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Background: Long-term survival after lung transplantation is significantly shorter compared with other solid organ transplantations. Chronic lung allograft dysfunction (CLAD), including bronchiolitis obliterans syndrome (BOS), remains the major barrier to survival. CLAD is diagnosed according to ISHLT's guidelines: a 20% drop in FEV1 using spirometry for CLAD grade 1. Given the difficulties of confounders using spirometry, other methods for precise diagnostics are being explored. Exhaled breath particles (EBP) measured as particle flow rate (PFR) from the airways have been explored as a potential method to diagnose lung injury in preclinical and clinical settings of acute respiratory distress syndrome (ARDS) and primary graft dysfunction (PGD). In fact, PFR has been shown to indicate early signs of lung injury in both ARDS and PGD settings. In the present study, we explored whether PFR could be used as a marker for BOS.



Methods: Lung transplant patients with different BOS grades were included. All patients were in stable condition without ongoing infections and >2 years posttransplantation. PFR (in particles per liter) was measured using a Particles in Exhaled Air (PExA) 2.0 device (PExA, Gothenburg, Sweden), containing an optical particle counter, at the start of the study and then 1 year out, in total two time points (0 and 1 year). Particles in the diameter range of 0.41–4.55 µm were measured.



Results: At both the start of the study and 1 year out, patients with BOS grade 0 had significantly higher PFR than patients with BOS grades 2–3. During the study period, patients who progressed in their BOS grade all expressed lower PFR as they progressed in BOS grade, while patients who remained stable in BOS grade did not. The particle distribution between the different BOS grades had a similar pattern; however, it significantly decreased PFR with severity in the BOS grade.



Conclusions: EBP expressed as PFR could be used to distinguish severity in BOS grade and could be used to follow the progression of BOS over time. PFR could be used as a new diagnostic tool for BOS and to follow the development of lung function over time.
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Introduction

Lung transplantation (LTx) is currently the only treatment option for end-stage pulmonary disease. Despite improvement during the last years, the 1- and 5-year survival rates following LTx are still very low compared with other solid organ transplantations (1). The limited survival is primarily due to the occurrence of primary graft dysfunction (PGD), the main limitation of early survival, and chronic lung allograft dysfunction (CLAD), the main limitation for long-term survival (2–5). The development of CLAD is characterized by a progressive and non-infectious decline in lung function and affects up to 50% of all LTx recipients within the first 5 years after transplantation and 75% within 10 years (1, 6, 7). There are two major phenotypes of CLAD: bronchiolitis obliterans syndrome (BOS) and restrictive allograft syndrome (8). Although the prognosis for patients diagnosed with CLAD is generally poor, it has been shown that early diagnosis helps optimize the available therapies and prolong patient survival (9). As of today, the diagnosis mainly relies on spirometry, high-resolution computed tomography, and transbronchial lung biopsies (9–11). However, these methods are somewhat limited by low sensitivity and specificity. Due to this, a considerable and permanent decrease in lung function may already have developed by the time a CLAD diagnosis is set (12–14). There is therefore a clear need to improve and optimize the diagnostic methods for CLAD.

To date, several different techniques have been explored for non-invasively monitoring the status of the lung. The technique of sampling exhaled breath particles (EBP) has emerged as an attractive alternative to conventional techniques because it is non-invasive and allows repeated sampling with ease and no risk for the patient (14, 15). Exhaled breath particles are formed in the distal airways and have been shown to reflect the overall chemical composition of the respiratory tract lining fluid (15–20). We have previously demonstrated that EBP expressed as particle flow rate (PFR) from the airways (PFR), as an on-site and direct measurement of EBP, can be used to diagnose both PGD in lung transplant patients and acute respiratory distress syndrome (ARDS) in COVID-19 patients, as well as in pre-clinical settings in porcine models (19, 21–27). However, PFR has not yet been evaluated for BOS. In the present prospective observational study, we hypothesized that there is an association between PFR and the onset of BOS as well as BOS severity.



Materials and methods


Ethical considerations

The study was performed in accordance with the Declaration of Helsinki and was approved by the Swedish Ethical Board (Dnr 2017/396). All patients gave written informed consent before participating in the study.



Patients and samples

Patients were included based on the following inclusion and exclusion criteria:

Inclusion criteria:


	•Patients over the age of 18 years

	•Patients who underwent double lung transplantation

	•Double lung transplantation patients at least 2 years posttransplant

	•Patients with BOS grades 0–3



Exclusion criteria:


	•Patients diagnosed with active or invasive infection (patients with colonization were not excluded)

	•Patients with other forms of CLAD than BOS, e.g., restrictive allograft syndrome

	•Lack of informed consent



Eligible patients (n = 40) that were clinically diagnosed with CLAD were phenotyped as BOS and assigned to BOS grades based on pulmonary function tests, chest imaging, and transbronchial biopsies according to the International Society for Heart and Lung Transplantation/American Thoracic Society/European Respiratory Society (ISHLT/ATS/ERS) clinical practice guidelines statement from 2014 (9) which were followed at time of diagnosis for all patients. Accordingly, BOS grades were determined according to the decline of forced expiratory volume in 1 s (FEV1) relative to the patient's baseline FEV1. All patients included in the study exhibited an obstructive phenotype and were further diagnosed with BOS. For clarity, BOS grading (Stages 0–3) was used throughout the analysis to classify disease severity which was defined as follows:


	BOS grade 0: FEV1 decline of <10%–19%

	BOS grade 1: FEV1 decline of 20%–34%

	BOS grade 2: FEV1 decline of 35%–49%

	BOS grade 3: FEV1 decline of ≥50%



In comparison, the recent ISHLT guidelines from 2019 (28) define the CLAD grades as follows:


	CLAD 0: current FEV1 > 80 FEV1 baseline

	CLAD 1: current FEV1 > 65%‒80% FEV1 baseline

	CLAD 2: current FEV1 > 50%‒65% FEV1 baseline

	CLAD 3: current FEV1 > 35%‒50% FEV1 baseline

	CLAD 4: current FEV1 ≤ 35% FEV1 baseline



Spirometry measures were combined with evaluation including imaging and bronchoscopy to identify and rule out other specific causes (9). To minimize potential confounding from early postoperative complications, only patients who were at least 2 years post-lung transplantation were included. Patients receiving inhalation therapy were sampled at least four hours post-inhalation to minimize any potential interference with PFR measurements. Among the 40 patients, 24 were BOS grade 0, 7 were grade 1, 5 were grade 2, and 4 were grade 3. Samples were obtained at baseline following double lung transplantation, and of those 40 patients, 32 were sampled again after 1 year. Three patients were excluded due to re-transplantation secondary to graft failure, and five patients died before the 1-year follow-up. Six patients progressed in their BOS grade from the first measurement at baseline to the 1-year follow-up. Patients whose BOS grades were higher at the 1-year follow-up than at baseline were regarded as having progressive BOS, and patients whose BOS grades remained unchanged at the 1-year follow-up compared with baseline were regarded as having stable BOS. Patients with BOS grade 0 at baseline, who did not experience progression over the 1-year follow-up period, served as internal controls for time-locked comparisons. As per ISHLT guidelines (9, 28), BOS grade 0 patients are considered BOS-free at the time of assessment. These patients served as a reference group for assessing changes in PFR over time.



Measurements of particle flow rate from the airways

The measurement of PFR was performed using the Particles in Exhaled Air (PExA) device (PExA, Gothenburg, Sweden), in which the patient breathes into the device containing a two-stage inertial impactor and an optical particle counter as previously described in detail (21). The method requires a standardized breathing maneuver, as previously described (15). The patient is required to exhale a total of 60 L of air to complete the process. However, in cases of impaired lung function, the procedure is terminated after 30 min, regardless of whether the 60 L target has been reached. The particles were analyzed and expressed as the number of particles per volume and relative counts per particle size. The measured PFR and further collected EBP onto a membrane were stratified into eight different size bins based on their inertia, ranging in size from 0.41 µm to 4.55 µm in diameter. Particle sizes 1–8 corresponded to the EBP from the smallest to the largest sizes, with particle size 1 being the smallest and particle size 8 being the largest. Data regarding the PFR, defined as the number of particles per liter of exhaled air, was also acquired. Samples were collected at baseline and again at 1-year follow-up.



Statistical analysis

All statistical analyses were conducted using GraphPad Prism version 10.3.1. Normally distributed data are presented as the mean ± standard deviation, whereas non-parametric data are presented as the median with interquartile range (IQR). Student's t-test (for normally distributed data), Mann–Whitney U test, Wilcoxon signed-rank test, Kruskal–Wallis H test, and Dunn's test (for non-parametric data) were applied to the data to evaluate statistical differences between subgroups. Statistical significance was defined as p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and p > 0.05 (not significant).




Results


Descriptive results

Of the 40 patients included at baseline, 28 (58%) were female, and the median age in the cohort was 55 years (IQR: 21–73). All patients underwent a double lung transplantation. The major indications for LTx included chronic obstructive pulmonary disease (COPD) (n = 5), cystic fibrosis (n = 11), alpha-1 antitrypsin deficiency (n = 9), pulmonary fibrosis (n = 7), pulmonary hypertension (n = 5), and other (n = 3). The category other includes bronchiectasis, sarcoidosis, and graft-vs.-host disease. A total of 24 patients had BOS grade 0 at baseline, seven had BOS grade 1, 5 had BOS grade 2, and 4 had BOS grade 3. Thirty-two of the included patients were sampled again at the 1-year follow-up. Patients who underwent re-transplantation or patients who died before the 1-year follow-up were not sampled more than once (Figure 1). Patient characteristics are summarized in Table 1. A total of six patients experienced progression of BOS grade between baseline and 1-year follow-up.


[image: Figure 1]
FIGURE 1
Study overview. The current study includes a total of 40 lung transplanted (LTx) recipients undergoing double lung transplantation with varying grades of BOS. All patients were sampled for EBP and PFR at the baseline timepoint, and 32 patients were sampled again 1 year later at the 1-year follow-up. Eight patients were unable to complete the 1-year follow-up measurement due to five cases of death (deceased patients) and three cases of re-transplantation secondary to graft failure (Re-LTx patients). BOS, bronchiolitis obliterans syndrome; PFR, particle flow rate; EBP, exhaled breath particles; Re-LTx, re-transplantation.



TABLE 1 Patient characteristics (n = 40). Eligible BOS patients included those in stable condition, without ongoing infection.
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Decreasing PFR is associated with increasing severity of BOS and BOS progression

To deepen the understanding of how PFR and EBP may be used in the setting of BOS, we first explored whether the PFR could be utilized to detect different stages of BOS. When comparing the baseline PFR values between LTx recipients with BOS grade 0 and patients with BOS grades 1–3, significant decreases in PFR could be seen in all subgroups of patients with a BOS diagnosis (BOS grades 1, 2, and 3) compared with patients with BOS grade 0 [median PFR BOS grade 0 = 34,417 (IQR: 21,457–44,991); median PFR BOS grade 1 = 10,682 (IQR: 1,615–21,190), p = 0.041; median PFR BOS grade 2 = 3,904 (IQR: 752–6,489), p = 0.003; median PFR BOS grade 3 = 715 (264.8–2,135), p = 0.001] (Figure 2A; Supplementary Table S1). These results remained mostly consistent at the one-year follow-up, with the PFR values of patients with BOS grades 2 and 3 being significantly lower compared with those of recipients with BOS grade 0 [median PFR BOS grade 0 = 28,512 (IQR: 8,443–90,484); median PFR BOS grade 1 = 8,335 (IQR: 609.5–16,430), p = 0.459; median PFR BOS grade 2 = 1,659 (IQR: 566.5–2,944), p = 0.048; median PFR BOS grade 3 = 152 (IQR: 82–4,995), p = 0.005] (Figure 2B; Supplementary Table S1).


[image: Figure 2]
FIGURE 2
Differing PFR between LTx recipients with different BOS grades. PFR was measured at baseline and at the 1-year follow-up in lung transplant (LTx) recipients with varying grades of BOS. (A) PFR at baseline for patients with BOS grades 0–3. PFR in patients with more severe grades of BOS was significantly lower compared with patients with BOS grade 0. (B) PFR at the time of 1-year follow-up, with similar results: patients with severe BOS grades 2–3 continued to exhibit significantly lower PFR compared with those with BOS grade 0. Statistical significance was tested using the Kruskal–Wallis H test for overall comparisons among all four groups and Dunn's test for pairwise comparisons. Statistical significance is defined as p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and p > 0.05 (ns). PFR, particle flow rate; BOS, bronchiolitis obliterans syndrome.


We further investigated whether lower PFR values were associated with progressive BOS, and we found significantly lower PFR values at 1-year follow-up in LTx recipients with progression of BOS compared with baseline values [median PFR at baseline = 23,199 (IQR: 6,872–46,892); median PFR at 1-year follow-up = 912.5 (101.9–11,948), p = 0.031] (Figure 3A; Supplementary Table S2). On the other hand, patients with stable disease showed no significant decrease in PFR between the two timepoints [median PFR at baseline = 30,818 (IQR: 18,204–43,730); median PFR at one-year follow-up = 28,512 (IQR: 8,443–90,484), p = 0.932] (Figure 3B; Supplementary Table S2).


[image: Figure 3]
FIGURE 3
Decreasing PFR is associated with progressive BOS. (A) Change in PFR with progressive BOS from baseline to the 1-year follow-up. (B) Change in PFR for patients with stable BOS between baseline and the 1-year follow-up. Patients whose BOS grades were higher at the 1-year follow-up than at baseline were regarded as having progressive BOS, and patients whose BOS grades remained unchanged at the 1-year follow-up compared with baseline were regarded as having stable BOS. PFR was significantly reduced in patients with progressive BOS at the 1-year follow-up compared with baseline, whereas no such reduction was observed in patients with stable disease. Statistical significance was tested using the Wilcoxon test. Statistical significance is defined as p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and p > 0.05 (ns). PFR, particle flow rate; BOS, bronchiolitis obliterans syndrome; ns, not significant.




Similar particle size distribution patterns between different BOS grades

Particle size distribution patterns of collected EBP samples were also analyzed; however, this showed no striking differences in either shape or size of the curves, regardless of BOS grades. This observation held true for both baseline and 1-year follow-up measurements. The total number of collected particles in each of the eight size bins was also compared between patients with different grades of BOS. At baseline, an increase in accumulated particles was observed in the three smallest size bins for patients with higher BOS grades, and furthermore, a decrease in accumulated particles was noted in the medium and larger size bins for patients with higher BOS grades, both at baseline and at the 1-year follow-up (Supplementary Table S3).

During the collection of exhaled particles, the PExA device was used to count and collect EBPs. The device's impactor separated the particles by size during counting, and these size variations were analyzed (Figure 4). At baseline, significant differences in particle sizes, particularly in the larger size bins, were observed. At the 1-year follow-up, differences in particle sizes were noted but were not as pronounced as at baseline. It is possible that some patients with progressive BOS had not yet been diagnosed at that point. Moreover, particles of larger sizes can fracture into smaller components due to the mechanical impact while traveling into the larger respiratory airways, further clouding the interpretation of these patterns (22, 23, 28).


[image: Figure 4]
FIGURE 4
Particle size distribution patterns depend on BOS grade. Particle size distribution patterns for EBP were analyzed at baseline and at the 1-year follow-up, categorized by BOS grade. (A) Particle size distribution at baseline, showing significant differences in the quantities of larger EBP sizes between patients with BOS grade 0 and those with BOS grades 2–3. (B) Particle size distribution at the 1-year follow-up, demonstrating similar trends to those observed at baseline. Statistical significance was tested using the Kruskal–Wallis H test and Dunn's test. Statistical significance is defined as p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and p > 0.05 (ns). N, number of; EBP, exhaled breath particle; BOS, bronchiolitis obliterans syndrome.





Discussion

Particle flow rate (PFR) from the airways has emerged as a promising non-invasive alternative to conventional diagnostic methods, offering the advantage of repeated, risk-free sampling. Our team has previously demonstrated that PFR can effectively diagnose PGD in lung transplant recipients and acute respiratory distress syndrome (ARDS) in COVID-19 patients (19–27). However, its application in diagnosing BOS has remained unexplored. In this prospective observational study, we demonstrate that PFR can reliably diagnose BOS and distinguish between varying degrees of disease severity.

Given that BOS leads to lung injury and a decrease in lung function, we hypothesized that PFR could serve as a tool to assess and monitor lung function in patients across different stages of BOS. To date, no study has investigated the use of PFR in this context. In the present study, we observed a correlation between PFR values and BOS severity, revealing a clear association: higher BOS grades corresponded to lower PFR values. This relationship was also evident when comparing patients with progressive BOS to those with stable disease, where lower PFR values were linked to more severe rejection.

We observed a clear distinction in PFR between patients without BOS and those with BOS grades 1–3. Additionally, it was possible to differentiate between the various BOS grades using PFR. The consistency of measurements at both baseline and 1-year follow-up further supports PFR as a potentially robust marker for lung allograft rejection.

We also evaluated PFR in patients who experienced BOS progression between baseline and 1-year follow-up, according to ISHLT guidelines (9), and compared them to those with stable respiratory function during the study period. All patients with BOS progression demonstrated significantly lower PFR levels, while patients with stable BOS grades showed no such reduction, reinforcing the potential of PFR as a potential reliable diagnostic tool for BOS.

We propose that PFR potentially offers a safe and informative method for both early detection and ongoing monitoring of BOS progression in lung transplant recipients. The absence of significant PFR reduction between BOS grades 0 and 1 at 1-year follow-up may be partially explained by the variability in PFR values among patients with BOS grade 0, potentially indicating undiagnosed cases of BOS.

We have previously shown that acute inflammatory states of the lung result in increased PFR (21, 24). The increase in PFR demonstrated in earlier publications in settings of ARDS and PGD is logical, because both ARDS and PGD are associated with massive inflammatory responses within the alveoli. During this process, especially the distal airways are infiltrated by a host of inflammatory cells, and a cytokine storm can be seen, as well as the development of edema, both within the interstitial space and within the respiratory tracts themselves. The increase in fluids within the lungs increases the amount of respiratory tract lining fluid from which EBP is generated, and this is believed to be the origin of the increased amount of EBP as well as elevated PFR among patients with PGD or ARDS (21, 22, 24, 26). BOS is a chronic change in the lung, with the pathophysiology being obstructive by nature and the diagnosis being characterized by pathological changes to the bronchioles with obliteration and fibrosis of the pulmonary tissue and loss of alveolar attachments, leading to mechanically reduced potential for exhalation of EBP as the peripheral airways are the main source for these particles (29). The mechanical blockage of the air flow through the respiratory tract may explain the significant drop in PFR among patients with BOS. This is supported by earlier publications, stating that patients with other forms of obstructive pulmonary disease, such as asthma, show similar phenomena with a decrease in PFR (30). While the reduction in PFR is likely related to fibrotic airway obstruction in BOS, other mechanisms such as epithelial injury, mucus accumulation, and altered surfactant dynamics may also play a role. Future studies incorporating compositional analysis of exhaled breath particles may provide deeper mechanistic insights into BOS pathophysiology.

While BOS is diagnosed according to ISHLT guidelines (9), challenges remain in distinguishing BOS from infections and establishing reliable baselines. Given these limitations, there is growing interest in alternative diagnostic tools, including cf-DNA, dd-DNA, and exosomes. Comparable to spirometry, PFR must be measured longitudinally to serve as a practical clinical tool, requiring further studies to establish threshold values for disease progression, particularly in high-risk patients where complementary spirometry may enhance early detection. While PFR also requires a breathing maneuver, it relies on a controlled effort rather than a maximal forced expiration, which may improve feasibility in certain patient populations and enable earlier detection of small airway changes before significant FEV₁ decline occurs.

Future studies may benefit from integrating PFR with high-resolution CT imaging to explore the relationship between global airway function and regional anatomical changes, such as small airway dimensions or air trapping. Such an approach would require advanced imaging protocols and computational tools, offering a promising avenue for a more detailed understanding of BOS pathology. This study represents the first exploratory investigation into the feasibility of EBP expressed as PFR as a diagnostic marker, highlighting the potential and the need for further research and validation to establish its clinical utility. The use of PFR measurements, guided by trained personnel, has proven feasible in clinical research settings. With the device already being employed in several research centers, it holds promise for future broader clinical adoption with appropriate training and standardization.



Limitation

The current study represents the first exploratory investigation into the feasibility of using EBP as a potential diagnostic tool for BOS and its progression. Patients with BOS grade 0 at baseline who did not experience progression over the 1-year follow-up served as internal controls for time-locked comparisons, and future studies could further strengthen these findings by including external control groups for more robust validation. Furthermore, to establish EBP as a reliable early diagnostic biomarker, future studies with more frequent longitudinal measurements will be necessary. While it is too early to determine whether EBP could outperform existing methods, future studies integrating comparative analyses, such as ROC and AUC curves, will be essential to further evaluate its clinical utility.

To assess the potential of EBP in reflecting BOS status, we conducted two separate PFR measurements. However, evaluating the treatment response, particularly in less stable cases, would require larger cohorts with longitudinal assessments. Future studies should incorporate investigational subgroups with neutrophilic BOS, measuring PFR at multiple time points alongside azithromycin administration to better assess its responsiveness to treatment.

Future studies should explore the integration of PFR with inflammatory biomarkers, such as immune cell infiltration, antibody titers, and cytokine levels, to provide a more comprehensive assessment of its potential as a diagnostic marker. This approach could enhance the understanding of EBP's clinical utility and represents a promising direction for follow-up research.

The patients included in this study were diagnosed based on the BOS grading system (9) rather than the latest CLAD staging framework based on the 2019 ISHLT consensus guidelines (28) to ensure consistency with prior BOS-focused studies and alignment with the original dataset’s clinical classification.



Conclusion

In summary, our findings support the potential use of PFR and EBP analysis as a non-invasive, safe, and informative approach for both the early detection and ongoing monitoring of chronic rejection in the form of BOS in lung transplant recipients. This method holds potential for improving patient outcomes by enabling earlier intervention and more precise tracking of BOS progression, ultimately contributing to better management of lung allograft dysfunction. Future studies should further explore the mechanistic links between EBP characteristics and lung pathology, as well as evaluate the broader applicability of this approach across diverse patient populations and the integration of PFR with inflammatory biomarkers.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the Swedish Ethical Board (Dnr 2017/396). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

RG: Data curation, Formal analysis, Visualization, Writing – original draft, Writing – review & editing. EB: Data curation, Methodology, Visualization, Writing – original draft, Writing – review & editing. SL: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. FO: Project administration, Supervision, Validation, Visualization, Writing – review & editing.



Funding

The authors declare that financial support was received for the research and/or publication of this article. Open access funding was provided by Lund University. This work was funded by the Swedish Heart and Lung Foundation, the Wallenberg Molecular Medicine Fellowship, the ALF Foundation, and the Wallenberg Clinical Fellow from the Marianne and Marcus Wallenberg Foundation.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frtra.2025.1516728/full#supplementary-material



References

1. Bos S, Vos R, Van Raemdonck DE, Verleden GM. Survival in adult lung transplantation: where are we in 2020? Curr Opin Organ Transplant. (2020) 25(3):268–73. doi: 10.1097/MOT.0000000000000753

2. Chambers DC, Zuckermann A, Cherikh WS, Harhay MO, Hayes Jr D, Hsich E, et al. The International Thoracic Organ Transplant Registry of the International Society for Heart and Lung Transplantation: 37th adult lung transplantation report—2020; focus on deceased donor characteristics. J Heart Lung Transplant. (2020) 39(10):1016–27. doi: 10.1016/j.healun.2020.07.009

3. Jawitz OK, Raman V, Becerra D, Klapper J, Hartwig MG. Factors associated with short- versus long-term survival after lung transplant. J Thorac Cardiovasc Surg. (2022) 163(3):853–60.e2. doi: 10.1016/j.jtcvs.2020.09.097

4. Smith NF, Salehi Omran S, Genuardi MV, Horn ET, Kilic A, Sciortino CM, et al. Primary graft dysfunction in heart transplant recipients-risk factors and longitudinal outcomes. Asaio j. (2022) 68(3):394–401. doi: 10.1097/MAT.0000000000001469

5. Kneidinger N, Ghiani A, Milger K, Monforte V, Knoop C, Jaksch P, et al. Impact of lung function decline on mortality in lung transplant recipients: long-term results from the L-CsA-i study for the prevention of bronchiolitis obliterans syndrome. Front Med (Lausanne). (2022) 9:897581. doi: 10.3389/fmed.2022.897581

6. Pison C, Tissot A, Bernasconi E, Royer PJ, Roux A, Koutsokera A, et al. Systems prediction of chronic lung allograft dysfunction: results and perspectives from the cohort of lung transplantation and systems prediction of chronic lung allograft dysfunction cohorts. Front Med (Lausanne). (2023) 10:1126697. doi: 10.3389/fmed.2023.1126697

7. Rajagopala S, Ma J, Ghany R, Tikkanen J, Martinu T, Juvet SC. Factors associated with long-term CLAD-free survival in lung transplantation. J Heart Lung Transplant. (2021) 40(4):S305. doi: 10.1016/j.healun.2021.01.864

8. Parulekar AD, Kao CC. Detection, classification, and management of rejection after lung transplantation. [2072–1439 (Print)].

9. Meyer KC, Raghu G, Verleden GM, Corris PA, Wilson AP, C K, et al. An international ISHLT/ATS/ERS clinical practice guideline: diagnosis and management of bronchiolitis obliterans syndrome. Eur Respir J. (2014) 44(6):1479–503. doi: 10.1183/09031936.00107514

10. Kanne JP. The role of thoracic imaging in the diagnosis of BOS and related disorders. In: Meyer KC, Glanville AR, editors. Bronchiolitis Obliterans Syndrome in Lung Transplantation. New York, NY: Springer New York (2013). p. 59–70.

11. Welsh CH, Wang TS, Lyu DM, Orr J, Meyer KC, Glanville AR, et al. An international ISHLT/ATS/ERS clinical practice guideline: summary for clinicians. Bronchiolitis obliterans syndrome complicating lung transplantation. [2325–6621 (Electronic)].

12. Tian D, Huang H, Wen HY. Noninvasive methods for detection of chronic lung allograft dysfunction in lung transplantation. Transplant Rev (Orlando). (2020) 34(3):100547. doi: 10.1016/j.trre.2020.100547

13. Bellinger CR, Khan I, Chatterjee AB, Haponik EF. Bronchoscopy safety in patients with chronic obstructive lung disease. J Bronchology Interv Pulmonol. (2017) 24(2):98–103. doi: 10.1097/LBR.0000000000000333

14. Bo L, Shi L, Jin F, Li C. The hemorrhage risk of patients undergoing bronchoscopic examinations or treatments. Am J Transl Res. (2021) 13(8):9175–81.34540033

15. Ericson PA, Mirgorodskaya E, Hammar OS, Viklund EA, Almstrand AR, Larsson PJ, et al. Low levels of exhaled surfactant protein A associated with BOS after lung transplantation. Transplant Direct. (2016) 2(9):e103. doi: 10.1097/TXD.0000000000000615

16. Carvalho AS, Matthiesen R. Bronchoalveolar Lavage: Quantitative Mass Spectrometry-Based Proteomics Analysis in Lung Diseases. [1940–6029 (Electronic)].

17. Beck O, Olin AC, Mirgorodskaya E. Potential of mass spectrometry in developing clinical laboratory biomarkers of nonvolatiles in exhaled breath. Clin Chem. (2016) 62(1):84–91. doi: 10.1373/clinchem.2015.239285

18. Scheideler L, Manke HG, Schwulera U, Inacker O, Hämmerle H. Detection of nonvolatile macromolecules in breath. A possible diagnostic tool? Am Rev Respir Dis. (1993) 148(3):778–84. doi: 10.1164/ajrccm/148.3.778

19. Broberg E, Wlosinska M, Algotsson L, Olin AC, Wagner D, Pierre L, et al. A new way of monitoring mechanical ventilation by measurement of particle flow from the airways using Pexa method in vivo and during ex vivo lung perfusion in DCD lung transplantation. Intensive Care Med Exp. (2018) 6(1):18. doi: 10.1186/s40635-018-0188-z

20. Hirdman G, Bodén E, Kjellström S, Fraenkel CJ, Olm F, Hallgren O, et al. Proteomic characteristics and diagnostic potential of exhaled breath particles in patients with COVID-19. [1542–6416 (Print)].

21. Broberg E, Hyllen S, Algotsson L, Wagner DE, Lindstedt S. Particle flow profiles from the airways measured by PExA differ in lung transplant recipients who develop primary graft dysfunction. Exp Clin Transplant. (2019) 17(6):803–12. doi: 10.6002/ect.2019.0187

22. Broberg E, Pierre L, Fakhro M, Algotsson L, Malmsjo M, Hyllen S, et al. Different particle flow patterns from the airways after recruitment manoeuvres using volume-controlled or pressure-controlled ventilation. Intensive Care Med Exp. (2019) 7(1):16. doi: 10.1186/s40635-019-0231-8

23. Broberg E, Andreasson J, Fakhro M, Olin AC, Wagner D, Hyllen S, et al. Mechanically ventilated patients exhibit decreased particle flow in exhaled breath as compared to normal breathing patients. ERJ Open Res. (2020) 6(1):00198-2019. doi: 10.1183/23120541.00198-2019

24. Stenlo M, Hyllén S, Silva IAN, Bölükbas DA, Pierre L, Hallgren O, et al. Increased particle flow rate from airways precedes clinical signs of ARDS in a porcine model of LPS-induced acute lung injury. Am J Physiol Lung Cell Mol Physiol. (2020) 318(3):L510–l7. doi: 10.1152/ajplung.00524.2019

25. Hallgren F, Stenlo M, Niroomand A, Broberg E, Hyllén S, Malmsjö M, et al. Particle flow rate from the airways as fingerprint diagnostics in mechanical ventilation in the intensive care unit: a randomised controlled study. ERJ Open Res. (2021) 7(3):00961-2020. doi: 10.1183/23120541.00961-2020

26. Stenlo M, Silva IAN, Hyllén S, Bölükbas DA, Niroomand A, Grins E, et al. Monitoring lung injury with particle flow rate in LPS- and COVID-19-induced ARDS. Physiol Rep. (2021) 9(13):e14802. doi: 10.14814/phy2.14802

27. Niroomand A, Hirdman G, Bechet N, Ghaidan H, Stenlo M, Kjellstrom S, et al. Proteomic analysis of primary graft dysfunction in porcine lung transplantation reveals alveolar-capillary barrier changes underlying the high particle flow rate in exhaled breath. Transpl Int. (2024) 37:12298. doi: 10.3389/ti.2024.12298

28. Verleden GM, Glanville AR, Lease ED, Fisher AJ, Calabrese F, Corris PA, et al. Chronic lung allograft dysfunction: definition, diagnostic criteria, and approaches to treatment-a consensus report from the pulmonary council of the ISHLT. J Heart Lung Transplant. (2019) 38(5):493–503. doi: 10.1016/j.healun.2019.03.009

29. Sato M. Bronchiolitis obliterans syndrome and restrictive allograft syndrome after lung transplantation: why are there two distinct forms of chronic lung allograft dysfunction? [2305–5839 (Print)].

30. Larsson P, Lärstad M, Bake B, Hammar O, Bredberg A, Almstrand AC, et al. Exhaled particles as markers of small airway inflammation in subjects with asthma. Clin Physiol Funct Imaging. 2017;37(5):489–97. doi: 10.1111/cpf.12323



OPS/images/frtra-04-1516728-g002.jpg
Aok
-~ *
20
20 * “
S g
3 |
L5 g
2 3
: <
=
& 10 g .
o
E w
I o
5 5
—_— L e e E—
8 N 0 N N NA >
© ¢ ¢ ® & & 5
0@‘5 0&‘5 O&b Odb & & & &

BOS grades BOS grades





OPS/images/frtra-04-1516728-g001.jpg
000
-

LT patients
n=40

PFR and EBPs
T—

LAp

O v
BOS grading

(0~3)
Baseline

1 year

Re-LTx patients
n=3

Deceased patients
et

PFR and EBPs
—

DL'\‘QK'

BOS grading
0~3)

One-year Follow-up






OPS/images/frtra-04-1516728-g004.jpg
<

—
i HH
Hi
* i
3 H+
H—
L]
§ i
H—
HE——
* (1]
H—
H—.—
*
—
Hi——
o m
H—
Hi—.—
[mng)
H—
HE—
-
H—
e o o o
IS A S

2607 (u) sejoIMed JO JaquInN

Particle size

1 BOS Grade 1 Hm BOS Grade 2and 3

B BOS Grade 0

2607 (u) seoIMed Jo JaquinN

Particle size





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exhaled breath particles as a diagnostic tool for bronchiolitis obliterans syndrome in lung transplant recipients: a longitudinal study

		Introduction



		Materials and methods



		Ethical considerations



		Patients and samples



		Measurements of particle flow rate from the airways



		Statistical analysis











		Results



		Descriptive results



		Decreasing PFR is associated with increasing severity of BOS and BOS progression



		Similar particle size distribution patterns between different BOS grades











		Discussion



		Limitation



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Transplantation

Exhaled breath particles as a
diagnostic tool for bronchiolitis
obliterans syndrome in lung
transplant recipients: a
longitudinal study





OPS/images/frtra-04-1516728-g003.jpg
A B

1,000,000 1,000,000

100,000 100,000

g 10,000 g 10,000
3] 3]

= 1,000 2 1,000
& 8

14 100 o 100
w w
o o

10 10

1 1

e
Baseline  1-year follow-up Baseline  1-year follow-up
Timepoint Timepoint






OPS/images/ld.jpg








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Transplantation





OPS/images/frtra-04-1516728-t001.jpg
Variable

Sex; female 23 (57.5%)
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coPD 5 (125%)
Cystic fibrosis 11 27.5%)
AIATD 9 (22.5%)
PF 7 (175%)
PH 5 (12.5%)
Other 3 (75%)
BOS grade 0 24 (60%)
BOS grade 1 7 (17.5%)
BOS grade 2 5 (125%)
BOS grade 3 4 (10%)
FEV, at baseline timepoint |

BOS grade 0 2507
BOS grade 1 23+05
BOS grades 2-3 13206
TLC at baseline timepoint ‘

BOS grade 0 5712
BOS grade 1 5409
BOS grades 2-3 58+20
FEV; at 1-year follow-up ‘

BOS grade 0 25+07
BOS grade 1 20406
BOS grades 2-3 14+04
TLC at 1-year follow-up

BOS grade 0 57+14
BOS grade 1 49+10
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Numbers are expressed as the mean +SD when parametric and median (range) when values
are non-parametric or numerical (%). LT, lung transplantation; COPD, chronic obstructive
pulmonary disease; ATATD, alpha-1 antitrypsin deficiency; PF, pulmonary fibrosis; PH,
pulmonary hypertension; Other includes bronchiectasis, sarcoidosis, and graft-vs-host
disease; BOS, bronchiolits obliterans syndrome; FEV,, forced expiratory volume in 15
TLC, total lung capacity in liters (L).





