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Abstract

:

Bleomycin-induced pulmonary toxicity (BPT) is a serious and potentially fatal complication of bleomycin, a key component of Hodgkin lymphoma (HL) treatment. Before ours, only one published study evaluated the predictability of 18F-FDG-PET/CT for the early diagnosis of BPT. In this retrospective cohort study, 18F-FDG-PET/CT scans of adult HL patients treated with bleomycin at an urban academic center over five years were assessed by radiologists blinded to the clinical information, and scans were correlated with clinical BPT. We found 11 HL patients with 54 interim or end-of-treatment 18F-FDG-PET/CT scans who had received bleomycin. Five of the eleven (5/11, 45%) patients had radiographic changes in PET/CT and developed clinical BPT. Patients with clinical BPT had higher FDG uptake in lungs compared to those who did not (SUVmax mean 2.66 (CI 1.8–3.7) vs. 0.86 (CI 0.4–1.9), Mann–Whitney U test, p < 0.05). In a separate cohort analysis, we compared HL patients with clinical BPT (9/25, 36%) and without clinical BPT (16/25, 64%) to assess potential risk factors. Low hemoglobin (p = 0.037) and high ESR values (p = 0.0289) were associated with clinical BPT. Furthermore, gender, stage, histology, prior lung radiation, G-CSF, or steroids did not significantly confer a higher risk of BPT. 18F-FDG-PET/CT imaging, which is routinely used to assess treatment response in HL, is useful for early detection of BPT, which can have high mortality and morbidity.
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1. Introduction


Pulmonary toxicity is the most serious adverse event associated with bleomycin. This is known to occur in around 10–53% of patients treated with bleomycin [1,2,3,4], with higher frequency associated with advanced age (>40–65 years) [5,6,7], higher bleomycin cumulative dose [5,7,8], and prior treatment with thoracic radiation [9]. However, none of these factors have been validated as reliable predictors of the risk of bleomycin pulmonary toxicity (BPT) in an individual patient. Mortality rate with BPT can be as high as 10–20% [10].



BPT is thought to be related to the lack of bleomycin-inactivating enzyme (bleomycin hydrolase) in the lungs [8]. Pathogenesis involves bleomycin-induced release of cytokines and free radicals that cause endothelial damage, followed by influx of inflammatory cells into lungs, and subsequently lead to the activation of fibroblasts, resulting in fibrosis [11,12,13]. This is a serious concern associated with treatment of Hodgkin lymphoma (HL) and involves ABVD (adriamycin, bleomycin, vincristine, and dacarbazine).



The diagnosis of BPT is usually made based on the combination of a compatible clinical and radiological pattern or asymptomatic decline in the diffusing capacity of lungs for carbon monoxide (DLCO) by 25% during treatment with bleomycin and the exclusion of infection, radiation related changes, or pulmonary involvement in underlying malignancy [14]. This becomes challenging in the absence of pathognomonic features, and diagnosis can be delayed by overlap with other conditions often encountered in cancer patients that can mimic similar presentation, such as infections, pulmonary metastasis, and lymphangitic carcinoma. Lung biopsy is done if the diagnosis remains unclear after other etiologies are ruled out. However, histopathologic findings of BPT are nonspecific and require correlation with clinical findings. Due to high morbidity of this condition, it is essential that bleomycin be discontinued if there is a strong concern of BPT. There is some evidence of systemic glucocorticoids being effective, however, their use is typically limited to symptomatic patients with acute decline in DLCO [15].



Integrated 18F-fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT) is essential in diagnosis of HL and is a major prognostic factor of disease control after two courses of ABVD (PET-2) [16,17]. There have been case reports of BPT diagnosed with FDG PET/CT [18,19,20]. FDG PET/CT findings of BPT have reported diffuse or focal regions of ground-glass opacities associated with increased pulmonary FDG uptake [21,22]. In a study done by Hollander et al., 68% of patients had radiological changes suspicious of BPT, and most pulmonary changes were multifocal and found in the basal parts of the lungs [23]. Some radiographic findings of PET were suspicious of BPT but without any clinical manifestations, and the condition resolved with stopping of bleomycin administration [19]. Thus, this suggested 18F-FDG PET/CT to be instrumental in diagnosis of early, preclinical BPT and can provide an opportunity for early cessation of bleomycin. However, only one study formally studied this condition as per our literature search [24]. Our study assessed whether 18F-FDG PET/CT findings correlate with the onset of BPT and can help in early diagnosis.




2. Results


2.1. Cohort 1—Clinical BPT and 18F-FDG PET/CT Findings


From January 2012 to December 2016, 11 HL patients (age > 18 years, treated with ABVD) with 54 total 18F-FDG PET/CT scans were included in the study. These included interim, restaging, and end-of-treatment scans. Initial diagnostic or staging scans were excluded for BPT assessment as these were performed prior to bleomycin administration; however, these were used for comparison. Median number of ABVD cycles received was 4 (range 3–6). Five patients received radiation therapy for HL, while data was unavailable for one patient who did not follow-up after referral for stem cell transplant (details in Table 1).



Five of the eleven (45%) patients had radiographic changes in PET/CT and developed clinical BPT (Table 2). Among these, two patients with BPT had diffuse ground-glass opacities with increased FDG uptake (Figure 1), while three patients had focal areas of consolidation or ground-glass opacities with increased FDG uptake (Figure 2). One patient had diffuse ground-glass opacities in lungs with increased FDG uptake (maximum standardized uptake values (SUVmax) 1.8) but did not develop clinical BPT, that is, the patient did not exhibit respiratory symptoms or qualifying changes in DLCO. Of note, this patient did have a pulmonary function test (PFT) abnormality post-treatment (mildly decreased diffusion capacity and forced vital capacity). The other five patients had no signs of toxicity on imaging (no increased FDG uptake within the lungs on PET and no ground-glass or consolidative opacities on CT) and did not develop clinical BPT (Table 2).



The lungs of patients with clinical BPT had mean SUVmax of 2.66 (CI 1.8–3.7), while lungs of those who did not develop BPT had mean SUVmax of 0.86 (CI 0.4–1.9) (Figure 3). Mean SUVmax was statistically higher for patients who developed clinical BPT (p < 0.05).




2.2. Cohort 2—Demographics and Disease Characteristics


A separate search of EMR for all HL patients (age > 18 years), regardless of PET/CT availability, treated with ABVD from January 2012 to December 2016 yielded 26 patients (Table 3). One patient was excluded due to incomplete records (received treatment outside of institution). Majority were males (72%, n = 18/25). The average age at diagnosis was 37 years (range 19–68). Most had an Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0 at diagnosis (65%, n = 15/23). Among patients who had staging data in the diagnosis available group (n = 24), the majority were stage II (54%, n = 13/24) followed by stage III (25%, n = 6/24). Most common type of HL was nodular sclerosing (56%, n = 14/25) followed by classical type (32%, n = 8/25). A small number of patients had bulky disease (12.5%, n = 3/24; data not available for one patient), while 52% (n = 13/25) had B symptoms at diagnosis.




2.3. Cohort 2—Clinical BPT


In the total cohort, nine patients (9/25, 36%) developed clinical BPT. The median time from start of treatment with bleomycin to the onset of BPT was 3 months (range 2–11 months). One patient developed respiratory failure requiring mechanical ventilation and died, another transferred to a hospice, while the rest did not need respiratory support and were alive at the time of analysis.




2.4. Cohort 2—Risk Factors of Clinical BPT


Three patients had prior steroid exposure and all of them developed clinical BPT (Table 4). Three had prior growth factor colony stimulating factor (G-CSF) exposure, with one developing clinical BPT. Four patients had prior lung radiation, and one of these was diagnosed with BPT. Average cumulative bleomycin dose was 154 units (60–252).



In our patient cohort, disease characteristics, including gender, HL stage, histology, history of lung radiation, prior G-CSF, or steroid exposure, could not predict the significantly high risk of BPT (Table 4). Both patients with prior history of lung disease had clinical BPT; however, the correlation was not statistically significant. Similar association was noted with bulky disease but with p > 0.05.



Mean hemoglobin and erythrocyte sedimentation rate (ESR) at diagnosis were significantly associated with clinical BPT (Table 4). Patients in clinical BPT group had lower hemoglobin (mean 10.9 vs. 13.3 g/dL, p = 0.037) and higher ESR (mean 63.3 vs. 30.2 mm/h, p = 0.0289).





3. Discussion


In our study, 5/11 (45%) patients who had radiographic changes in PET/CT in the form of diffuse ground-glass opacities or focal areas of consolidation with increased FDG uptake developed clinical BPT. Our study is the one of only two studies that have evaluated the correlation between 18F-FDG-PET/CT findings and the onset of BPT [24]. The only other study assessing the association between 18F-FDG-PET/CT findings and BPT was reported by Falay et al. [24], who performed a retrospective review of 77 HL patients with interim and end-of-treatment PET scans; bleomycin lung toxicity was identified in 13 (17%) patients, and eight of these were identified in the interim scan, whereas six were asymptomatic.



Incidence of clinical BPT in our study was similar to ones in prior reports (10–53%) [1,2]. In cohort 2, 36% of HL patients who were treated with a bleomycin-containing regimen developed clinical BPT. This is comparable to the study by Duggan et al. who reported pulmonary toxicity in 28% of patients (224 of 814 patients) treated with a bleomycin-containing regimen [25].



The median time from start of treatment with bleomycin to the onset of BPT in our study was 3 months (range 2–11 months). This is comparable to other reports, that is, 4.2 months (range 1.2–8.2 months) reported by O’Sullivan et al. and 5 months reported by Stamatoullas et al. [7,26].



Prior studies have suggested that age > 40 years (HR 2.3, 95% CI 1.2–4.1) [1,7] and stage IV disease at presentation (HR 2.6, 95% CI 1.2–4.1) are prominent risk factors for BPT [7]. However, other studies have not been able to validate these results [26,27]. We did not observe a statistically significant correlation between BPT and risks factors, such as old age, prior exposure to radiation, history of lung disease, and HL stage at diagnosis. This could potentially be due to our small sample size.



It is known that the incidence of BPT is higher with higher cumulative dose of bleomycin, increasing to 17% for doses higher than 550 units [8]. In our cohort, the average cumulative bleomycin dose received was 154 units. This was similar to Iacovino et al., and they described two cases of fatal BPT in patients who received 100 and 165 units of bleomycin [28]. However, there have been rare reports of BPT even with lower doses (e.g., 30 units) [29].



Concomitant administration of G-CSF and bleomycin has been postulated to increase the risk of BPT [30]. In our study, only one out of three patients who received G-CSF developed BPT. This synergistic effect was significant in animal studies [31]; however, the data in humans to further understand this association are conflicting with many failing to decipher the link [1,26,27,30,32,33,34,35].



Thoracic irradiation, previously or simultaneously administered with bleomycin, has also been speculated as a risk factor for BPT [9,36]. Higher number of ABVD cycles in patients receiving chest irradiation exhibited significant correlation with BPT [36]. One study showed that the risk of BPT with consolidative RT is low if there is at least a four-week interval between chemotherapy sessions, and the RT is given after chemotherapy [37]. Concomitant use of some chemotherapeutic agent, such as gemcitabine, can also potentially increase risk of BPT [37].



Increases in inflammatory cytokines play a prominent role in the pathogenesis of BPT [12]. In our cohort, elevated ESR along with low hemoglobin were significantly related to BPT (p = 0.03, 0.02 respectively). Only a few studies have reported similar correlations. One assessed ESR as a potential early marker of pulmonary toxicity from bleomycin [38]. Others have exhibited neutrophil-to-lymphocyte ratio to correlate with BPT [39]. Further studies are needed.



Our study is subject to the same limitations as all other studies that rely on retrospective review of data including limited details of treatment of BPT, unknown temporality of imaging and development of clinical bleomycin toxicity (toxicity may exist at the time of imaging). We blinded the radiologists to clinical information to offset this. Additionally, we had a small sample size, which limited some of our observations.




4. Materials and Methods


4.1. Data Collection


This retrospective cohort study was approved by institutional review board (IRB) at University of Cincinnati, IRB# UC-14-7398. Pathology records were searched to identify all non-pregnant adult HL patients (age > 18 years) diagnosed at the University of Cincinnati Medical Center (UCMC) from 2012 to 2016. Electronic medical record (EMR), Epic, was subsequently queried for these patients to identify those treated with ABVD.



The primary objective of this study was to determine whether 18F-FDG-PET/CT findings correlate with the onset of clinical BPT. 18F-FDG-PET/CT scans of HL patients treated with ABVD were evaluated for signs of pulmonary toxicity and then compared to the clinical development of BPT through EMR review (cohort 1 sample size (n) = 11). Patients with lung tumor involvement or with evidence of underlying pulmonary disease or infection on imaging were excluded. The images were evaluated by a radiology resident and a fellowship-trained nuclear radiologist who were blinded to the clinical information. For each patient, the CT and PET images were first evaluated qualitatively to assess for signs of active lung disease, such as infection or underlying chronic lung disease (both being exclusion criteria). The PET images were then qualitatively analyzed for signs of hypermetabolic processes, such as infection or tumor involvement within the lungs (also exclusion criteria). The PET images were also evaluated semi-quantitatively by the determination of the SUVmax of the lungs. PET/CT fusion imaging was used to correlate the findings of the two concurrent imaging modalities.



A separate analysis was undertaken for all HL patients treated with ABVD from 2012 to 2016, regardless of availability of 18F-FDG-PET/CT scans, to compare those who developed clinical BPT versus those who did not (cohort 2 sample size (n) = 25). Patients with incomplete records or those who did not complete therapy at UCMC were excluded from the study. This cohort was used to evaluate secondary objective of this study—assess the correlation of clinical BPT with history of lung disease, lung radiation (before or simultaneous with bleomycin), prior G-CSF, or steroid use. We also evaluated if patient or disease characteristics, such as gender, age, ECOG PS, HL stage, histology, and bulky disease along with albumin level, hemoglobin, ESR, or absolute lymphocyte count (ALC) at the time of HL diagnosis were predictive of development of clinical BPT.



Clinical BPT was defined as acute or subacute onset of pulmonary symptoms or physical examination findings (e.g., dyspnea, cough, chest pain, and crackles) and decline in DLCO by 25% in the absence of infection, radiation-related changes, or pulmonary involvement of underlying malignancy [11,40,41].




4.2. Statistical Analysis


For descriptive analysis, numerical variables, such age, albumin, hemoglobin, ESR, and ALC, were summarized using median and range. Categorical variables, such as gender, stage, histology, bulky disease, and B symptoms, were reported using the frequency tables. Relationships between continuous clinical characteristics and BPT were assessed using t-tests and analysis of variance (ANOVA). Relationships between categorical variables and BPT were assessed using Chi-Square tests. Correlation of mean SUVmax and clinical BPT was analyzed using Mann–Whitney U test. All p-values were two-sided, and p < 0.05 was considered statistically significant. All point estimates are given at specified time points with 95% confidence intervals (CI) for the estimates. Data were analyzed using SAS 9.4 software.





5. Conclusions


Pulmonary findings of 18F-FDG-PET/CT imaging correlate with the development of clinical BPT in HL patients treated with ABVD therapy and can be useful for early detection and monitoring of this toxicity. Any increase in lung uptake observed in 18F-FDG-PET/CT imaging whether focal or diffuse during ABVD therapy should be considered suspicious for toxicity, which can allow early intervention to mitigate the toxicity. Additionally, low hemoglobin and high ESR can be laboratory predictors of clinical BPT; however, this needs to be validated by future studies.







Author Contributions


H.S., Z.O., J.S., B.M., M.P.M. and T.L. contributed substantially to the study design and the writing of the manuscript. H.S. and Z.O. drafted the manuscript, while J.S., B.M., M.P.M. and T.L. reviewed the content. R.A.J. and H.S. completed the data analysis and interpretation. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This study was approved by institutional review board (IRB) at University of Cincinnati, IRB# UC-14-7398.




Informed Consent Statement


Patient consent was waived due to the retrospective nature of the study, and the study had minimal risk to the subjects.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Martin, W.G.; Ristow, K.M.; Habermann, T.M.; Colgan, J.P.; Witzig, T.E.; Ansell, S.M. Bleomycin pulmonary toxicity has a negative impact on the outcome of patients with Hodgkin’s lymphoma. J. Clin. Oncol. 2005, 23, 7614–7620. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, A.; Vander Els, N.; Straus, D.J.; Gomez, E.G.; Leung, D.; Portlock, C.S.; Yahalom, J. Effect of ABVD chemotherapy with and without mantle or mediastinal irradiation on pulmonary function and symptoms in early-stage Hodgkin’s disease. J. Clin. Oncol. 1996, 14, 1297–1305. [Google Scholar] [CrossRef]

	



Reinert, T.; Baldotto, C.S.d.R.; Nunes, F.A.P.; Scheliga, A.A.d.S. Bleomycin-Induced Lung Injury. J. Cancer Res. 2013, 2013, 480608. [Google Scholar] [CrossRef]

	



Azambuja, E.; Fleck, J.F.; Batista, R.G.; Menna Barreto, S.S. Bleomycin lung toxicity: Who are the patients with increased risk? Pulm. Pharm. 2005, 18, 363–366. [Google Scholar] [CrossRef] [PubMed]

	



Blum, R.H.; Carter, S.K.; Agre, K. A clinical review of bleomycin—A new antineoplastic agent. Cancer 1973, 31, 903–914. [Google Scholar] [CrossRef] [PubMed]

	



Cooper Jr, J.A.D.; White, D.A.; Matthay, R.A. Drug-induced pulmonary disease: Part 1: Cytotoxic drugs. Am. Rev. Respir. Dis. 1986, 133, 321–340. [Google Scholar]

	



O’Sullivan, J.M.; Huddart, R.A.; Norman, A.R.; Nicholls, J.; Dearnaley, D.P.; Horwich, A. Predicting the risk of bleomycin lung toxicity in patients with germ-cell tumours. Ann. Oncol. 2003, 14, 91–96. [Google Scholar] [CrossRef]

	



Jules-Elysee, K.; White, D.A. Bleomycin-induced pulmonary toxicity. Clin. Chest Med. 1990, 11, 1–20. [Google Scholar] [CrossRef]

	



Samuels, M.L.; Johnson, D.E.; Holoye, P.Y.; Lanzotti, V.J. Large-dose bleomycin therapy and pulmonary toxicity. A possible role of prior radiotherapy. Jama 1976, 235, 1117–1120. [Google Scholar] [CrossRef]

	



Simpson, A.; Paul, J.; Graham, J.; Kaye, S. Fatal bleomycin pulmonary toxicity in the west of Scotland 1991-95: A review of patients with germ cell tumours. Br. J. Cancer 1998, 78, 1061–1066. [Google Scholar] [CrossRef]

	



Sleijfer, S. Bleomycin-induced pneumonitis. Chest 2001, 120, 617–624. [Google Scholar] [CrossRef] [PubMed]

	



Piguet, P.F.; Collart, M.A.; Grau, G.E.; Kapanci, Y.; Vassalli, P. Tumor necrosis factor/cachectin plays a key role in bleomycin-induced pneumopathy and fibrosis. J. Exp. Med. 1989, 170, 655–663. [Google Scholar] [CrossRef] [PubMed]

	



Phan, S.H.; Kunkel, S.L. Lung cytokine production in bleomycin-induced pulmonary fibrosis. Exp. Lung Res. 1992, 18, 29–43. [Google Scholar] [CrossRef]

	



Lauritsen, J.; Kier, M.G.; Bandak, M.; Mortensen, M.S.; Thomsen, F.B.; Mortensen, J.; Daugaard, G. Pulmonary Function in Patients With Germ Cell Cancer Treated With Bleomycin, Etoposide, and Cisplatin. J. Clin. Oncol. 2016, 34, 1492–1499. [Google Scholar] [CrossRef] [PubMed]

	



White, D.A.; Stover, D.E. Severe bleomycin-induced pneumonitis. Clinical features and response to corticosteroids. Chest 1984, 86, 723–728. [Google Scholar] [CrossRef]

	



Rigacci, L.; Vitolo, U.; Nassi, L.; Merli, F.; Gallamini, A.; Pregno, P.; Alvarez, I.; Salvi, F.; Sancetta, R.; Castagnoli, A.; et al. Positron emission tomography in the staging of patients with Hodgkin’s lymphoma. A prospective multicentric study by the Intergruppo Italiano Linfomi. Ann. Hematol. 2007, 86, 897–903. [Google Scholar] [CrossRef]

	



Gallamini, A.; Hutchings, M.; Rigacci, L.; Specht, L.; Merli, F.; Hansen, M.; Patti, C.; Loft, A.; Di Raimondo, F.; D’Amore, F.; et al. Early Interim 2-[18F]Fluoro-2-Deoxy-D-Glucose Positron Emission Tomography Is Prognostically Superior to International Prognostic Score in Advanced-Stage Hodgkin’s Lymphoma: A Report From a Joint Italian-Danish Study. J. Clin. Oncol. 2007, 25, 3746–3752. [Google Scholar] [CrossRef]

	



Buchler, T.; Bomanji, J.; Lee, S.M. FDG-PET in bleomycin-induced pneumonitis following ABVD chemotherapy for Hodgkin’s disease-a useful tool for monitoring pulmonary toxicity and disease activity. Haematologica 2007, 92, e120–e121. [Google Scholar] [CrossRef]

	



Connerotte, T.; Lonneux, M.; de Meeûs, Y.; Hermans, C.; Vekemans, M.-C.; Ferrant, A.; Van Den Neste, E. Use of 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography in the early diagnosis of asymptomatic bleomycin-induced pneumonitis. Ann. Hematol. 2008, 87, 943–945. [Google Scholar] [CrossRef]

	



Rohr, L.; Klaeser, B.; Joerger, M.; Kluckert, T.; Cerny, T.; Gillessen, S. Increased Pulmonary FDG Uptake in Bleomycin-Associated Pneumonitis. Oncol. Res. Treat. 2007, 30, 320–323. [Google Scholar] [CrossRef]

	



Hain, S.F.; Beggs, A.D. Bleomycin-induced alveolitis detected by FDG positron emission tomography. Clin. Nucl. Med. 2002, 27, 522–523. [Google Scholar] [CrossRef] [PubMed]

	



Kirsch, J.; Arrossi, A.V.; Yoon, J.K.; Wu, G.; Neumann, D.R. FDG positron emission tomography/computerized tomography features of bleomycin-induced pneumonitis. J. Thorac. Imaging 2006, 21, 228–230. [Google Scholar] [CrossRef] [PubMed]

	



den Hollander, M.W.; Westerink, N.D.; Lubberts, S.; Bongaerts, A.H.; Wolf, R.F.; Altena, R.; Nuver, J.; Oosting, S.F.; de Vries, E.G.; Walenkamp, A.M.; et al. Bleomycin-Induced Pulmonary Changes on Restaging Computed Tomography Scans in Two Thirds of Testicular Cancer Patients Show No Correlation With Fibrosis Markers. Oncologist 2016, 21, 995–1001. [Google Scholar] [CrossRef] [PubMed]

	



Falay, O.; Öztürk, E.; Bölükbaşı, Y.; Gümüş, T.; Örnek, S.; Özbalak, M.; Çetiner, M.; Demirkol, O.; Ferhanoğlu, B. Use of fluorodeoxyglucose positron emission tomography for diagnosis of bleomycin-induced pneumonitis in Hodgkin lymphoma. Leuk. Lymphoma 2017, 58, 1114–1122. [Google Scholar] [CrossRef]

	



Duggan, D.B.; Petroni, G.R.; Johnson, J.L.; Glick, J.H.; Fisher, R.I.; Connors, J.M.; Canellos, G.P.; Peterson, B.A. Randomized comparison of ABVD and MOPP/ABV hybrid for the treatment of advanced Hodgkin’s disease: Report of an intergroup trial. J. Clin. Oncol. 2003, 21, 607–614. [Google Scholar] [CrossRef]

	



Stamatoullas, A.; Brice, P.; Bouabdallah, R.; Mareschal, S.; Camus, V.; Rahal, I.; Franchi, P.; Lanic, H.; Tilly, H. Outcome of patients older than 60 years with classical Hodgkin lymphoma treated with front line ABVD chemotherapy: Frequent pulmonary events suggest limiting the use of bleomycin in the elderly. Br. J. Haematol. 2015, 170, 179–184. [Google Scholar] [CrossRef]

	



Tayshetye, P.; Padhi, P.; Rao, R.; Sklyar, T.Y.; Chilkulwar, A.; Miller, R.; Tang, A.; Mao, S. Bleomycin-induced pulmonary toxicity: A retrospective review of incidence and risk factors. J. Clin. Oncol. 2018, 36, e16532. [Google Scholar] [CrossRef]

	



Iacovino, J.R.; Leitner, J.; Abbas, A.K.; Lokich, J.J.; Snider, G.L. Fatal pulmonary reaction from low doses of bleomycin. An idiosyncratic tissue response. JAMA 1976, 235, 1253–1255. [Google Scholar] [CrossRef]

	



Wilson, K.S.; Worth, A.; Richards, A.G.; Ford, H.S. Low-dose bleomycin lung. Med. Pediatr. Oncol. 1982, 10, 283–288. [Google Scholar] [CrossRef]

	



Bastion, Y.; Coiffier, B. Pulmonary toxicity of bleomycin: Is G-CSF a risk factor? Lancet 1994, 344, 474. [Google Scholar] [CrossRef]

	



Azoulay, E.; Herigault, S.; Levame, M.; Brochard, L.; Schlemmer, B.; Harf, A.; Delclaux, C. Effect of granulocyte colony-stimulating factor on bleomycin-induced acute lung injury and pulmonary fibrosis. Crit. Care Med. 2003, 31, 1442–1448. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.L.; Atenafu, E.G.; Tsang, R.; Kukreti, V.; Marras, T.K.; Crump, M.; Kuruvilla, J. Bleomycin pulmonary toxicity does not adversely affect the outcome of patients with Hodgkin lymphoma. Leuk. Lymphoma 2017, 58, 2607–2614. [Google Scholar] [CrossRef] [PubMed]

	



Saxman, S.B.; Nichols, C.R.; Einhorn, L.H. Pulmonary toxicity in patients with advanced-stage germ cell tumors receiving bleomycin with and without granulocyte colony stimulating factor. Chest 1997, 111, 657–660. [Google Scholar] [CrossRef] [PubMed]

	



Fosså, S.D.; Kaye, S.B.; Mead, G.M.; Cullen, M.; de Wit, R.; Bodrogi, I.; van Groeningen, C.J.; De Mulder, P.H.; Stenning, S.; Lallemand, E.; et al. Filgrastim during combination chemotherapy of patients with poor-prognosis metastatic germ cell malignancy. European Organization for Research and Treatment of Cancer, Genito-Urinary Group, and the Medical Research Council Testicular Cancer Working Party, Cambridge, United Kingdom. J. Clin. Oncol. 1998, 16, 716–724. [Google Scholar] [CrossRef]

	



Dirix, L.Y.; Schrijvers, D.; Druwe, P.; Van den Brande, J.; Verhoeven, D.; Van Oosterom, A.T. Pulmonary toxicity and bleomycin. Lancet 1994, 344, 56. [Google Scholar] [CrossRef]

	



Jóna, Á.; Miltényi, Z.; Ujj, Z.; Garai, I.; Szilasi, M.; Illés, Á. Late pulmonary complications of treating Hodgkin lymphoma: Bleomycin-induced toxicity. Expert. Opin. Drug. Saf. 2014, 13, 1291–1297. [Google Scholar] [CrossRef]

	



Macann, A.; Bredenfeld, H.; Müller, R.P.; Diehl, V.; Engert, A.; Eich, H.T. Radiotherapy does not influence the severe pulmonary toxicity observed with the administration of gemcitabine and bleomycin in patients with advanced-stage Hodgkin’s lymphoma treated with the BAGCOPP regimen: A report by the German Hodgkin’s Lymphoma Study Group. Int. J. Radiat. Oncol. Biol. Phys. 2008, 70, 161–165. [Google Scholar] [CrossRef]

	



Higa, G.M.; AlKhouri, N.; Auber, M.L. Elevation of the erythrocyte sedimentation rate precedes exacerbation of bleomycin-induced pulmonary toxicity: Report of two cases and review of literature. Pharmacotherapy 1997, 17, 1315–1321. [Google Scholar] [CrossRef]

	



Maruyama, Y.; Sadahira, T.; Araki, M.; Mitsui, Y.; Wada, K.; Edamura, K.; Kobayashi, Y.; Watanabe, M.; Watanabe, T.; Nasu, Y. Comparison of the predictive value among inflammation-based scoring systems for bleomycin pulmonary toxicity in patients with germ cell tumors. Int. J. Urol. 2019, 26, 813–819. [Google Scholar] [CrossRef]

	



Uzel, I.; Ozguroglu, M.; Uzel, B.; Kaynak, K.; Demirhan, O.; Akman, C.; Oz, F.; Yaman, M. Delayed onset bleomycin-induced pneumonitis. Urology 2005, 66, 195. [Google Scholar] [CrossRef]

	



White, D.A.; Schwartzberg, L.S.; Kris, M.G.; Bosl, G.J. Acute chest pain syndrome during bleomycin infusions. Cancer 1987, 59, 1582–1585. [Google Scholar] [PubMed]








[image: Lymphatics 01 00006 g001 550] 





Figure 1. 18F-FDG-PET/CT showing diffuse ground-glass opacities with increased FDG uptake in a patient who had clinical BPT. 
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Figure 2. 18F-FDG-PET/CT exhibiting focal areas of consolidation or ground-glass opacity with increased FDG uptake in a patient who had clinical BPT. 
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Figure 3. SUVmax of lungs in 18F-FDG-PET, with and without clinical BPT. Patients with clinical BPT exhibited higher mean maximum standardized uptake values (SUVmax) of 2.66 (CI 1.8–3.7) than those who did not develop BPT and exhibited mean SUVmax of 0.86 (CI 0.4–1.9); these were assessed using Mann–Whitney U test. 
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Table 1. Radiation therapy for treatment of Hodgkin lymphoma in cohort 1.
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	Patient No.
	Radiation Field
	Radiation Dose (Gy)





	2
	Mediastinum and bilateral supraclavicular area
	30



	5
	Whole lung irradiation
	10.5 *



	9
	Mediastinum
	30.6



	10
	Right neck and retrosternal nodes
	27



	11
	Mantle field
	30.6







* Completed 7 of 10 fractions, due to non-compliance.
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Table 2. Demographics and SUVmax of patients with 18F-FDG-PET/CT scans evaluated for BPT.
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	Negative for Clinical Toxicity
	Positive for Clinical Toxicity





	N
	6
	5



	Age (years)
	40.7 ± 15.4
	40.6 ± 20.1



	Gender (Males/Females)
	5/1
	3/2



	Mean SUVmax of Lungs
	0.86 (CI 0.4–1.9)
	2.66 (CI 1.8–3.7)
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Table 3. Demographics and disease characteristics.
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Demographics






	
Age, median (range)

	
30 (19–68) years




	
Males, n (%)

	
18/25 (72%)




	
ECOG PS a, n (%)

	
0

	
15/23 (65%)




	
1

	
8/23 (35%)




	
DISEASE CHARACTERISTICS




	
Bulky disease a, n (%)

	
3/24 (12.5%)




	
B symptoms, n (%)

	
13/25 (52%)




	
Stage a, n (%)

	
I

	
1/24 (4.17%)




	
II

	
13/24 (54.17%)




	
III

	
6/24 (25%)




	
IV

	
4/24 (16.67%)




	
Histology, n (%)

	
Classical

	
8/25 (32%)




	
Nodular lymphocyte

predominant

	
2/25 (8%)




	
Nodular sclerosing

	
14/25 (56%)




	
Nodular sclerosing/Mixed cellularity overlap

	
1/25 (4%)




	
Albumin, median (range)

	
4.1 (3–4.9) g/dL




	
Hemoglobin, median (range)

	
12.5 (6.9–16.3) mg/dL




	
ESR, median (range)

	
38 (2–106) mm/h




	
ALC, median (range)

	
1495.5 (1.69–2292)/µL








a Data missing for some patients as indicated in the total number. ALC—Absolute lymphocyte count; ECOG PS—Eastern Cooperative Oncology Group Performance Status; ESR—Erythrocyte sedimentation rate.
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Table 4. Clinical BPT classified by patient and disease characteristics.
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At Diagnosis

	
N (%)

	
Clinical BPT

	
No Clinical BPT

	
p Value






	
Gender

	
Females

	
7/25 (28%)

	
3 (42.86%)

	
4 (57.14%)

	
1




	
Males

	
18/25 (72%)

	
6 (37.5%)

	
10 (62.5%)




	
Stage a

	
I

	
1/24 (4.17%)

	
1 (100%)

	
0 (0%)

	
0.6003




	
II

	
12/24 (54.17%)

	
4 (33.33%)

	
8 (66.67%)




	
III

	
5/24 (25%)

	
2 (40%)

	
3 (60%)




	
IV

	
4/24 (16.67%)

	
2 (50%)

	
2 (50%)




	
Histology

	
Classical

	
8/25 (32%)

	
3 (42.86%)

	
4 (57.14%)

	
0.5110




	
Nodular lymphocyte

predominant

	
2/25 (8%)

	
1 (100%)

	
0 (0%)




	
Nodular

sclerosing

	
14/25 (56%)

	
5 (33.33%)

	
9 (66.67%)




	
Nodular sclerosing/Mixed

cellularity overlap

	
1/25 (4%)

	
0 (0%)

	
1 (100%)




	
Bulky disease a

	
No

	
21/24 (87.5%)

	
7 (35%)

	
13 (65%)

	
0.6791




	
Yes

	
3/24 (12.5%)

	
2 (66.67%)

	
1 (33.33%)




	
History of lung disease

	
No

	
23/25 (92%)

	
7 (33.33%)

	
14 (66.67%)

	
0.2767




	
Yes

	
2/25 (8%)

	
2 (100%)

	
0 (0%)




	
History of lung radiation

	
No

	
21/25 (84%)

	
8 (42.11%)

	
11 (57.89%)

	
0.9414




	
Yes

	
4/25 (16%)

	
1 (25%)

	
3 (75%)




	
Prior G-CSF exposure a

	
No

	
18/21 (85.71%)

	
7 (38.89%)

	
11 (61.11%)

	
1




	
Yes

	
3/21 (14.29%)

	
1 (33.33%)

	
2 (66.67%)




	
Steroid use a

	
No

	
1/4 (25%)

	
1 (100%)

	
0 (0%)

	
-




	
Yes

	
3/4 (75%)

	
3 (100%)

	
0 (0%)




	
Age, years

	
mean (SD)

	
25/25 (100%)

	
36.11 (15.41)

	
33.07 (12)

	
0.6235




	
Albumin, g/dL

	
mean (SD)

	
25/25 (100%)

	
3.92 (0.51)

	
3.97 (0.6)

	
0.8572




	
Hemoglobin, g/dL

	
mean (SD)

	
25/25 (100%)

	
10.87 (2.34)

	
13.29 (2.58)

	
0.0370 *




	
ESR, mm/h

	
mean (SD)

	
25/25 (100%)

	
63.62 (31.03)

	
30.18 (27.44)

	
0.0289 *




	
ALC, /µL

	
mean (SD)

	
25/25 (100%)

	
1042 (556.39)

	
1449.89 (785.02)

	
0.1798








a Data missing for some patients as indicated in the total number. * denotes p < 0.05. ALC—Absolute lymphocyte count; BPT—Bleomycin pulmonary toxicity; ESR—Erythrocyte sedimentation rate; G-CSF—Growth factor colony stimulating factor; SD—Standard deviation.
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