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Abstract

Background: Understanding lung deposition dose of black carbon is critical to fully reconcile 

epidemiological evidence of combustion particles induced health effects and inform the 

development of air quality metrics concerning black carbon. Macrophage carbon load (MaCL) 

is a novel cytology method that quantifies lung deposition dose of black carbon, however it has 

limited feasibility in large-scale epidemiological study due to the labor-intensive manual counting.
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Objective: To assess the association between MaCL and episodic elevation of combustion 

particles; to develop artificial intelligence based counting algorithm for MaCL assay.

Methods: Sputum slides were collected during episodic elevation of ambient PM2.5 (n=49, 

daily PM2.5 >10 μg/m3 for over 2 weeks due to wildfire smoke intrusion in summer and local 

wood burning in winter) and low PM2.5 period (n=39, 30-day average PM2.5 <4 μg/m3) from the 

Lovelace Smokers cohort.

Results: Over 98% individual carbon particles in macrophages had diameter <1 μm. MaCL 

levels scored manually were highly responsive to episodic elevation of ambient PM2.5 and 

also correlated with lung injury biomarker, plasma CC16. The association with CC16 became 

more robust when the assessment focused on macrophages with higher carbon load. A Machine-

Learning algorithm for Engulfed cArbon Particles (MacLEAP) was developed based on the Mask 

Region-based Convolutional Neural Network. MacLEAP algorithm yielded excellent correlations 

with manual counting for number and area of the particles. The algorithm produced associations 

with ambient PM2.5 and plasma CC16 that were nearly identical in magnitude to those obtained 

through manual counting.

Significance: This study provides support for MaCL as a valuable lung biomarker that 

effectively indicates episodic increases in exposure to combustion particles. The MacLEAP 

algorithm demonstrates its robustness in quantifying the lung deposition dose of black carbon, 

making it suitable for application in large-scale epidemiological studies.
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Introduction

Combustion-emitted particulate matter (CE-PM), formed through incomplete combustion of 

fossil fuels and biomass from anthropogenic and natural sources, has become a top-priority 

issue of public health and climate change in the United States (US) and globally1–3. CE-PM 

accounted for 88% of primary PM2.5 in ambient air in the US4 and disproportionately 

affected older people/children, minorities, rural areas, and high-poverty communities5–8. 

CE-PM was thought to be more harmful to health than PM from non-combustion sources 

and may be more relevant than PM2.5 mass levels for evaluating health risks associated 

with combustion particles from local sources9–17. A US National survey identified that 

combustion emissions from 7 sectors constituted the largest source of anthropogenic 

emissions and caused 49,300 to 82,900 premature deaths in 20183. Moreover, CE-PM 

caused the highest number of premature deaths (46%) among major air pollution species3, 

supporting prioritization of CE-PM for advancing air pollution mitigation efforts in the US.

Major CE-PM emissions (i.e., traffic, industry, wildfire, and residential woodsmoke) have 

temporal and spatial variations, which together with intra- and inter-individual variations 

for respiratory physiology, affect lung deposition. Understanding lung deposition from 

CE-PM exposure is critical to fully reconcile epidemiological evidence of air pollution 

heath effects18 and is essential for developing air quality metrics concerning black carbon. 
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The majority of CE-PM is in a nano-scale range and can deposit deep inside the 

lungs. Black carbon may not be directly toxic, but operates as a universal carrier of a 

wide variety of combustion-derived chemical constituents19. Phagocytosis of black carbon 

by airway macrophages is a major clearance mechanism in acinar airway and triggers 

persistent cytokine/chemokine secretion and generation of other mediators for host defense 

responses20. Engulfed black carbon in sputum macrophages can be detected on cytospin 

slides under the light microscope as “black” particles whose elemental carbon composition 

has been confirmed using validated methods21, 22. Strong evidence suggested that clearance 

of inhaled environmental PM through airway macrophages is a slow process and may take 

months to occur, thus forming a mechanistic basis for sustained effects after the cessation 

of CE-PM exposure, such as wildfire smoke22–30. In addition, macrophage carbon load 

(MaCL) assay can also rapidly detect a mild increase in ambient PM levels31. Finally, 

our studies and others provided extensive evidence supporting the utility of MaCL as a 

lung deposition biomarker of black carbon-associated PMs for assessing pulmonary and 

extra-pulmonary outcomes in environmental (low, e.g., traffic related) and occupational 

(high, e.g., diesel engine testing) exposure settings22, 24, 27, 28, 31–35.

Manual scoring of MaCL slides using ImageJ/NIH Image is labor-intensive and subject to 

scorer errors and bias, limiting its utility in large-scale epidemiological studies. Artificial 

intelligence (AI) based algorithms have shown great capacity for defining biologically or 

clinically interpretable features based on 2-D images. We developed “Machine-Learning 

algorithm for Engulfed cArbon Particles (MacLEAP)”, a very first-of-its kind AI algorithm 

that automatically identified the macrophages from other cell types on sputum slide images 

and quantified engulfed black carbon particles. Our initial efforts of algorithm development 

applied CellProfiler36 based on 357 bright-field Papanicolaou staining sputum images from 

17 Lovelace Smokers cohort (LSC) members37. Although CellProfiler was able to segment 

and classify cells and carbon particles based on staining intensity and extract features, 

the performance was compromised by blurry background cells in these sputum images as 

sputum samples were not treated with mucolytic prior to cytospin. Subsequently, the Mask 

Region-based Convolutional Neural Network (Mask R-CNN)38, 39, which is the state-of-the-

art instance segmentation framework in the current deep-learning field, was adopted to 

differentiate airway macrophages from other cell types and quantify nano-scale black carbon 

particles. Mask R-CNN based MacLEAP algorithm yielded excellent correlations with 

manual count results (R2=0.99 for the number of macrophage and R2>0.83 for the number 

and area of black carbon particles), exhibited greater robustness on challenging images, and 

required fewer repetitive trials in the model training steps compared to CellProfiler-based 

algorithm (see Supplemental Materials)37.

In the past two decades, annual ambient PM2.5 levels ranged from 5.2 μg/m3 to 7.1 μg/m3 in 

Albuquerque, New Mexico (NM). Major CE-PM emission sources include year-long traffic 

emissions, wildfire smoke invasion in summer, and residential wood burning in winter. In 

this study, we conducted cross-sectional analyses of 88 LSC members to assess whether 

lung dose of black carbon increased amid episodic elevation of ambient PM2.5 levels due 

to summer wildfire smoke invasion or winter wood burning. Based on our initial version 

of Mask R-CNN-based MacLEAP algorithm37, we further enhanced the algorithm using 

a much larger set of images (n=1043) with more annotation of macrophages and black 
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carbon particles, and then applied the algorithm in 746 sputum images including 333 

freshly-stained sputum images as an indepdedent validation set. The performance of the 

MacLEAP algorithm was assessed by comparing individual-based MaCL levels between 

MacLEAP and manual counting. Lastly, we assessed whether association analyses with 

PM2.5 or lung injury biomarker, i.e., Club cell secretory protein (CC16), based on MacLEAP 

data could reproduce associations seen using manual scoring data.

Materials and Methods

Definition of study periods

Episodic elevation of ambient PM2.5 levels was defined as elevation in daily ambient PM2.5 

(>10 μg/m3) for over 2 weeks based on Environmental Protection Agency air quality data 

in the catchment area of the LSC, i.e., Albuquerque40. Seven periods were identified prior 

to 2010 when sputum slides were available for all visits in the LSC and had average 

PM2.5 levels for the entire periods >10 μg/m3 with peak daily average ranging from 19.8 

to 46.8 μg/m3 (Supplemental Table 1). These seven periods ranged from 14 days to 71 

days with an average of 46 days. Analyses of NASA (The National Aeronautics and Space 

Administration) and NOAA (National Oceanic and Atmospheric Administration) satellite 

data suggested wildfire smoke intrusion from the southwest of Albuquerque in summer 

based on timing concordance, smoke plume shapefiles, and major wind directions41. Local 

wood burning for heating during weather inversion most likely contributed to the episodic 

elevation of ambient PM2.5 in winter42. We also identified multiple periods with low PM2.5 

levels (30-day average PM2.5 <4 μg/m3).

Study subjects from the LSC

The LSC was established in 2001 to study sputum and blood biomarkers for risk assessment 

of lung cancer and chronic obstructive pulmonary disease in current and former smokers 

from Albuquerque, NM. Recruitment strategy and eligibility have been described for 

the ~2500 subjects enrolled43, 44. At study entry, cohort members completed a health 

questionnaire, underwent pre- and post- bronchodilator spirometry, and provided blood 

and induction sputum. Cohort members returned every 18 months to update smoking 

and medical history, underwent spirometry, and provided biological samples. The LSC 

followed standard induction procedure to collect sputum samples during each visit. The 

procedure involved inhaling a saline mist via a nebulizer to stimulate mucus production, 

followed by a deep cough to expel sputum for analysis25. Sputum samples were stored 

in Saccomanno solution up to three months at controlled room temperature and then 

washed with Saccomanno solution (without mucolytic treatment) prior to being split into 

two aliquots: one pelleted for long-term storage at −80°C for genomic analyses and the 

other spun onto slides using cytospin and stained with Papanicolaou Staining. Saccomanno 

solution was made in the lab by mixing 20 ml melted polyethylene glycol 1500 (A16241.0B, 

Thermo Scientific), 480 ml Milli-Q water, and 500 ml ethanol (V1001, Decon labs). 

Papanicolaou Staining kit contained Cyto-Stain™ (7501R, Epredia™), Hematoxylin 7211 

(72–11L, Epredia™), and Bluing Reagent (7301, Epredia™). This study (1054101) was 

approved by the Western Institutional Review Board and all participants signed consent 

forms. Sputum samples collected within the seven periods with episodic elevation of 
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ambient PM2.5 levels were selected. Sputum samples collected within the first two weeks 

of the seven periods were avoided because studies showed two weeks of exposure to a 

mild increase in ambient PM levels led to a detectable increase in MaCL levels31. Sputum 

slides collected at the end of each clean periods, i.e., 30-day average PM2.5 <4 μg/m3 were 

selected. A total of 49 and 39 slides collected during episodic elevation and clean periods 

were chosen, respectively; among which 66 slides that were stained prior to archiving were 

used in MacLEAP algorithm enhancement and 22 slides freshly stained were used as an 

independent validation.

Inclusion of current and former smokers

This study included both current and formers smokers from the LSC. This inclusion was 

supported by fact that 1) the literature reported no significant associations of area of particles 

(AoP), as the most commonly used MaCL measure, with smoking status (current versus 

non-current), cigarettes per day, duration of smoking, packyears, exposure to second-hand 

smoking, or urinary cotinine28, 32–34, 45, and 2) elemental carbon comprised only <1% of 

cigarette smoke particles46, 47 and Saccomanno’s solution removed any color from residual 

tar.

Image acquisition and quantification of MaCL

Fields containing macrophages were randomly selected from each sputum slide and were 

imaged manually under a 100× oil immersion lens mounted on an Olympus microscope 

BX43 with a DP28 camera. Through a motorized Z drive controlled by Olympus cellSens 

software, we acquired Z-stack images with 100 nm as the depth interval to cover the entire 

cell depth. Stack depth at 100 nm is the finest step size configurable in Olympus cellSens 

software that controls the motorized Z drive. Increasing the step size was likely to miss 

some smaller particles or acquire less stack images with black carbon particles. This lowered 

the quality of projection images for detecting black carbon particles either manually or 

using MacLEAP algorithm. A flattened image at 3840 × 2160 pixels was generated by 

stacking all stack images with most contrasted features at each depth projected. Images for 

50 macrophages per slide were acquired. A well-trained technician who was blind to the 

exposure status conducted image acquisition and used ImageJ/NIH Image to quantify MaCL 

endpoints. Number and area of macrophages were recorded for each macrophage, then 

median values of number and area of particles for all macrophages scored per individual 

were calculated as lung dose metric for subsequent analyses.

Mask R-CNN based MacLEAP algorithm

MacLEAP was developed based on a free, open-source deep convolutional neural network 

Mask R-CNN38. We adopted a cascaded approach to first recognize macrophages, and 

then recognize and quantify black carbon particles in these macrophages (Figure 1). 

Detailed description of the algorithm development and its application is in the Supplemental 

Materials.
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Statistical analyses

Variables were summarized by PM2.5 exposure status (high versus low) using statistics 

based on their nature and distribution (Table 1). The associations between PM2.5 exposure 

in different time frames and MaCL measurements were assessed using over-dispersion 

controlled Poisson (number of particles [NoP]), Gamma (AoP), and Linear (% cells with 

particles [%CWP]) regressions with adjustment for age, sex, smoking quit time, packyears, 

overweight or obesity, ethnicity, and ever wood smoke exposure as these variables were 

reported to affect lung health48, 49. Analyses were also conducted without adjustment of 

these covariates (Supplemental Table 2) and found little difference in associations compared 

to analyses with covariate adjustment (Table 2). Samples with median AoPs equal to 0 were 

given a value of 0.0155 μm2, half of the none-zero minimal in all subjects to allow log 

transformation in the Gamma regression analyses. Second, Linear regression was used to 

assess the associations between MaCL levels and a lung injury biomarker (plasma CC16) 

in a subset of subjects (n=48) with CC16 data available50. Third, because NoPs and AoPs 

showed consistent associations with PM2.5 and CC16 based on manual counting, we used 

these two individual-based MaCL measurements to further evaulate the performance of 

MacLEAP. All statistical analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, 

NC, USA).

Results

Demographics and ambient PM2.5 levels

The distribution of demographic variables was similar between high versus low PM2.5 

exposure groups (Table 1). Large differences in PM2.5 levels were observed up to 2 months 

prior to sputum collection, however differences reduced for 3, 6, 12, and 18 months, 

consistent with our definition of episodic exposure to ambient combustion particles and low 

annual PM2.5 levels in this area (Figure 2A). It is important to note that even with episodic 

elevation of PM2.5, average PM2.5 in the week prior to sputum collection (PM2.5-7d) peaked 

around 23.3 μg/m3 (Figure 2A).

Associations between ambient PM2.5 and manually counted MaCL

A total of 12,130 carbon particles were identified manually from 4430 macrophages from 88 

subjects and were quantified for MaCL endpoints. By observing the 3-D structure of black 

carbon particles, we identified 1009 macrophages with only one particle engulfed among 

which 98% of these particles had diameters less than 1 μm (Figure 2C). These individual 

particles peak around 200–500 nm in diameter. A sharp decline in fractions of particles 

smaller than 200 nm was mainly due to fact that particles smaller than that size can not be 

reliably detected under 100× oil immersion objective of numerical aperture 1.2551. NoPs 

and AoPs were significantly higher in high versus low PM2.5 exposure groups by at least 

44% (Ps <0.05, Table 1). %CWPs were higher in high versus low PM2.5 exposure groups but 

did not reach statistically significance (P =0.11). Because a large variance was observed for 

PM2.5 levels in the high exposure group (Figure 2A), we further include PM2.5 levels from 

different time frame as a continuous variable and assessed their associations with MaCL 

endpoints. All three MaCL endpoints were associated with PM2.5 levels calculated within 

the time frame of episodic elevation (7 days to 2 months) with most significant associations 
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observed for 7d average (Table 2, Figure 2B). Each 5 μg/m3 increase in PM2.5-D7 levels was 

associated with 48%, 31%, and 3.7% increase in NoPs, AoPs, and % CWPs, respectively 

(Table 2). Moreover, we also identified significant associations of MaCL endpoints with 

PM2.5 levels calculated for longer periods (3 to 18 months, Table 2). Similar associations 

were identified using long-term PM2.5 average calculated by excluding PM2.5 data in two 

months immediately prior to sputum collection to minimize the impact of recent episodic 

PM2.5 elevation on calculating long-term PM2.5 average (Supplemental Table 3). Magnitude 

of associations increased for longer periods (Table 2) because of lower average and standard 

deviation for PM2.5 levels (Figure 2A). For all above analyses, NoPs and AoPs were 

much more sensitive to ambient PM2.5 than %CWPs. Analyses of determinants for MaCL 

endpoints did not identify significant effects from age, sex, smoking quit-time, packyears, 

BMI, or ethnicity (Supplemental Table 4). However, we identified a significant association 

between slef-reported ever woodsmoke exposure and %CWPs (estimate = 8.73%, P = 0.03).

Associations between manually counted MaCL and plasma CC16

CC16 has anti-inflammatory and antioxidant properties in the lung, and its blood levels 

reduced in cigarette smokers and populations with high PM2.5 exposures due to injury 

of Club cells in the distal airways52, 53. Among a subset of LSC subjects (n=48) with 

plasma CC16 levels available50, NoPs and AoPs in macrophages were associated with lower 

plasma CC16 levels with each inter-quartile range associated with up to 19% reduction 

(Table 3, Figure 3A). However, no significant associations with %CWPs were identified 

(P=0.33). Additional analyses were conducted to assess whether macrophages with higher 

carbon content generate higher lung injury using different cut points of percentage of cell 

area occupied by black carbon. As shown in Table 4, with the increasing cut points for 

defining macrophages with higher carbon content, stronger associations between %cells 

with higher carbon load and plasma CC16 were observed and associations reached statistical 

significance when using 0.46%, the 90th percentile of carbon load, as the cut point. 

Moreover, a strong linear relationship was identified between thresholds for defining 

macrophages with higher carbon occupancy and effect sizes (R2=0.95, Figure 3C).

Performance of MacLEAP algorithm

MacLEAP algorithm successfully recognized 96.3% macrophages from all 1789 sputum 

images. Visual inspection of images suggested that most missing macrophages occurred in 

the second batch for independent validation of the MacLEAP algorithm probably due to 

fresher staining. Slides for independent validation were from the LSC as well, but were 

stored as unstained in a cold room. Color from first batch for algorithm development may 

fade to some degree due to long-term storage (>15 years) after staining at room temperature. 

It is important to note that MacLEAP algorithm also recognized more macrophages (3.5%) 

and visual inspection of these images suggested that the gain was mainly due to recognition 

of macrophages with irregular shapes, broken cytoplasm, or not stained perfectly for 

nuclear material, which were excluded during manual counting. Excellent correlations were 

identified for mean number (R2=0.87, Figure 4D) and median area (R2=0.82, Figure 4A) of 

particles between manual and AI counting in 66 subjects used for the enhancement of the 

MacLEAP algorithm. Excellent correlations were also identified for mean number (R2=0.76, 

Figure 4E) and median area (R2=0.91, Figure 4B) of particles between manual and AI 
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counting in 22 subjects as the independent validation set. There were two and three samples 

with zero value for both manual and MacLEAP-calculated AoPs in Figure 4A and 4B, 

respectively. Removing these five samples only slightly reduced the correlation coefficience 

(R2=0.82 in Figure 4A and R2=0.89 in Figure 4B). Both sets combined provided overall 

R2 values of 0.86 and 0.83 for mean NoPs (Figure 4F) and median AoPs (Figure 4C) 

respectively between manual and AI counting in all 88 subjects. The linear regression lines 

were very close to the 1:1 line for median AoPs between manual and MacLEAP counting 

(Figure 4C). The linear regression lines deviated slightly from the 1:1 line for NoPs (Figure 

4F). The three samples that drove the slight deviation contained macrophages with high 

carbon load which challenged manual counting. Association analyses with ambient PM2.5 

and plasma CC16 based on AI measurements identified results (Supplemental Tables 5 and 

6, Figure 2 and 3) almost identical to those seen based on manual counting.

Discussions

This is the first study that quantified airway MaCL using an improved image acquisition 

system (i.e., projection image) in a US population with relatively low annual ambient PM2.5 

levels (around 6 μg/m3) that approach the new standard (5 μg/m3) of the World Health 

Organization Air Quality Guidelines 202154. AoPs in all 88 subjects ranged from 0 to 

0.83 μm2 with 0.11 μm2 as the median, which was lower than that (>0.19 μm2) seen in 

European populations with ambient annual PM2.5 levels >20 μg/m3 22, 26 and much lower 

than that (>1 μm2) seen in Asian populations with ambient annual PM2.5 levels >40 μg/m3 

22, 55. MaCL levels were highly responsive to episodic (2–10 weeks) elevation of ambient 

PM2.5 levels (by 6 μg/m3 in average) resulting from wildfire smoke invasion in summer or 

residential wood burning for winter heating. Our findings were supported by a panel study 

of 20 elderly subjects from Flanders, Belgium with annual PM10 at 20–30 μg/m3, which 

showed a significant increase of AoPs by 0.54 μm2 after only 10 days of stay in Milan, Italy 

with annual PM10 at 40–50 μg/m3 31. Moreover, >98% individual black carbon particles in 

macrophages had diameter <1 μm, suggesting the importance of focusing on PM1-related 

black carbon levels for health effect studies and development of a new air quality metric 

for black carbon as prioritized by the WHO Air Quality Guidelines 2021 – “Aiming for 

Heathier Air for All”9, 11.

MaCL had a constant declining of 0.006–0.013 μm2 particle area per day post exposure22, 

28. Depending on peak exposure levels, estimated clearance half-lives of MaCL levels 

ranged from months to years22, 25, which were also affected by lifespan (81 days56) and 

subtype of macrophages, mucociliary clearance, and toxicity of inhalants. MaCL levels 

also correlated with the 6- to 12-month average of PM10 estimated at the participants’ 

residence in studies conducted in Europe26, 27. Our identification of associations of MaCL 

with long-term (6 to 18 months) PM2.5 exposure further supports MaCL as a lung dose 

biomarker for long-term PM exposure.

Current study identified associations between MaCL levels and the lung injury biomarker 

CC16 in plasma. Smaller particles are more toxic as they can access and deposit deep 

in the lungs, however our findings also suggest that engulfed particles may be more 

toxic with larger aggregate sizes. Phagocytosis is a major clearance mechanism for airway 
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pathogens, however engulfed carbon particles can not be “digested” and may cumulate in 

phago-lysosome and trigger persistent inflammatory reactions that mediate pulmonary and 

extra pulmonary health effects20. Thus, MaCL not only reflects lung deposition dose of 

black carbon, but also serves as a bio-effective biomarker that may be directly involved in 

the pathogenesis of lung injury32, 33.

Our current analyses of 88 current and former smokers did not identify statistically 

significant associations of MaCL endpoints with smoking quit-time and packyears, though 

people who quit smoking tend to have lower MaCL levels. These findings together with our 

previous studies and others28, 32–34, 45–47 do not support the previous practice for excluding 

current smokers in studies involving MaCL. Instead, smoking history can be either matched 

at the design stage, or adjusted as covariates or stratified at the data analysis stage. Subjects 

who were over-weighted or obese had lower MaCL levels, but the difference did not reach 

statistical significance. Our study also did not find influence of age on MaCL levels. Thus, 

our studies and others24, 26, 27, 34 support that the use of MaCL as a lung deposition dose of 

black carbon is robust and less likely to be confounded by demographic variables including 

age, cigarette smoking, and BMI. In the LSC, female smokers were initially recruited in 

2000, with males added beginning in 2004. The inclusion of only six males in this study was 

mainly due to the fact that most of the sputum slides pulled for this study were collected 

prior to 2007.

Instead of detecting and segmenting multiple-class objects (macrophage and carbon) 

simultaneously from the same images, the two-step detection method extracted the large 

distinct macrophage cells from the background, and then a second ResNet-backboned Mask 

R-CNN was dedicated to detect the uniformly dense and often featureless black carbon 

particles. This allowed for higher precision in instance segmentation and quantification, 

and ultimately faster for assessing carbon load per macrophage. In addition, extensive 

masking of features for training in a large number of images is essential for development 

of a robust AI algorithm. In our study, feature masking was conducted by referring to 

the detailed scoring sheets that recorded number and locations of macrophages and black 

carbon particles on each sputum image. Based on our initial version of Mask R-CNN 

based MacLEAP algorithm37, we further strengthened the algorithm training using a 

much larger set of images and then assessed the performance using an independent set 

of images that were freshly stained. Mask R-CNN-based MacLEAP algorithm yielded 

excellent correlations with manual counting, a “well-regarded” gold standard for MaCL 

scoring and generated an almost identical magnitude of associations of MaCL with PM2.5 

and CC16, as compared to manual counting. Our ongoing studies of residential wood 

smoke exposure were designed to assess MaCL in spontaneous sputum samples collected 

in subjects enrolled from Alaska, Montana, Boise, and NM. The MacLEAP algorithm 

demonstrated high flexibility and openness for additional training using sputum images 

from different populations and/or collected and stained using different protocols. Future plan 

to improve the MacLEAP algorithm is to implement more cost-effective AI deep neural 

network platforms such as PyTorch instead of TensorFlow to handle both analytical and 

computational challenges.
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It is important to note that our improved image acquisition system is semi-automatic 

and scorer-independent, and greatly reduces the burden associated with image taking as 

performers only need to define top and bottom of the images under each field and apply 

universal stack depth (i.e., 100 nm). Thus, our overall MaCL image acquisition and analysis 

system is estimated to be able to extract data from 50 macrophages on an average-quality 

slide in less than one hour. This entire process is now scorer-independent and can be done 

by multiple technicians without lengthy training and tedious quality assurance. All those 

innovative improvements make MaCL assay ready for large-scale epidemiological studies 

to integrate the long-missing lung deposition dose component in risk assessment of CE-PM 

exposure.

Conclusions

In summary, this study added new evidence to support MaCL as a lung bio-effective 

biomarker for black carbon that was responsive to episodic elevation of CE-PM exposure 

and also correlated with long-term PM2.5 exposure. The influence of age, cigarette smoking, 

and BMI seemed minimal. The MacLEAP algorithm based on Mask R-CNN in conjunction 

with our improved image acquisition system made measuring MaCL as lung deposition dose 

of black carbon feasible in large-scale epidemiological studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact statement

Understanding lung black carbon deposition is crucial for comprehending health effects 

of combustion particles. We developed “Machine-Learning algorithm for Engulfed 

cArbon Particles (MacLEAP)”, the first artificial intelligence algorithm for quantifying 

airway macrophage black carbon. Our study bolstered the algorithm with more training 

images and its first use in air pollution epidemiology. We revealed macrophage carbon 

load as a sensitive biomarker for heightened ambient combustion particles due to 

wildfires and residential wood burning.
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Figure 1. Pipeline for the Development of the Machine-Learning algorithm for Engulfed cArbon 
Particles (MacLEAP) algorithm.
A cascaded approach was adopted to develop macrophage and carbon particle models using 

the Mask R-CNN. A subset (n=1043) of sputum images from 66 LSC subejcts were used 

to improve the MacLEAP algorithm. A total of 2297 macrophages were masked manually 

on these 1043 projection images to enhance the macrophage model. A total of 2364 black 

carbon particles were masked manually on 450 cropped macrophages to develop the black 

carbon model. The optimized algorithm was then applied to the rest 413 sputum images 

from the 66 subjects and all 333 sputum images from the 22 subjects.

Jiang et al. Page 15

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2024 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Episodic elevation of PM2.5 and areas of the particles in macrophages.
Large differences in PM2.5 levels were observed up to 2 months prior to sputum collection, 

however differences reduced for 3 months and beyond (A). Over 98% of engulfed individual 

particles had diameters less than 1 μm with 78.6% between 200 and 500 nm (C). 7d average 

of PM2.5 was less than 5 μg/m3 for low PM2.5 group, but ranged from 6 to 25 μg/m3 for 

high PM2.5 group. Each 5 μg/m3 increase in 7d PM2.5 average was associated with 48% 

and 30% increase in AoPs scored manually (B, P=0.0009) or by MacLEAP (D, P=0.0024), 

respectively. D: day; M: month.
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Figure 3. MaCL and lung injury biomarker CC16.
Each inter-quartile range increase in AoPs scored manually (A, 0.134 μm2) or by MacLEAP 

(B, 0.195 μm2) was associated with 19% and 22% reduction in plasma CC16 levels, 

respectively. Higher cut points for defining macrophages with large carbon occupancy 

resulted in stronger associations between %cells with higher carbon load and plasma CC16 

levels (C).
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Figure 4. Correlations between manual and MacLEAP counting for NoPs and AoPs.
A and D summarized the correlations of AoPs and NoPs between manual and MacLEAP 

counting for 1456 sputum images from the 66 subjects. The optimized algorithm was then 

applied to the 333 sputum images from 22 subjects as an independent validation set (B 
and E). C and F demonstrated the correlations of AoPs and NoPs between manual and 

MacLEAP counting for all 1789 sputum images from all 88 subjects. Performance was 

evaluated using individual-based NoPs and AoPs. Red lines represented the 1:1 identity line. 

Blue dotted lines were the linear regression lines.
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Table 1.

Demographics and macrophage carbon load measurements in high and low PM2.5 exposure groups

Variable High PM2.5 exposure Low PM2.5 exposure P

n 49 39

Age (yr, mean ± SD) 55.1 ± 8.7 55.7 ± 7.5 0.74*

Male (n, %) 4, 8.2 2, 5.1 0.57†

Ethnicity 0.90†

 Non-Hispanic white (n, %) 41, 83.7 33, 84.6

 Others (n, %) 8, 16.3 6, 15.4

Current smoker (n, %) 32, 65.3 26, 66.7 0.89†

Packyears (mean ± SD) 41.2 ± 27.8 45.0 ± 25.1

BMI (mean ± SD) 29.2 ± 5.9 28.1 ± 6.7 0.43*

BMI>25 (n, %) 37, 75.5 24, 61.5 0.16†

Ever woodsmoke exposure (n, %) 11, 22.5 10, 25.6 0.73†

MaCL measurements

 Nops (mean ± SD) 2.02 ± 2.05 1.36 ± 1.06 0.035‡

 AoPs (μm2, median, Q1–Q3) 0.119, 0.058 – 0.217 0.088, 0.060 – 0.188 0.041‡

 %CWP (%, mean ± SD) 69.9 ± 14.5 64.5 ± 16.4 0.11‡

NoP: Number of particle; AoP: Area of particle; %CWP: % cells with particles; SD: standard deviation; BMI: body mass index; Q: quartile

*
Student t test

†
Chi square test

‡
Poisson, Gamma, and Linear regressions were used for assessing associations between combustion particle exposure (high versus low) and NoP 

(count ratio=1.49, 95%CI=1.02–2.16), AoP (area ratio=1.44, 95%CI=1.01–2.05), and %CWP (estimate = 5.4% with 3.3% as standard error), 
respectively. NoPs and AoPs are median values for all macrophages scored per individual.
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Table 3.

Associations between macrophage carbon load levels and plasma CC16 in a subset of study subjects (n=48)

MaCL variable Unit IQR CC16 concentration ratio P

NoP count 1 0.84 (0.73 – 0.96) 0.011

AoP μm2 0.134 0.81 (0.69 – 0.95) 0.011

%CWP % 20.4 0.89 (0.70 – 1.13) 0.33

NoP: Number of particle; AoP: Area of particle; %CWP: % cells with particles; IQR: inter-quartile range

Linear models were used to analyze the associations between MaCL endpoints and plasma CC16 (natural log transformed) with adjustment for age, 
sex, quit time, packyears, overweight or obesity, and ethnicity. CC16 concentration ratios were calculated as the exponential of estimates for each 
IQR change of the MaCL endpoints.
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Table 4.

Associations between %cell with higher carbon load and plasma CC16 (n=48)

PCOC threshold Mean ± SD CC16 concentration ratio P

Minimal (0.0025%) 67.5 ± 15.5 0.97 (0.92 – 1.03) 0.33

Median (0.064%) 46.4 ± 21.2 0.97 (0.93 – 1.02) 0.22

60th percentile (0.10%) 37.1 ± 20.3 0.96 (0.92 – 1.01) 0.10

70th percentile (0.16%) 27.6 ± 18.1 0.95 (0.90 – 1.00) 0.046

75th percentile (0.20%) 23.3 ± 17.0 0.95 (0.90 – 1.00) 0.064

80th percentile (0.26%) 18.6 ± 15.2 0.94 (0.89 – 1.00) 0.059

90th percentile (0.46%) 9.4 ± 9.5 0.89 (0.81 – 0.98) 0.018

95th percentile (0.72%) 5.0 ± 5.5 0.88 (0.74 – 1.04) 0.13

PCOC: percentage of cell area occupied by carbon particles

Linear models were used to analyze the associations between %cells with large P and plasma CC16 (natural log transformed) with adjustment for 
age, sex, quit time, packyears, overweight or obesity, and ethnicity. CC16 concentration ratios were calculated as the exponential of estimates for 
each 5% increase in % cells with large P to ensure comparability of magnitude of associations across models.
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