposed to DE.

A unique cohort of occupational DE exposure in DETs 
has been established since 2012 [26] and followed up in 
2018, 2023 when a series of respiratory specific exami-
nations, including chest CT and spirometry, were added 
[27]. In this study, we compared the chest CT scan 
images and spirometry parameters between DETs and 
controls in 2018 to explore the pulmonary vascular health 

consequences of DE exposure. Additionally, we also 
investigated the characteristics and possible mechanisms 
of DE exposure-induced pulmonary vascular remodeling 
in rats to provide a scientific basis for targeted protective 
measures.

Materials and methods
Study participants
In 2018, our researchers recruited 78 diesel engine tes-
ters (the DET group) from Luoyang Diesel Engine Fac-
tory and 76 controls (the non-DET group) from the local 
water company to form a DET cohort. The inclusion and 
exclusion criteria, as well as the collection of baseline 
information were described in detail in the previously 
published articles of our research group [26, 28, 29]. Dur-
ing the data collection process, 10 participants with high 
image noise in chest CT could not be analyzed ant thus 
were excluded. Finally, a total of 78 DETs and 66 non-
DETs were included in this study.

Written informed consent was obtained from all par-
ticipants prior to interviews and any procedures. The 
protocol was approved by the Medical Ethics Review 
Committee of the Institute for Occupational Health and 
Poison Control, Chinese Center for Disease Control and 
Prevention (Protocol No.: NIOHP201604).

Environmental exposure assessments
The levels of fine particulate matter (PM2.5), PM2.5-
related elemental carbon (EC), organic carbon (OC), and 
total carbon (TC) within the DET workshops and local 
water company were assessed during our 2018 follow-up 
visit. Detailed methods can be found elsewhere [30]. Our 
measurements of PM2.5-related EC, OC and TC in the 
DET group and the control group were presented in a 
previous study [31].

Carbon content in airway macrophage (CCAM) 
measurements
CCAM is a biomarker for internal exposure to DE, and 
we can estimate the DE exposure by quantifying the 
CCAM. The detailed processes of sputum collection, 
processing, slide preparation, and quality assessment for 
both the DET and non-DET groups were described in a 
previous study [32]. For each subject, 50 macrophages 
with intact cytoplasm and clear nuclear staining were 
randomly selected to calculate the proportion of the 
cytoplasmic area occupied by carbon particles. Before 
quantifying the carbon particles and cytoplasmic area, 
we removed the nuclei to account for any potential bias 
caused by the overlap of macrophages and DEP particles 
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with nuclei of different sizes. All macrophage samples 
for measurement were photographed using a Nikon 
E200 optical microscope (Nikon E200, Japan; Nanjing 
Hengqiao Instrument Co., Ltd. C630, China). The cap-
tured images were subsequently analyzed using Image J 
software [33] to ensure the accuracy and reliability of the 
results.

Acquisition of chest CT
A 64-slice spiral CT scanner (GE Healthcare OPTIMA 
CT660, USA) was uesd to conduct chest CT scans on 
subjects in the supine position. The scans were per-
formed during full inspiration and breath-holding. The 
scanning parameters were set at: tube voltage of 120 kV, 
automatic tube current (mA), rotation speed of 0.6 r/s, 
pitch of 0.985, slice thickness of 0.625 mm, and continu-
ous sectioning mode. The images was used a standard 
soft-tissue kernel for the reconstruction.

Quantitative CT analysis
The inspiratory phase thin-section CT dicom images 
were transferred to the A-View® artificial intelligence 
lung quantitative imaging software (Suzhou Suhai Infor-
mation Technology Co., Ltd., China) for segmentation 
and quantification of pulmonary blood vessels (Fig.  1). 
The software uses three-dimensional quantitative algo-
rithms to automatically complete the segmentation of 
pulmonary lobes and vessels [34, 35]. The percentage of 
low-attenuation areas (LAA%) represent the proportion 
of areas with attenuation less than − 950Hounsfield units 
(HU) in the CT images. A total of four lung segmental 
bronchi were selected and measured as previous study 
[27, 36], including the right apical segment (RB1) and 
right basal segment (RB9), as well as the left posterior 
apical segment (LB1 + 2) and the left lateral basal segment 
(LB9), at their sixth- and ninth-generation walls. Pul-
monary vessel extraction uses software to apply region 
growing and weighted minimum spanning tree algo-
rithms (MST) with direction vector fields on a threshold 
of -750HU to further refine the extracted initial blood 
vessels into a pulmonary blood vessel tree [37]. Once the 
pulmonary vascular tree structure was reconstructed, the 
lung surface areas at depths of 6 mm, 12 mm, 18 mm, and 
24  mm from the pleural surface(LSA6mm、LSA12mm、L
SA18mm、LSA24mm) were calculated. The total number 
of pulmonary vessels at different depths from the pleu-
ral surface and the number of small pulmonary vessels 
with a cross-section less than 5mm2 were counted as the 
original value (Ntotal; N< 5mm

2).For unit lung surface area 
at each level, Ntotal and N< 5mm

2 were counted as robust 
values and reported as the number of vessels per 1cm2 
of lung surface area (Ntotal/ LSA ; N< 5mm

2/LSA) [35]. 
The total blood vessel volume (TBV) was determined 
as the total volume of the intraparenchymal pulmonary 

vasculature in the lungs. TBV was calculated, and the 
volumes of small pulmonary vessels with a cross-section 
area of 0-2mm2 and 2-5mm2(BV0− 2, BV2− 5)were also cal-
culated. The small pulmonary vessel volume fractions 
(BV0− 2/TBV and BV2− 5/TBV) were also calculated [19, 
38, 39].Vascular volume refers to the measured volume of 
all arteries and veins, including the blood within the ves-
sel wall and lumen.

Spirometry
According to the ATS/ERS Pulmonary Function Mea-
surement Standards [40], two certified technicians used 
a portable calibrated electronic spirometer (CHEST-
GRAPHHI-701, Japan) to measure spirometry. Each sub-
ject performed pulmonary function three times, and the 
best data was recorded.

Rats exposed to DE
A total of 7-week-old Sprague-Dawley male rats were 
purchased from Jinan Pengyue Animal Experiment Ltd. 
(Shandong, China) and randomly divided into the DE 
group (n = 6) and the Air group (n = 6). After one week of 
environmental adaptation, the DE group started receiv-
ing DE exposure in the 8th week. This involved a daily 
exposure of 2 h, with 1 h in the morning and 1 h in the 
afternoon, 5 days per week for 16 weeks. In contrast, the 
rats in the Air group were exposed to clean air. Through-
out the study, the rats were maintained in an environ-
ment with a relative humidity of 50–60%, a temperature 
of 24–26 °C, and a 12-hour light/dark cycle. All rats used 
in this study were maintained according to protocols 
approved by the Animal Ethics Committee of Qingdao 
Municipal Hospital.

A single-cylinder diesel generator with a load power of 
4000KW (Yuchai Machinery Co., Ltd., Guangxi, China) 
was used No. 0 diesel and run at a speed of 1500 rpm to 
generate DE. The generated DE is diluted to a constant 
concentration (3 mg/m3) through a clean air pump, a 
standard concentration in DE air exposure experiments 
[41–43]. A real-time dust monitor (CASELLA, England) 
and a composite gas detector (LOOBO, China) were 
installed in the exposure box that received DE to detect 
PM2.5 concentration and the concentrations of NOx, 
CO, and SO2.

Hemodynamic testing
During the experiment, the rats were anesthetized with 
intraperitoneal injection of sodium pentobarbital (30 mg/
kg) at a concentration of 3  mg/ml to ensure complete 
unconsciousness. The abdomen of the rat was cut open 
with scissors to expose the transverse septum. Next, we 
opened the septum transversum and pericardium and 
observed the heartbeat. The manometry instrument 
(ADINSTRUMENT PL26T04, Australia) was connected, 
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Fig. 1 Extraction and reconstruction of pulmonary vessels. (A) Automatic extraction and segmentation of pulmonary vessels. (B) Extraction and plotting 
of the lung surface area at different depths from the pleural surface. The white contours on the left and the white surface on the right illustrate the lung 
surface area 6 mm below the pleural surface. (C) Extraction and segmentation of the whole pulmonary vascular volume. Red represents pulmonary ves-
sels with a cross-sectional area of 0-5mm2; yellow represents pulmonary vessels with a cross-sectional area of 5-10mm2; and blue represents pulmonary 
vessels with a cross-sectional area of 10-22mm2
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and 0.9% saline containing 100 U/ml heparin sodium was 
injected into the right ventricle using a 22G injection 
needle. The right ventricular systolic pressure (RVSP) 
was then detected and recorded for 30  s after stabiliza-
tion, with the data being saved.

Collection and analysis of bronchoalveolar lavage fluid
After the rats were sacrificed, the chest cavity was 
exposed, and the left lung was ligated from the tracheal 
bifurcation of rats. To collect bronchoalveolar lavage 
fluid (BALF), the right lung was lavaged with 2  ml of 
PBS solution for three times. BALF was centrifuged 
at 700 g for 10 min, and the cell pellet and supernatant 
were separated. The cell pellet was resuspended in 1 ml 
of PBS solution, and a portion of the cell suspension was 
pipetted into a hemocytometer to count the total cells. 
Based on the counting results, a cell suspension contain-
ing a total number of 50,000 cells was drawn for Swiss-
Giemsa staining. The supernatant of BALF is recovered 
and divided into packages for further inspection.

Histological sections and pathological scoring
Uninflated rat left lung tissue was fixed in a 4% parafor-
maldehyde PBS solution for 48 h. Subsequently, the lung 
tissue was dehydrated, embedded in paraffin, and sliced 
into 3 μm sections using a rotary microtome. Hematox-
ylin-eosin (HE) and Masson’s triple staining were used to 
stain the lung tissue sections. The mean linear intercept 
(MLI), a measure of interalveolar distance, was deter-
mined as previously described [44, 45]. The blue area 
of collagen deposition around the pulmonary arterioles 
and small airways in the lung tissue sections were evalu-
ated and scored using Image J [43, 46, 47]. Additionally, 
the percentage of wall thickness of pulmonary arterioles 
was calculated using the formula WT%=(outer diameter-
inner diameter)/outer diameter*100%. For each lung sec-
tion, at least 10 areas were assessed, and the average of all 
area scores or WT% was determined for each rat.

ELISA
The expression of macrophage migration inhibitory fac-
tor (MIF) (Elabscience E-EL-R0608, China) in BALF of 
rats were detected by double antibody sandwich ELISA 
according to the manufacturer’s instructions. The mini-
mum detectable dose of rat MIF was typically less than 
1.563 ng/ml.

RT-PCR
Total RNA of rat lung was extracted by Trizol (Takara, 
Japan). And the concentrations of isolated total RNA 
were determined using a spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA) at 260 nm. The first 
strand cDNA synthesis (Reverse Transcription Kit, AG, 
China) and real-time PCR (SYBR® Green Pro Taq HS, 
AG, China) were also performed according to the man-
ufacturer’s instructions. The primer sequences of target 
RNAs were shown in Table 1. All the data were normal-
ized to the housekeeping gene, β-actin. The relative RNA 
levels were calculated using 2−△△CT method.

Statistical analysis
All the statistical analyses were conducted using IBM 
SPSS Statistics software (version 26.0: IBM Corp, 
Armonk NY). Categorical data were presented as per-
centages (%), and chi-square test was used for intergroup 
comparison. As for continuous data, the Shapiro-Wilk 
test was used to test normality. Normally distributed 
continuous data were presented as Mean ± SD, with the 
Student t-test used for intergroup comparison; the con-
tinuous data that did not conform to a normal distribu-
tion were expressed as medians, first and third quartiles, 
with the Mann-Whitney U test used for intergroup com-
parison. Multiple linear regression was used to assess the 
differences in spirometry between non-DETs and DETs 
after adjustment for age, BMI, smoking status and pack-
years. Using Generalized linear model to assess the dif-
ferences in the parameters of pulmonary vessels detected 
by CT between non-DETs and DETs after adjustment for 
age, BMI, smoking status and packyears. Multiple linear 
regression models were conducted to explore the dose–
response relationships of the CCAM levels with the num-
ber and volume of pulmonary vessels, with participants 
equally divided into four groups according to CCAM lev-
els. Pearson correlation coefficients were used to assess 
the relation between 6th wall area percent and 9th wall 
area percent with the number and volume of pulmonary 
vessels.

Results
Exposure assessment
More than 84.3% DE particles had aerodynamic diameter 
less than 100 nm with 100% particles less than 1000 nm 
[30]. Geometric mean of PM2.5 level in the DET work-
shops was 430.8  µg/m3, which was significantly higher 
than the level in the local water company (130.0 µg/m3, 
Table 2). PM2.5 exposure of the local water company was 
PM2.5 levels calculated from five air samples collected 
from the local water company areas in October 2018. 
These values were used to represent the background 
particulate matter levels of this study and were similar 
to what was reported for Luoyang city in the national 

Table 1 Primers of RNAs for RT-PCR
Target Forward (5′-3′) Reverse (5′-3′)
MIF  C G G A C C G G G T C T A C A T C A A C T  A A C A G C G G T G C 

A G G T A A G T G A G
β-actin  T C C T G T G G C A T C C A T G A A A C T  G A A G C A T T T G C 

G G T G C A C G A T
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air quality surveillance system of China during the same 
period. CCAM in DETs was significantly higher than that 
seen in non-DETs (Table 2).

Participant characteristics
A total of 66 healthy controls (the non-DET group) and 
78 diesel engine testers (the DET group) were finally 
included in the data analysis of the DET cohort in 2018. 
All subjects were male to exclude the possible confound-
ing influence of gender. As shown in Table 2, the median 
DE exposure history in the DET group was 11.5 years, 
and there were no significant differences in age, height, 

weight, and smoking status between the two groups. 
Compared with the non-DET group, the DET group 
showed decreases in forced expiratory volume in 1  s 
(FEV1), forced vital capacity (FVC), and forced expiratory 
flow rate at 25% vital capacity (FEF25).

CT imaging of airway and vessels
Our CT images showed that there was no significant dif-
ference in total lung capacity and LAA% between the 
DET group and the non-DET group (Table 2). Notewor-
thily, the DET group had significantly increased numbers 
of all pulmonary vessels and small pulmonary vessels 

Table 2 Demographics characteristics, particulate matter exposures and spirometry of the two groups
Variable DET group

(n = 78)
Non-DET group
(n = 66)

P

Demographics
Age (yr, M ± SD) 36.7 ± 8.4 38.0 ± 10.4 0.384a

Male sex (n, %) 78,100 66,100
Height (cm, M ± SD) 172.9 ± 4.9 176.1 ± 5.9 0.666a

Weight (kg, M ± SD) 75.0 ± 11.2 79.9 ± 14.3 0.671a

BMI (kg/m2, M ± SD) 25.8 ± 3.3 25.8 ± 4.4 0.886a

Smoking Status 0.486b

Never smoker (n, %) 18, 23.1 20, 30.3
Current smoker (n, %) 49, 62.8 36, 54.5
Former smoker (n, %) 11, 14.1 10, 15.1
Packyears in ever smokers (Mdn, Q1 - Q3) 9.8, 2.6–13.2 19.4, 11.4–20.1 0.340c

Particulate matter exposure
DE exposure history (yr, M ± SD) 11.5 ± 6.4 —
PM2.5 (µg/m3, n, GSM, GSD) 4, 430.8, 2.3 5, 130.0, 1.2
CCAM (%, n, Mdn, Q1 - Q3) 52, 4.31, 3.00–8.00 41, 1.54, 1.20-2.00 <0.001c

Radiography
LAA (%,Mdn, Q1-Q3) 0.217, 0.115–0.526 0.302, 0.120–0.597 0.837d

Total lung capacity (cc, M ± SD) 4877.5 ± 1239.9 5071.1 ± 1064.5 0.341d

Spirometry
FEV1 (L/s, M ± SD) 3.53 ± 0.44 3.64 ± 0.56 0.045d

FEV1% predicted (%, M ± SD) 94.56 ± 11.45 98.61 ± 11.04 0.046d

FVC (L, M ± SD) 4.04 ± 0.54 4.16 ± 0.61 0.047d

FVC % predicted (%, M ± SD) 99.26 ± 11.44 101.56 ± 12.87 0.149d

FEV1/FVC (%, M ± SD) 87.43 ± 5.17 87.49 ± 5.59 0.879d

MMF (L/s, M ± SD) 4.16 ± 0.87 4.23 ± 1.06 0.481d

MMF % predicted (%, M ± SD) 88.35 ± 21.37 92.74 ± 21.10 0.393d

FEF25 (L/s, M ± SD) 6.76 ± 1.18 7.19 ± 1.43 0.040d

FEF25 percent predicted (%, M ± SD) 83.07 ± 15.14 88.45 ± 17.97 0.064d

FEF50 (L/s, M ± SD) 4.74 ± 1.03 4.93 ± 1.35 0.269d

FEF50 percent predicted (%, M ± SD) 82.91 ± 19.01 87.68 ± 22.42 0.240d

FEF75 (L/s, M ± SD) 2.17 ± 0.69 2.20 ± 0.78 0.625d

FEF75 percent predicted (%, M ± SD) 75.67 ± 26.25 79.6 ± 26.01 0.605d

BMI: body mass index, CCAM: carbon content in airway macrophage, DET: diesel engine tester, FEV1: forced expiratory volume in 1s, FEF25: Forced expiratory flow 
rate at 25% vital capacity, FEF50: Forced expiratory flow rate at 50% vital capacity, FEF75: Forced expiratory flow rate at 75% vital capacity, FVC: forced vital capacity, 
GSD: geometric standard deviation; GSM: geometrical mean, L/S: liters per second, M: mean, Mdn: median, MMF: maximal mid-expiratory flow, PM2.5: fine particulate 
matter, Q1: lower quartile, Q3: upper quartile, SD: standard deviation
a Student t-test
b Chi-square test
c Wilcoxon rank sum test
d Multiple linear regression assessed the differences in spirometry between non-DETs and DETs after adjustment for age, BMI, smoking status and packyears



Page 7 of 14Mu et al. Respiratory Research          (2024) 25:348 

with a cross-sectional area of < 5mm2 at different depths 
from the pleural surface, compared with the non-DET 
group (Fig. 2A). In addition, these increasing trends were 
further confirmed by the robust value expressed as the 
number of pulmonary vessels per unit lung surface area 
at the same depth (N/LSA). (Fig.  2B). However, there 
were no difference in the diameter of large blood vessels 
(including ascending aorta, main pulmonary artery, left 
pulmonary artery and right pulmonary artery) between 
the DET group and non-DET group (Supplement 
Table 1).

Considering the more distinct differences in small pul-
monary vessels with a cross-sectional area of less than 
5mm2, we further divided them into those with a cross-
sectional area of 0-2mm2 and those with a cross-sectional 
area of 2-5mm2, to investigate the relationship between 
DE exposure and volume of small pulmonary vessels. 
Compared to the non-DETs, the TBV in DETs were 
increased 14.7  cc (P = 0.028) (Supplementary Table 1). 
Moreover, compared with the control group, the BV0-2 
and BV0-5 in the DET group were increased 6.5 cc and 
5.9  cc respectively(P<0.001, P = 0.017) (Fig.  2C).These 

findings demonstrate that DE exposure primarily leads to 
an increase in TBV by augmenting the volume of small 
pulmonary vessels. Additionally, the small pulmonary 
vessel volume fractions (BV0 − 2/TBV, BV2 − 5/TBV) in the 
DET group were significantly higher than those in the 
non-DET group (Fig. 2D).

Generalized linear model assessed the differences in 
the parameters of pulmonary vessels detected by CT 
between non-DETs and DETs after adjustment for age, 
BMI, smoking status and packyears.

BV0 − 2: Volume of small pulmonary vessels with a 
cross-section area of 0-2mm2, BV2 − 5: Volume of small 
pulmonary vessels with a cross-section area of 2-5mm2, 
DET: diesel engine tester, LSA6mm: Lung surface area at 
6  mm depth from the pleural surface, LSA12mm: Lung 
surface area at 12  mm depth from the pleural surface, 
LSA18mm: Lung surface area at 18  mm depth from the 
pleural surface, LSA24mm: Lung surface area at 24  mm 
depth from the pleural surface, Ntotal−6 mm: Total number 
of pulmonary vessels at 6 mm depth from the pleural sur-
face, N<5mm

2
−6  mm : Total number of pulmonary vessels 

with cross-section area less than 5 mm2 at 6 mm depth 

Fig. 2 Comparing the imaging parameters of small pulmonary vessels between non-DETs and DETs. (A) The numbers of pulmonary vessels at different 
depths from the pleural surface in the two groups. (B) The numbers of blood vessels per unit lung surface area at different subpleural depths in the two 
groups. (C) The volumes of small pulmonary vessels with a cross-section area of 0-2mm2 and 2-5mm2 (BV0 − 2 and BV2 − 5) in the two groups. (D) The small 
pulmonary vessel volume fractions in two groups. * p < 0.05,** p < 0.01, *** p<0.001
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from the pleural surface, Ntotal−12  mm: Total number of 
pulmonary vessels at 12 mm depth from the pleural sur-
face, N<5mm

2
−12  mm: Total number of pulmonary vessels 

with a cross-section area of less than 5 mm2 at 12  mm 
depth from the pleural surface, Ntotal−18  mm: Total num-
ber of pulmonary vessels at 18 mm depth from the pleu-
ral surface, N<5mm

2
−18  mm: Total number of pulmonary 

vessels with a cross-section area of less than 5 mm2 at 
18 mm depth from the pleural surface, Ntotal−24 mm: Total 
number of pulmonary vessels at 24 mm depth from the 
pleural surface, N<5mm

2
−24  mm: Total number of pulmo-

nary vessels with a cross-section area of less than 5 mm2 
at 24  mm depth from the pleural surface, TBV: Total 
blood vessel volume.

The dose–response relationships of CCAM with the 
number and volume of pulmonary vessels
A total of 41 non-DETs and 52 DETs with analyzable 
CT scans and available CCAM data were included in 
our correlation analyses. They were divided equally into 
4 groups (Group 1,2,3,4) based on CCAM levels. Using 
the first CCAM group (0.46–1.54) as the reference, we 
found that all the other three groups had greater num-
bers of pulmonary vessels at various subpleural depths, 
while only the fourth CCAM group (≥ 4.7%) showed sig-
nificant differences (all P<0.05) (Table  3). However, the 
overall trend test showed there were significant increas-
ing trends in the numbers of pulmonary vessels at vari-
ous subpleural depths with the increase of CCAM levels 
(all P for trend < 0.05). Moreover, the number of small 
pulmonary vessels per unit lung surface area at various 
subpleural depths also showed an increasing trend with 
increasing CCAM levels (Table 3). Increased CCAM was 
observed to have stronger dose-dependent relationships 
with BV0 − 2 and BV0 − 2/TBV (Table 4). To be specific, the 
third and fourth CCAM groups showed significant differ-
ences in BV0 − 2 and BV0 − 2/TBV, compared to the refer-
ence group. The overall trend test showed that there were 
stronger increasing overall trends in BV0 − 2 and BV0 − 2/
TBV with the increase of CCAM levels.

Correlations between pulmonary small airway parameters 
and pulmonary vascular parameters in CT
In previous study, we found that the increased wall area 
percentage (WA%) of 6th and 9th bronchi served as an 
indicator of early airway damage due to DE exposure 
(Liu et al., 2021). To investigate the potential associa-
tion with airway and pulmonary vascular damage, the 
average WA% of the bronchus LB1 + 2, LB9, RB1, and 
RB9 was measured and assessed in relation to the num-
ber and volume of small pulmonary vessels. However, 
there is no significant correlation between WA% (6th 
and 9th ) and the number and volume of pulmonary 

vessels (Supplementary Table 3), which suggesting that 
airway remodeling and pulmonary vessel remodeling are 
independent.

Cardiopulmonary vascular remodeling
To further investigate the potential impact of chronic 
exposure to DE on pulmonary vasculature and airways, 
we constructed a chronic DE-exposed rat model. Our 
findings from the rat model indicated increased accu-
mulation of diesel exhaust particles in macrophages in 
the BALF of rats in the DE group (Fig.  3A). Histopath-
ological evaluation revealed that rats in the DE group 
exhibited larger mean linear intercept (MLI) of the 
alveoli (Supplementary Fig.  1A and B) and heightened 
collagen deposition around the small airway compared 
to the control group (Supplementary Fig. 1C and D). In 
addition, the percentage of small pulmonary vessel wall 
thickness (WT%) was significantly higher ( Fig.  3B ), 
and collagen deposition around small pulmonary vessels 
was increased in the DE group ( Fig. 3C ). Furthermore, 
hemodynamic results demonstrated that rats in the DE 
group had increased right ventricular intraventricu-
lar pressure (RVSP) and right ventricular hypertrophy 
index (RVHI) compared to the control group (Fig. 3D E). 
Therefore, the proliferation of smooth muscle maybe the 
principal basis of the increase in the number and volume 
of pulmonary small vessels in DETs.

The expression of macrophage migration inhibitory factor 
(MIF)
MIF was increased in BALF and lung tissues in the DE 
group (Fig.  3F G). A combination of the above elevated 
parameters are indicative of the remodeling of small pul-
monary vessels and cardiac remodeling in DE-exposed 
rats, suggesting that DE exposure might lead to the 
remodeling of pulmonary vessels and cardiac structures 
as well as the subsequent decline of right heart function 
through promoting the expression of MIF.

Discussion
This is the first study to use artificial intelligence quan-
titative lung imaging software to assess the effects of DE 
exposure on pulmonary vessels. In this study, we ana-
lyzed the pulmonary vessels in chest CT of subjects with 
occupational DE exposure and histopathological changes 
in chronic DE-exposed rats, which indicating that long-
term exposure to DE might lead to the remodeling of 
small pulmonary vessels through promoting the expres-
sion of MIF.

As the most popular traffic pollutant, DE has brought 
profound health effects on airway inflammation and 
remodeling, however, there is limited research on the 
pulmonary vascular effects. In this study, we employed 
the A-View® artificial intelligence platform to analyze 
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Parameters of pulmonary vessel number detected by CT CCAM N M ± SD P value
Category Range (%) DET

Ntotal−6 mm, ea 1 0.46–1.54 24(3) 1953.54 ± 431.79
2 1.54–3.10 23(11) 2091.48 ± 503.43 0.402
3 3.10–4.70 23(17) 2163.48 ± 510.31 0.272
4 4.70-30.24 23(21) 2330.48 ± 598.94 0.008

Trend test b 0.008
Ntotal−12 mm, ea 1 0.46–1.54 24(3) 1041.54 ± 257.26

2 1.54–3.10 23(11) 1091.00 ± 199.06 0.729
3 3.10–4.70 23(17) 1119.30 ± 207.81 0.644
4 4.70-30.24 23(21) 1212.52 ± 212.62 0.044

Trend test b 0.049
Ntotal−18 mm, ea 1 0.46–1.54 24(3) 536.75 ± 146.69

2 1.54–3.10 23(11) 605.74 ± 123.31 0.148
3 3.10–4.70 23(17) 607.22 ± 130.78 0.243
4 4.70-30.24 23(21) 636.91 ± 124.24 0.037

Trend test b 0.049
Ntotal−24 mm, ea 1 0.46–1.54 24(3) 279.38 ± 103.92

2 1.54–3.10 23(11) 335.43 ± 88.73 0.116
3 3.10–4.70 23(17) 332.00 ± 94.81 0.220
4 4.70-30.24 23(21) 358.35 ± 81.61 0.024

Trend test b 0.043
N< 5mm

2
−6 mm, ea 1 0.46–1.54 24(3) 1579.21 ± 428.00

2 1.54–3.10 23(11) 1749.74 ± 490.08 0.354
3 3.10–4.70 23(17) 1783.17 ± 457.75 0.328
4 4.70-30.24 23(21) 2009.78 ± 551.68 0.004

Trend test b 0.005
N< 5mm

2
−12 mm, ea 1 0.46–1.54 24(3) 508.04 ± 257.26

2 1.54–3.10 23(11) 544.09 ± 151.39 0.830
3 3.10–4.70 23(17) 584.52 ± 147.32 0.397
4 4.70-30.24 23(21) 672.26 ± 184.88 0.016

Trend test b 0.011
N< 5mm

2
−18 mm, ea 1 0.46–1.54 24(3) 199.50 ± 63.23

2 1.54–3.10 23(11) 234.13 ± 62.61 0.088
3 3.10–4.70 23(17) 261.74 ± 69.67 0.010
4 4.70-30.24 23(21) 273.35 ± 72.77 0.001

Trend test b 0.001
N< 5mm

2
−24 mm, ea 1 0.46–1.54 24(3) 107.63 ± 45.52

2 1.54–3.10 23(11) 137.35 ± 45.81 0.057
3 3.10–4.70 23(17) 146.00 ± 52.01 0.026
4 4.70-30.24 23(21) 152.61 ± 45.21 0.003

Trend test b 0.004
N< 5mm

2
−6 mm/LSA6mm, ea/cm2 1 0.46–1.54 24(3) 0.72 ± 0.15

2 1.54–3.10 23(11) 0.74 ± 0.18 0.671
3 3.10–4.70 23(17) 0.76 ± 0.17 0.405
4 4.70-30.24 23(21) 0.80 ± 0.20 0.038

Trend test b 0.033
N< 5mm

2
−12 mm/LSA12mm, ea/cm2 1 0.46–1.54 24(3) 0.34 ± 0.06

2 1.54–3.10 23(11) 0.34 ± 0.05 0.555
3 3.10–4.70 23(17) 0.37 ± 0.05 0.212
4 4.70-30.24 23(21) 0.40 ± 0.05 0.005

Trend test b 0.001
N< 5mm

2
−18 mm/LSA18mm, ea/cm2 1 0.46–1.54 24(3) 0.23 ± 0.07

Table 3 The dose-response relationships between CCAM and the number of pulmonary vessels at various subpleural depths in all the 
study participants (n = 93) a
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the CT images of the occupational DE exposed popula-
tions. As results, all subjects had no obvious percentage 
of low-attenuation areas detected by CT and no spirom-
etry diagnosis of airway obstruction. More small vessels 
were captured by CT in the DETs group due to prolif-
eration and hypertrophy of smooth muscle cells in small 
vessels, as well as higher volumes of small pulmonary 
vessels compare to the control members [48, 49]. Con-
sistent to this results, several cohort studies associated 
with traffic pollution, such as ozone [50], black carbon 
[51], also shown increased pulmonary vascular resistance 
and adverse effect on the number of pulmonary vessels. 
Furthermore, there are positive correlation between 
amount of DE exposure and some imaging parameters 
of small pulmonary vessels, in a cross-sectional area of 
0–2 mm2, not in 2-5mm2(Supplementary Table 2). To 
be noticed, since most pulmonary artery remodeling 
started from small pulmonary vessels, this remodeling is 

asymptomatic until the pulmonary hypertension occur 
with enormous lost (roughly 50–70%) of the pulmonary 
vascular bed due to emphysema or other reasons [52].

In previous study, we had shown that DE exposure 
can lead to small airway wall thickening without lumen 
stenosis, occurring before airflow limitation [27]. Here 
we demonstrated that small airway remodeling was not 
directly linked to small pulmonary vessel remodeling due 
to DE exposure. Consistent with this, pulmonary vascular 
dysfunction and remodeling have been observed before 
airflow limitation in cigarette smoke animal or smokers 
[53, 54]. Therefore, the lung health effects of DE exposure 
are all from distal portion of airway or pulmonary vessels.

To reveal the mechanisms of the vessel remodeling of 
DE exposure, we conduct a chronic DE exposure ani-
mal experiment. Our study showed that DE-exposed 
rats had increased thickness of the small pulmonary 
vessels, larger mean linear intercept of the alveoli, more 

Table 4 The dose-response relationship between CCAM and the volume of small pulmonary vessels in all the study participants 
(n = 93) a

Parameters of pulmonary vessel volume detected by CT CCAM N M ± SD P value
Category Range (%) DET

BV0 − 2, cc 1 0.46–1.54 24(3) 37.01 ± 10.36
2 1.54–3.10 23(11) 42.01 ± 7.63 0.099
3 3.10–4.70 23(17) 45.47 ± 10.51 0.012
4 4.70-30.24 23(21) 46.82 ± 12.48 0.001

Trend test b 0.001
BV0 − 2/TBV, % 1 0.46–1.54 24(3) 12.38 ± 2.78

2 1.54–3.10 23(11) 14.44 ± 1.37 0.136
3 3.10–4.70 23(17) 15.66 ± 2.21 0.003
4 4.70-30.24 23(21) 16.09 ± 3.32 <0.001

Trend test b <0.001
CCAM: carbon content in airway macrophage, DET: diesel engine tester, SD: standard deviation, other abbreviations as in Fig. 2
a Multiple linear regression assessed the differences in the volume of small pulmonary vessels between categories 2–4 and the reference group (category 1) with 
adjustment of age, BMI, and smoking status and packyears
b Multiple linear regression assessed dose – response relation between CCAM category coded as 1, 2, 3 and 4 and volume of small pulmonary vessel with adjustment 
for covariates listed above

Parameters of pulmonary vessel number detected by CT CCAM N M ± SD P value
Category Range (%) DET
2 1.54–3.10 23(11) 0.23 ± 0.05 0.583
3 3.10–4.70 23(17) 0.26 ± 0.07 0.035
4 4.70-30.24 23(21) 0.25 ± 0.05 0.065

Trend test b 0.021
N< 5mm

2
−24 mm/LSA24mm, ea/cm2 1 0.46–1.54 24(3) 0.23 ± 0.08

2 1.54–3.10 23(11) 0.24 ± 0.06 0.388
3 3.10–4.70 23(17) 0.27 ± 0.09 0.032
4 4.70-30.24 23(21) 0.25 ± 0.07 0.120

Trend test b 0.055
CCAM: carbon content in airway macrophage, DET: diesel engine tester, M: mean, SD: standard deviation, other abbreviations are the same as those in Fig. 2
a Multiple linear regression assessed differences of number of pulmonary vessels at different subpleural depths between categories 2–4 and the reference group 
(category 1) with adjustment of age, BMI and smoking status and packyears
b Multiple linear regression assessed the dose–response relationships between CCAM category coded as 1, 2, 3 and 4 and number of pulmonary vessels at different 
subpleural depths with adjustment for covariates listed above

Table 3 (continued) 
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collagen deposition around the small pulmonary vessels 
and small airways, and higher RVSP (Fig. 3 and Supple-
mental Fig. 1). Of course, this DE exposure concentration 
(3mg/m3) is notably higher than the 430.8ug/m3 DETs 
concentration in the workshop, may explain the rapid 
appearance of airway and pulmonary vessel changes in 
the animal model. Consistent with our results, Davel et 
al. reported that environmental particulate exposure has 
led to continuous contracted small pulmonary vessels 
with increase of endothelin [55], and Liu et al. demon-
strated the thickening of pulmonary artery wall, as well as 
apoptosis of vascular endothelial cells and proliferation of 
vascular smooth muscle cells [48]. However, the mecha-
nisms of DE exposure on vascular remodeling have not 
been clarified yet.

As a pro-inflammatory and pro-proliferative factor, 
MIF was secreted by various cell types, including epithe-
lial cells, T cells, macrophages, as well as impaired the 
airway epithelial and smooth muscle cells [56]. In our 
experiments, MIF in both the lung tissue and BALF was 
increased in the DE rats. In turn, MIF can recruit and 
activate a substantial number of alveolar macrophages 
and pulmonary interstitial macrophages and then result-
ing the release of various inflammatory mediators (such 
as TNF-a, IL-6) and angiogenic factors (such as PDGF, 
VEGF), which play a crucial role in the development of 
pulmonary vascular remodeling [57].

The A-view system utilized in this study offers fully 
automatic analysis and segmentation of pulmonary ves-
sels, and can analysis through low-dose CT scans [21]. In 

comparison to the initial chest imaging platform created 
by the Applied Chest Imaging Laboratory of Brigham and 
Women’s Hospital [19, 50], this system has the advanced 
ability to identify smaller pulmonary vessels [21], poten-
tially allowing for earlier detection of individuals exhib-
iting indicative of pulmonary vascular dysfunction. 
Furthermore, the Apollo automated lung quantifica-
tion system by VIDA requires contrast media injection 
for detecting smaller pulmonary vessels [58, 59], posing 
challenges for patients with renal insufficiency or criti-
cally ill patients. Besides utilizing small pulmonary vessel 
volume as an assessment metric, this system has intro-
duced a novel indicator, the number of blood vessels, as a 
diagnostic criterion, offering a new approach to evaluat-
ing small pulmonary vessels.

To be honestly, there are still certain limitations for 
pulmonary vascular analysis by A-view system. Firstly, 
it is unable to differentiate between small pulmonary 
arteries and veins without contrast media. Secondly, due 
to the similarity in tissue density between blood vessel 
walls and blood on CT, it cannot measure the thickness 
of small blood vessel walls or the extent of luminal ste-
nosis. Further research should be carried out to improve 
the resolution and sensitivity of CT scan or new detective 
methods.

Conclusions
In this study, DE exposure contributed to the increases 
in the number and volume of peripheral small pulmonary 
vessels, which possible through enhancing the expression 

Fig. 3 Effect of DE exposure on rat pulmonary artery pressure and pulmonary vessels. (A) CCAM in BALF in rats. (B) HE staining to assess small pulmonary 
vessel wall thickness in rats. (C) Masson staining to assess collagen deposition around rat small pulmonary vessels in rats. (D) Hemodynamic conditions 
of rats between the two groups. (E) RVHI of rats between the two groups. (F) MIF expression in BALF between the two groups. (G) MIF expression in lung 
tissues between the two groups. Data were presented as means ± SD (n = 6). ** p < 0.01, *** p<0.001, ****P<0.0001; scale bar = 100 μm; BALF: bronchoal-
veolar lavage fluid; DE: diesel exhaust; RVSP: right ventricular systolic pressure; RVHI: right ventricular hypertrophy index
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and secretion of MIF, ultimately resulting in the forma-
tion of pulmonary hypertension.
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