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ABSTRACT: Carbon black nanoparticles (CBNPs) pose respiratory risks
due to occupational and environmental exposure, yet their spatially
heterogeneous effects on lung remodeling remain unclear. We quantified
remodeling patterns using high-resolution computerized tomography
(HRCT) in 69 carbon black packers and 107 controls, with carbon
content in airway macrophages (CCAM) serving as a bioeffective
dosimeter. CBNP-exposed workers exhibited elevated mean lung density
in the left (β = 7.75 HU) and right upper lobe (β = 6.22 HU, all p values ≤
0.047), showing clear dose-dependent trends with CBNP internal dose.
Thickened airway wall area percentage (WA%) was observed in the sixth-
and ninth-generation bronchi of the upper lobes, including the sixth-
generation left B1 + 2 bronchus (β = 3.76%) and the right B1 bronchus to
the carina (β = 4.43%; all p values ≤ 0.006). Dose−response trends linked
CCAM with WA% thickening in larger sixth-generation bronchi of bilateral upper lobes (all p_trend values ≤ 0.008), absent in ninth-
generation airways. Computational modeling revealed 45.2% higher particle deposition in bilateral upper lobes and 3-fold greater
deposition in sixth-generation airways, governed by inertial impaction, which dominates in proximal small airways. This study
visualizes region-specific pulmonary remodeling associated with CBNP exposure in humans, identifying the bilateral upper lobes and
proximal small airways as key vulnerability hotspots. By linking deposition physics−dominated by inertial impaction−to selective
regional targeting, these findings provide mechanistic insight into how nanoparticle deposition patterns translate into heterogeneous
lung remodeling. The combined use of quantitative HRCT biomarkers and respiratory tract deposition modeling offers a framework
for early surveillance and risk assessment of nanomaterial-induced lung injury.
KEYWORDS: carbon black nanoparticle, lung density, small airway, vulnerability analysis, respiratory tract model, particle deposition

1. INTRODUCTION
Environmental nanoparticles are increasingly recognized for
their respiratory health impacts. Carbon black nanoparticles
(CBNPs) are largest production engineered nanoparticles
widely used in rubbers, inks, and paints.1−3 Their production
continues to grow, partly driven by the lithium battery industry,
where acetylene black serves as a conductive additive.4,5 Chronic
exposure to CBNPs has been associated with increased
respiratory symptoms, small opacities on chest radiographs,
reduced pulmonary function, and decreased Clara cell secretory
protein (CC16).6−8 These findings suggest structural lung
alterations. CBNPs possess small particle size and large surface
area,9 which enhance their reactivity in the respiratory tract.
They impair macrophage phagocytic capacity,10 resist clearance,
and induce persistent inflammatory.6 However, lung function
tests lack sensitivity for early structural remodeling at the
individual level, and histopathology is rarely feasible in
population studies. Thus, the region-specific patterns and
dose−response features of long-term CBNP-induced lung
remodeling remain unclear.

High-resolution computerized tomography (HRCT) pro-
vides a noninvasive, quantitative, and spatially localized
technique for visualizing lung structural changes in vivo,11,12

with imaging findings shown to correlate well with histopatho-
logical changes in biopsy-based studies.13−15 Structural indices
derived from HRCT, including mean lung density (MLD), low
attenuation areas volume percentage (LAA%), and airway wall
area percentage (WA%), sensitively capture remodeling of both
lung parenchyma and airways.16,17 Increases in MLD accom-
panied by reductions in LAA% reflect elevated tissue
attenuation, as observed in pathological conditions such as
pulmonary edema, fibrosis, and heightened inflammation.18,19

Airway structure can be further assessed using WA%, defined as
the proportion of airway wall area relative to the total airway
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area, which reflects relative airway wall thickening and airway
remodeling. In our HRCT-based model,8,20 sixth generation
bronchi approximated the ∼ 2 mm diameter threshold
commonly used to define proximal small airways,21 whereas
ninth generation bronchi represent more distal small airways.
Small airways are characterized by narrow lumens, absence of
cartilaginous support, and limited clearance capacity, rendering
them particularly susceptible to particle deposition and injury.
Structural alterations in these airways are increasingly
recognized as early and functionally relevant changes that
contribute disproportionately to airflow limitation in environ-
mentally and occupationally exposed populations.14,22

In this study, we integrated HRCT with multigeneration
airway models to characterize the spatially heterogeneous
patterns of lung remodeling in workers with long-term CBNP
exposure. We identified dose−dependent increases in lung
density and airway wall thickening, with selective vulnerability of
the bilateral upper lobes and proximal small airways. Deposition
simulations further revealed preferential particle retention in
these regions, governed by inertial impaction. Together, these
findings establish an exposure−deposition−remodeling frame-
work that strengthens mechanistic understanding and supports
early surveillance of nanomaterial-induced lung injury.

2. MATERIALS AND METHODS

2.1. Study Subjects
A total of 69 carbon black packers (CBPs) that had bagged newly
manufactured CBNPs for more than six months in the acetylene CBNP
industry were recruited as the exposed group, whereas 107 workers
from local waterworks were recruited as the control group (non-CBPs),
establishing the CBP cohort. This study employed a cross-sectional
design. The design details, including the inclusion and exclusion
criteria, were based on previous reports.23,24 During the onsite
investigation, we specifically chose to conduct a detailed questionnaire
survey and comprehensive health examination immediately after the
subjects completed their night shift. Biological samples such as sputum
were also collected at this time. Additionally, 14 CBPs and 29 non-
CBPs did not receive end-inhalation lung CT scanning or incomplete
acquisition of lung structural parameters, and 5 non-CBPs did not have
a smoking history, which led to a final sample size of 55 CBPs and 73
non-CBPs. All participants voluntarily signed informed consent before
the interview and any procedures. The protocol was approved by the
Medical Ethical Review Committee of the National Institute for
Occupational Health and Poison Control, Chinese Center for Disease
Control and Prevention (protocol number: NIOHP201604).
2.2. Characterization of CBNPs and Exposure Assessment
The physicochemical characteristics of CBNPs in this occupational
setting have been described previously.24,25 Environmental exposure
assessment was performed using established methods.6,25 The CCAM
assay was quantified according to our previous protocols.24,26 The
percentage of carbon particles to the cytoplasmic area (PCOC) in 50
macrophages per subject was calculated (Figure S1), with upper
quartile (Q3) of the PCOC selected as the CCAM index. The CCAM
reflects cumulative internal lung dose of inhaled CBNP. Detailed
methods are provided in the Supporting Information.
2.3. Quantitative HRCT Assessment of Lung Density and
Airway Dimensional Parameters
After rigorous inspiratory breath-hold training by a professional
radiologist, each subject was scanned at full inspiration by a 64-slice
CT scanner (LightSpeed VCT XT or OPTIMA CT660, GE
Healthcare, USA) from the lung apex to the base. CT images were
analyzed via the ISP9.0 software package (Philips Diagnostics,
Netherlands). Whole lung and bronchial tree images were recon-
structed with a high spatial resolution algorithm. The ISP9.0 software
automatically segmented the lung lobes and measured the MLD, lung

volume and LAA% for both lung, right lung, left lung, and each lobe,
including the right upper lobe, right middle lobe, right lower lobe, left
upper lobe, and left lower lobe. Airway wall area percentage (WA%)was
assessed at the sixth- and ninth-generation bronchi, representing
proximal and distal small airways, respectively, which are recognized as
key sites of early airway remodeling.27,28 Measurements were
performed along four predefined bronchopulmonary segmental
airways: right B1 to carina, right B9 to carina, left B1 + 2 to carina,
and left B9 to carina. For each bronchial generation, the average WA%
was calculated across the four lung segments (Figure 1). This

quantitative HRCT protocol for small airway assessment has been
validated in our previous studies, showing high reproducibility and
accuracy formeasuring sixth- to ninth-generation airway parameters.8,20

Detailed procedures are provided in the Supporting Information.
2.4. Mathematical Model and Methodology
This study employs a laminar flowmodel to simulate airflow and CBNP
deposition in the lower respiratory tract,29−32 encompassing ten
bronchial generations from the first generation to the tenth generation
and five lung lobes, namely, the right upper lobe, right middle lobe, right
lower lobe, left upper lobe, and left lower lobe (Figure S2). We adopted
laminar flow because our focus is on sixth- and ninth-generation small
airways, where airflow is inherently laminar.30,31 Considering our
previous model,33−35 airflow was treated as transient and incompres-
sible, with the fluid phase governed by the continuity, momentum, and
energy equations, as well as the discrete phase governed by Brownian
motion, the Stokes−Cunningham drag law, and gravitational forces,
which is generalizable to other nanomaterials, as it relies on universal
deposition mechanisms and standard airway anatomy. The reliability of
the model results has been discussed in our previous research.34 CBNP
properties were defined on the basis of our previous experimental data
and workplace characterization: the particle diameter ranged from 200
to 400 nm (Table S1), with field measurements revealing about 96.67%
CBNPs were <1 μm and >50% particles were <0.523 μm; the particle
density was set at 2.0 g/mL per breath.6,24 This 200−400 nm size range
represents the dominant respirable CBNP fraction that preferentially
deposits in the sixth- and ninth-generation small airways, the key
anatomical focus of our HRCT imaging analysis, thus justifying the
parameter selection for our core research question of regional
deposition and airway structural remodeling. The CBNP volume
fraction in air was less than 10%, supporting the use of a discrete phase

Figure 1. Flowchart of quantitative HRCT determination of lung
density and airway dimension.
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model. The airflow velocity follows a sine curve, while anatomical
parameters, including the number, length, diameter, and branch angles
of the lung lobes and generations, are consistent with our previous
studies34 and are detailed in Tables S2 and S3. Considering that
particles either deposit on bronchial walls or escape through inlets or
outlets, the deposition fraction for each generation of the respiratory
tract, DFddp,n, was recorded at the respiratory moment via eq 1 as
follows:36

DF
DN

TINd n
d n

d
,

,

p

p

p

=
(1)

where dp is the diameter of the CBNP, nm; DFddp
is the deposition

fraction of the CBNP of dp, dimensionless; DNddp,n is the deposited
number of the CBNP of dp in the n generation respiratory tract,
dimensionless; andTINd dp

is the total inhaled number of the CBNP of dp,
dimensionless. Simulations were conducted on a high-performance
computing cluster (56-core Intel Xeon Gold 6330 CPU @ 2.00 GHz,
256 GB memory)33 over approximately 14 days. Further details on the
modeling procedures are provided in the Supporting Information.

2.5. Statistical Analysis
Generalized linear models (GLMs) were used to assess associations
between HRCT-derived structural parameters (including densitomet-
ric parameters and airway dimension parameters) and CBNP exposure
status. Age, sex, body mass index (BMI), smoking status and pack-years
were selected as covariates in adjusted models. In addition, carbon
content in airway macrophages (CCAM) was used as a bioeffective
dosimeter for exposure to CBNP in the lungs to characterize the dose−
response. GLMs were constructed to assess associations between
HRCT parameters and CCAM with the same covariate adjustments.
Detailed descriptions are available in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Study Subjects and Exposure
Assessment

Age, BMI, drinking history, and preexisting respiratory
conditions were comparable between two groups. CBPs had a
higher proportion of males and current smokers. The median
duration of occupational exposure among CBPs was 9.5 years.
Geometric mean concentrations of PM2.5 and elemental carbon
in CBNP bagging areas were significantly higher than those in

Figure 2. CBNPs increased the lung density in the upper lobes of both lungs. (A) Schematic illustration of the five lobes of the human lung. (B) Box
plots of the volume, density, and mass of the whole lung and each lobe in the non-CBP and CBP groups. Density (g/dm3) = 1000 × (1 + HU/1000) =
HU + 1000. Mass is calculated as Volume × Density. HU, Hounsfield unit; Non-CBP, non carbon black packer; CBP, carbon black packer; The five
horizontal lines from bottom to top represent the fifth percentile (P5), 25th percentile (P25), median, 75th percentile (P75), and 95th percentile (P95).
Circles represent outliers. Student’s t test (* p < 0.05, ** p < 0.01) (C) Illustration of the distributions of volume, density, and mass in the lung lobes of
the non-CBP and CBP groups. MLD, mean lung density. The GLM was used to assess the associations between CBNP exposure status (categorical
variable) and densitometric parameters (volume, density, and mass) with age, sex, BMI, smoking status and pack-years as covariates for adjustment.
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control areas (Table S4), and remained below recommended
long-term occupational exposure limits (3.0−4.0 mg/m3; Table
S5). Previously reported measurements in this setting indicated
primary particle sizes of 30−50 nm and aggregate sizes of 200−
400 nm, with high specific surface area,6 characteristics
consistent with deep lung deposition.
The carbon content in airway macrophages (CCAM), a

validated biomarker reflecting the internal dose of inhaled
elemental carbon (EC) following chronic exposure to CBNPs
and particulate matter and strongly associated with multiple
adverse health outcomes.37−40 Despite similar smoking pack-
years, CCAM levels were 7.7-fold higher in CBPs than controls
(Table S4), indicating that occupational CBNP exposure was
the dominant contributor to pulmonary carbon burden.
3.2. Region-Specific of Increased Lung Density in
CBNP-Exposed Individuals

Our previous studies revealed that CBNP inhalation alters
serum biomarkers such as CC16 and surfactant protein A (SP-
A), indicating lung injury in exposed workers.7 However, these
systemic biomarkers cannot location or characterize the
structural changes. To address this, we applied HRCT-based
lung densitometry at both whole-lung and lobar levels. Among
lung density parameters, mean lung density (MLD) reflects the
average density of airspaces, surrounding epithelial and
extracellular matrix, and small airways, while the low attenuation
areas volume percentage (LAA%) represents the proportion of
lung volumewith attenuation values less than−910HUor−950
HU on end-inhalation CT scans.41,42 These two parameters are
inversely related. As shown in Figure 2, increased MLD across

bilateral lungs in CBPs, with particularly pronounced effects in
the upper lobes. Correspondingly, LAA% decreased in the same
regions (Figure S3). Lung volume showed minimal differences
between groups, whereas lung mass increased, particularly in the
bilateral upper lobes (Figure 2B,C), supporting the interpreta-
tion that regional increases in lung density contributed to mass
accumulation.
We further investigated the relationship between carbon

content in airway macrophages (CCAM), a quantitative
indicator of lung CBNP burden,24 and lung densitometric
parameters using generalized linear models in the whole lung
and each lobe. Higher CCAM levels were significantly associated
with increased MLD and decreased LAA% in bilateral upper
lobes (Table S6). These findings indicate region-specific lung
remodeling linked to internal CBNP burden.
3.3. Dose−Response Relationship Between CBNP and Lung
Densitometric Parameters in the Bilateral Upper Lobes

To explore the dose−response relationship between the internal
exposure dose of CBNPs and the lung density parameters,
participants were stratified into four groups based on the
interquartile range (IQR) of their CCAM levels. CCAM has
been widely applied as a biomarker of CBNPs exposure and has
been linked to respiratory and systemic health outcomes.24,43

Generalized linear models showed monotonic increases in mean
lung density (MLD) of the right middle lobe (β = 5.77 HU,
p_trend = 0.039), and left upper lobe (β = 7.53 HU, p_trend =
0.023) with increasing CCAM, confirming a dose−response
relationship between CCAM and MLD in the bilateral upper
lobes (Table 1). In contrast, low attenuation areas volume

Table 1. Dose−Response Relationship between the Internal Exposure to CBNPs (CCAM, Categorical) and Mean Lung Density
in the Whole Lung and Each Lobea,b

all subjects (N = 82)

MLD (HU)* CCAM exposure group CCAM rang (%) interval (median (Q1, Q3)) N (CBP) β (95% CI) p

both lung low CCAM 0.41−1.32 −822.50 (−836.25, −798.75) 21 (0) REF
moderate CCAM 1.32−2.90 −826.30 (−839.75, −809.75) 20 (1) −2.58 (−19.96, 14.81) 0.774
high CCAM 2.90−9.59 −813.85 (−825.25, −800.23) 20 (11) 8.15 (−3.68, 19.98) 0.188
very high CCAM 9.59−47.49 −800.40 (−817.20, −783.20) 21 (21) 6.34 (−1.62, 14.30) 0.128

trend 9.82 (2.77, 16.88) 0.008
right upper lobe low CCAM 0.41−1.32 −850.50 (−860.10, −825.10) 21 (0) REF

moderate CCAM 1.32−2.90 −852.10 (−861.88, −845.78) 20 (1) −7.27 (−24.45, 9.92) 0.413
high CCAM 2.90−9.59 −832.65 (−878.65, −818.85) 20 (11) 4.12 (−5.96, 14.20) 0.428
very high CCAM 9.59−47.49 −830.50 (−839.00, −821.90) 21 (21) 3.05 (−4.49, 10.59) 0.433

trend 5.86 (−0.10, 11.82) 0.058
right middle lobe low CCAM 0.41−1.32 −867.00 (−874.00, −849.60) 21 (0) REF

moderate CCAM 1.32−2.90 −867.05 (−882.33, −862.90) 20 (1) −6.54 (−20.09, 7.02) 0.351
high CCAM 2.90−9.59 −852.35 (−863.33, −841.20) 20 (11) 7.51 (−1.90, 16.91) 0.127
very high CCAM 9.59−47.49 −852.90 (−856.30, −837.10) 21 (21) 2.20 (−3.57, 7.97) 0.459

trend 5.77 (0.37, 11.16) 0.039
left upper lobe low CCAM 0.41−1.32 −851.80 (−864.50, −831.20) 21(0) REF

moderate CCAM 1.32−2.90 −855.50 (−866.70, −844.93) 20 (1) −8.06 (−24.97, 8.86) 0.357
high CCAM 2.90−9.59 −836.00 (−850.98, −821.35) 20 (11) 6.86 (−3.64, 17.36) 0.209
very high CCAM 9.59−47.49 −833.20 (−848.20, −819.10) 21 (21) 3.86 (−4.18, 11.89) 0.353

trend 7.53 (1.16, 13.91) 0.023
aAbbreviations: CCAM = carbon content in airway macrophage; CBP = carbon black packer; Q1 = lower quartile; Q3 = upper quartile; MLD =
mean lung density; HU = Hounsfield unit; 95% CI = 95% confidence interval; REF = reference. bGLM was used to assess the associations between
internal exposure to CBNPs (CCAM, categorical) and MLD in the whole lung and each lobe with adjustments for age, sex, BMI, smoking status
and pack-years. CCAM exposure groups (Low, Moderate, High, and Very high CCAM) were defined using the interquartile range (IQR) method
based on the distribution of CCAM values across all study subjects (N = 82), with each group representing approximately 25% of the study
population. No logarithmic transformation was conducted. MLD was selected as the outcome. The β and 95% confidence intervals (CIs) represent
the differences in MLD for the Moderate, High, and Very high CCAM groups relative to the Low CCAM reference group. A trend test was
performed by treating the CCAM exposure group as a continuous variable.
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percentage (LAA%) across the bilateral lungs showed
monotonic decreases with increasing CCAM (all p_trend values
≤ 0.047, Figure 3). These results demonstrate a dose−response
relationship between pulmonary deposition of CBNP and
increased lung density in the bilateral upper lobes, supporting a
cumulative structural impact of long-term exposure.
3.4. Generation- and Region-Specific of Airway Wall
Thickening in CBNP-Exposed Individuals

Early increases in lung density may reflect lung injury or
inflammatory processes and are often accompanied by structural
changes in the small airways, including airway wall thickening.44

Because small airways are typically the first anatomical sites
impacted by inhaled environmental pollutants, they represent a
critical target for investigating early lung injury.45 Compared

with controls, the airway wall area percentage (WA%) in sixth
generation bronchi was significantly greater in the right B1, right
B9, left B1 + 2, and left B9 to carina among CBPs. In contrast,
changes in ninth generation bronchi were weaker and limited to
left B1 + 2 to carina, with other segments showed nonsignificant
upward trends (Figure 4). The most pronounced thickening in
both generations was occurred in the left upper lobe, consistent
with the regional pattern of increased lung density.
Generalized linear model (GLM) analysis revealed significant

associations between internal CBNPs burden (CCAM) andWA
% in the sixth generation bronchi of right B1, left B1 + 2, and left
B9 to carina (Table S7). The greatest airway wall thickening
occurred in the left lower lobe, followed by the bilateral upper
lobes. Associations in the ninth generation bronchi were limited
to the left B1 + 2 to carina (Table S7) and were weaker.

Figure 3. Dose−response relationship between internal exposure to CBNPs (CCAM, categorical) and LAA% in the whole lung and each lobe. GLM
assessed the associations between internal exposure to CBNPs (CCAM, categorical) and LAA% in the whole lung and each lobe with adjustment of
age, sex, BMI, smoking status and packyears. No logarithmic transformation was conducted. LAA% was selected as the outcome. CCAM exposure
groups were defined by the interquartile range (IQR) of CCAM levels across all study subjects (N = 82), with exact ranges: Low (0.41−1.32%,
reference group), Moderate (1.32−2.90%), High (2.90−9.59%), and Very high CCAM (9.59−47.49%). The β and 95% confidence intervals (CIs)
represent the differences in LAA% for the Moderate, High, and Very high CCAM groups relative to the Low CCAM reference group. Trend test was
performed by treating the CCAM exposure group as a continuous variable.
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Together, these findings indicate that CBNP exposure
preferentially induces airway wall thickening in proximal small
airways, particularly in the bilateral upper lobes, consistent with
the observed region-specific increases in lung density.
3.5. Dose−Response Relationship Between CBNP andWA%
in Proximal Small Airways of Upper Lobe
Generalized linear model (GLM) analysis using CCAM
quartiles further demonstrated a clear dose−response relation-
ship between internal CBNP burden and airway wall area
percentage (WA%) in sixth generation bronchi of the right B1,
left B1 + 2, and left B9 to carina, as well as in the average WA%
across these four segments. No significant dose−response

relationship was detected in the ninth generation bronchi (Table
2). These results indicate that CBNP exposure preferentially
induces dose−dependent airway wall thickening in proximal
small airways of the bilateral upper lobes. Similar region-specific
susceptibility to airway wall thickening in the right upper lobe
has been reported among particulate matter-exposed tollbooth
workers.46 We additionally examined the association between
the duration of occupational CBNP exposure and HRCT-
derived parameters. Longer occupational exposure duration was
associated with increased lung density (higher mean lung
density and lower LAA%) in the bilateral upper lobes and with
elevated WA% mainly in sixth generation bronchi, whereas
associations in ninth generation bronchi were limited (Table
S8). Compared with exposure duration, CCAM showed
stronger and more consistent relationships with both lung
densitometric and airway structural parameters, underscoring
the value of macrophage-based internal dose metrics (CCAM)
in capturing cumulative biologically effective exposure.
Smoking-stratified analysis suggested that smoking may

influence CBNP-induced pulmonary injury, blunting CBNP-
associated lung density elevation and ninth generation airway
wall thickening in current smokers. Notably, CBNP-induced
sixth generation proximal small airway thickening was smoking-
independent, with the bilateral upper lobe vulnerability pattern
preserved in never smokers (Table S9). These findings support
the proximal small airway as a key vulnerable site for CBNP
exposure independent of smoking, help rule out smoking as a
major confounding variable for our results, and indicate that
never smokers may represent a susceptible population in whom
CBNP-induced subclinical lung remodeling can be more readily
detected.
3.6. Computational Modeling Reveals CBNP
Deposition-Driven Vulnerability in Lung Lobes

Building on prior evidence that similar sized nanoparticles tend
to concentrate in proximal airways,47 we hypothesized
predominant CBNP deposition in proximal (6th generation)
small airways. A laminar flow-based model was applied to
simulate CBNP transport and deposition across ten airway
generations (from the first to the 10th generation) and five lung
lobes (Figure S2), with lobe-volume normalization. Computa-
tional simulations indicated predominant CBNP deposition in
the right upper lobe (206.57 m−3), left upper lobe (170.22 m−3)
and left lower lobe (218.71 m−3), whereas deposition was lowest
in the right middle lobe (Figure 5A). Notably, the bilateral upper
lobes the highest deposition rates, closely mirroring HRCT-
detected increases in lung density and airway wall thickening in
CBNP-exposed workers. The relatively elevated deposition
predicted in the left lower lobe may reflect geometric
simplifications in the model, which could underestimate
dispersion in this region. Generation-specific analyses showed
greater deposition in proximal than distal small airways across
lobes (Figure 5B−G). This pattern is consistent with particle
transport dominated by inertial impaction and Brownianmotion
in larger proximal airways, whereas Brownian motion becomes
the primary mechanism in smaller distal bronchi. Preferential
deposition in the bilateral upper lobes can be explained by higher
airflow velocity and branching geometry that enhance inertial
impaction in upper-lobe proximal airways. Consistent with our
prior vortex-ring simulations in acinar regions,47 deposition
scores were higher in the bilateral upper lobes (16.7%) than in
the lower lobes (11.5%, Figure 5H), reinforcing their role as
regional vulnerability hotspots. Importantly, the region- and

Figure 4. Susceptible regions of small airway wall thickening in the 6th-
and 9th-generation bronchi due to CBNP exposure. (A) Schematic
representation of the four candidate lung segments in separate lobes
bilaterally that run orthogonal to the axial plane were selected, including
RB1, RB9, LB1 + 2, and LB9. (B) Box plots ofWA% in the 6th- and 9th-
generation bronchi for the four candidate lung segments in the Non-
CBP and CBP groups. The horizontal lines from bottom to top
represent the fifth percentile (P5), 25th percentile (P25), median, 75th
percentile (P75), and 95th percentile (P95). The circles indicate outliers.
Non-CBP, non carbon black packer; CBP, carbon black packer; WA%,
airway wall area percentage; Q1, lower quartile; Q3, upper quartile;
Mean, the average WA% for the same bronchial generation across the
four selected lung segments; 95% CI, 95% confidence interval. The
means indicate the average WA% for the same bronchial generation
across the four selected lung segments. GLM was used to assess the
associations between CBNP exposure status (categorical variable) and
WA% in the 6th- and 9th-generation bronchi with age, sex, BMI,
smoking status and pack-years as covariates for adjustment (* p < 0.05,
** p < 0.01).
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generation-specific deposition patterns predicted by the model
closely mirrored HRCT-derived increases in lung density and
airway wall thickening in CBNP-exposed workers. These
concordant findings support a deposition-driven mechanism in
which preferential CBNP accumulation in proximal small
airways and bilateral upper lobes promotes localized remodel-
ing.
3.7. Environmental Implications and Study Limitations

CT-detected increases in lung density and airway wall
thickening are widely regarded as a structural biomarker of
lung remodeling, reflecting epithelial injury, inflammatory cell
infiltration, and extracellular matrix deposition.48−50 Preferential
CBNP deposition in proximal small airways may impair
clearance, enhance macrophage-mediated inflammation re-
sponses, thereby promoting localized airway remodeling. In
the present study, preferential CBNP deposition in proximal
small airways and upper lung regions was accompanied by
spatially localized structural alterations, suggesting that particle
deposition patterns may define anatomically susceptible sites of
early remodeling. Unlike previous human studies of particulate

exposure that predominantly relied on pulmonary function
testing, our analysis provides in vivo, region-resolved evidence
linking internal CBNP exposure metrics (CCAM) and
computational deposition modeling with quantitative structural
imaging changes. These findings support a deposition-driven
pathogenic pathway that may contribute to the early develop-
ment of small-airway disease and chronic obstructive pulmonary
disease, and highlight the importance of incorporating spatial
deposition characteristics and imaging-based biomarkers into
nanotoxicology and environmental health risk assessment
frameworks. Notably, significant early structural lung alterations
were detected in carbon black packers at CBNP exposure levels
well below the established 8-h time-weighted average (TWA)
occupational exposure limits (OELs, 3.0−4.0 mg/m3). These
OELs are primarily established based on acute toxicity outcomes
and pulmonary function indices (e.g., FEV1) from long-term
occupational exposure studies, with no consideration for the
chronic, low-dose subclinical structural remodeling induced by
CBNPs. Our findings thus highlight the urgent need to re-
evaluate and refine existing CBNP OELs, incorporating
imaging-based biomarkers of early lung structural injury to

Table 2. Dose−Response Relationship between Internal Exposure to CBNPs (CCAM, categorical) and WA% in the 6th- and 9th-
Generation Bronchia,b

all subjects (N = 82)

variable CCAM exposure group CCAM rang (%) interval (median (Q1, Q3)) N (CBP) β (95% CI) p

6th WA%
right B1 to carina low CCAM 0.41−1.32 45.57 (39.07, 51.41) 21 (0) REF

moderate CCAM 1.32−2.90 52.63 (44.80, 60.74) 20 (1) 7.86 (1.04, 14.68) 0.031
high CCAM 2.90−9.59 51.82 (46.62, 55.36) 20 (11) 3.27 (−0.45, 6.99) 0.096
very high CCAM 9.59−47.49 59.38 (53.85, 66.16) 21 (21) 4.77 (2.34, 7.19) 0.001

trend 4.25 (1.82, 6.67) 0.001
left B1 + 2 to carina low CCAM 0.41−1.32 46.97 (41.04, 58.98) 21 (0) REF

moderate CCAM 1.32−2.90 50.25 (42.32, 62.19) 20 (1) 3.06 (−4.89, 11.02) 0.456
high CCAM 2.90−9.59 55.44 (48.68, 63.16) 20 (11) 3.05 (−1.27, 7.38) 0.177
very high CCAM 9.59−47.49 64.22 (52.20, 69.48) 21 (21) 3.49 (0.37, 6.60) 0.035

trend 3.61 (1.02, 6.19) 0.008
left B9 to carina low CCAM 0.41−1.32 44.17 (39.65, 52.31) 21 (0) REF

moderate CCAM 1.32−2.90 46.13 (41.91, 58.27) 20 (1) 3.53 (−2.48, 9.54) 0.259
high CCAM 2.90−9.59 55.80 (48.54, 57.02) 20 (11) 4.24 (1.58, 6.89) 0.004
very high CCAM 9.59−47.49 58.93 (50.96, 66.27) 21 (21) 3.85 (0.88, 6.82) 0.016

trend 3.98 (1.60, 6.37) 0.002
mean low CCAM 0.41−1.32 49.17 (44.33, 52.41) 21 (0) REF

moderate CCAM 1.32−2.90 49.96 (43.57, 58.12) 20 (1) 3.11 (−1.91, 8.14) 0.234
high CCAM 2.90−9.59 55.51 (47.13, 59.14) 20 (11) 3.01 (0.03, 5.99) 0.057
very high CCAM 9.59−47.49 57.94 (55.37, 66.18) 21 (21) 3.65 (1.38, 5.93) 0.004

trend 3.64 (1.71, 5.57) <0.001
9th WA%
left B1 + 2 to carina low CCAM 0.41−1.32 35.85 (31.41, 52.50) 21 (0) REF

moderate CCAM 1.32−2.90 42.86 (35.80, 52.17) 20 (1) 1.39 (−8.29, 11.08) 0.780
high CCAM 2.90−9.59 40.61 (35.52, 44.83) 20 (11) −0.04 (−5.30, 5.22) 0.988
very high CCAM 9.59−47.49 46.27 (44.00, 60.00) 21 (21) 3.05 (−0.83, 6.93) 0.132

trend 2.85 (−0.15, 5.86) 0.067
aAbbreviations: CCAM = carbon content in airway macrophage; CBP = carbon black packer; WA% = airway wall area percentage; Q1 = lower
quartile; Q3 = upper quartile; mean = the average WA% for the same bronchial generation across the four selected lung segments; 95% CI = 95%
confidence interval; REF = reference.. bGLM was used to assess the associations between internal exposure to CBNPs (CCAM, categorical) and
WA% in the 6th- and 9th-generation bronchi of the candidate segmental airways with adjustments for age, sex, BMI, smoking status and pack-years.
CCAM exposure groups (Low, Moderate, High, and Very high CCAM) were defined using the interquartile range (IQR) method based on the
distribution of CCAM values across all study subjects (N = 82), with each group representing approximately 25% of the study population. No
logarithmic transformation was conducted. The WA% of the 6th and 9th generation bronchi in the four candidate lung segments, RB1, RB9, LB1 +
2, and LB9, was used as the outcome. The β and 95% confidence intervals (CIs) represent the differences in WA% for the Moderate, High, and
Very high CCAM groups relative to the Low CCAM reference group. A trend test was performed by treating the CCAM exposure group as a
continuous variable.
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Figure 5. CBNP deposition characteristics in each lobe. (A) Histogram of the deposition fraction per unit volume of each lobe. (B) Deposition
positions of CBNPs. (C-G)Histogram of the deposition fraction per deposition area and particle deposition distribution in the 6th- and 9th-generation
bronchi. (H) Histogram of the deposition fraction of pulmonary acini in each lobe.
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better protect occupational populations from subclinical small
airway damage.
Despite these important insights, several limitations of our

study warrant acknowledgment. Given its cross-sectional design,
definitive causal inference cannot be established. Nevertheless,
the consistent dose−response relationships observed across
CBNP internal exposure metrics, quantitative imaging bio-
markers, and regional deposition modeling provide supportive
evidence for a biologically plausible association, thereby partially
strengthening the inferential robustness of the findings. In
addition, our computational fluid dynamic (CFD)-based CBNP
deposition model has inherent simplifications: we used a
representative uniform respirable particle size from workplace
characterization rather than a polydisperse distribution, and did
not incorporate pretracheal turbulent flow or respiratory tract
clearance mechanisms (e.g., mucociliary transport). Future
studies could refine predictions by integrating these more
realistic particle distribution and physiological factors. Fur-
thermore, minor variability in quantitative HRCT measure-
ments may exist due to individual tracheobronchial anatomical
differences, consistent with current literature and without
impacting our core findings.
In summary, long-term CBNP inhalation induces region- and

generation-specific lung remodeling, with preferential deposi-
tion and structural alterations in the bilateral upper lobes and
proximal small airways. This deposition-driven vulnerability
underscores the utility of imaging-based biomarkers for early
detection and provides mechanistic insights to inform risk
assessment and preventive strategies for nanomaterial-related
lung injury in occupational and environmental settings.
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