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                                                            Abstract
Second malignant neoplasms pose a concern for survivors of childhood cancer.
We evaluated incidence, type and risk factors for second malignant neoplasms in patients included in Berlin-Frankfurt-Muenster protocols for childhood non-Hodgkin lymphoma.
3590 patients <15 years of age at diagnosis registered between 01/1981 and 06/2010 were analyzed. Second malignant neoplasms were reported by the treating institutions and the German Childhood Cancer Registry. 
After median follow-up of 9.4 years (Quartile, Q1 6.7 and Q3 12.1) 95 second malignant neoplasms were registered (26 carcinomas including 9 basal cell carcinomas, 21 acute myeloid leukemias/myelodysplastic syndromes, 20 lymphoid malignancies, 12 CNS-tumors, and 16 other). Cumulative incidence at 20 years was 5.7±0.7%, standard incidence ratio excluding basal cell carcinomas was 19.8 (95% CI 14.5-26.5). Median time from initial diagnosis to second malignancy was 8.7 years (range: 0.2-30.3). Acute-lymphoblastic-leukemia-type therapy, cumulative anthracycline dose, and cranial radiotherapy for brain tumor-development were significant risk factors in univariate analysis only.  In multivariate analysis including risk factors significant in univariate analysis, female sex (HR 1.87, 95% CI 1.23-2.86, p=0.004), CNS-involvement (HR 2.24, 95% CI 1.03-4.88, p=0.042), lymphoblastic lymphoma (HR 2.60, 95% CI 1.69-3.97, p<0.001), and cancer-predisposing condition (HR 11.2, 95% CI 5.52-22.75, p<0.001) retained an independent risk. 
Carcinomas were the most frequent second malignant neoplasms after non-Hodgkin lymphoma in childhood followed by acute myeloid leukemia and lymphoid malignancies. Female sex, lymphoblastic lymphoma, CNS-involvement, or/and known cancer-predisposing condition were risk factors for second malignant neoplasm-development. Our findings set the basis for individualized long-term follow-up and risk assessment of new therapies.
                                                            
                                                            Introduction
Second malignant neoplasms (SMN) represent a serious long-term risk after treatment of children with cancer. Reported cumulative incidences of SMN after childhood cancer vary between 3 and 11% at 20-30 years depending on the first cancer, type of treatment and cumulative drug doses.1-5 No lifetime cumulative incidence has been established so far. A recently published study of the German Childhood Cancer Registry (GCCR) has shown a cumulative incidence of 8.3% within 35 years after first cancer in childhood.6 Analysis of SMN after treatment for childhood non-Hodgkin lymphoma (NHL) showed cumulative incidences between 3 and 10% at 20-30 years after NHL diagnosis; the reported standard incidence ratios (SIR) for SMN varied between 2.4 and 12.0.1-5,6-10 Most information is derived from cancer registries in population-based studies on SMN after childhood cancer.1-9 These studies lack detailed information about the NHL-subtypes and specific treatments. Two previous studies focused on SMN after childhood NHL.9,10 One of them limited the analysis to 5-year survivors of NHL, thus omitting most of the hematologic SMN that occur within 5 years of first diagnosis. 9 Two further studies about late health outcomes after treatment of childhood NHL included incidences of SMN, however, restricted the analysis to 5- and 10-year survivors of NHL, respectively.11,12
Studies on SMN after NHL in adulthood report an increased incidence of leukemia and solid tumors.13,14 A meta-analysis concerning the risk of SMN in adult NHL survivors detected a 1.88-fold increased risk for SMN in comparison with the general population.14
Treatment strategies for children with NHL differ from those used in adults with respect to the cumulative drug doses and the application of radiation. Whereas radiotherapy was largely omitted during the 1970s in the pediatric Berlin-Frankfurt-Muenster (BFM)-trials, it is nowadays applied in the treatment of most adults with NHL and bulky disease (Online Supplementary Tables S1 and S2).
In addition, the incidence of SMN may vary according to NHL subtype and treatment regimen, and may also be influenced by genetic and specific host factors.
We analyzed the incidence and type of SMN as well as risk factors for the development of SMN in a populationbased large cohort of children treated for NHL with uniform subtype-specific therapy regimens according to the NHL-BFM trials. Cumulative drug doses and the backbone of the NHL-BFM trials remained stable over the analysis period of 30 years.
Methods
From 01/1981 to 06/2010, 4,184 children from 99 BFM-institutions diagnosed with NHL were registered in the studies ALL/NHL-BFM-81, -83, -86, NHL-BFM-90, -95, ALCL-99, EUROLB- 02, LBL-Register and B-NHL-BFM-04 after informed consent of the patient and/or guardians. The studies were conducted according to the Declaration of Helsinki. Approval was obtained from ethical committees of the investigators. 3,590 patients <15 years of age at diagnosis, were included in the analysis by 04/2017 (Figure 1).
NHL were classified using classifications at the time of diagnosis15,16,17 (see the Online Supplementary Appendix). Central reference pathology- and/or immunology-review was performed in over 90% of cases.
Patients were stratified according to the St Jude staging system18 and treated on one of the NHL-BFM-protocols listed above. Patients with lymphoblastic lymphoma (LBL) received an acutelymphoblastic- leukemia (ALL)-type BFM-regimen consisting of eight drug inductions, consolidations, re-intensifications, and maintenance up to 2 years of therapy. Patients with mature B-cell- NHL or anaplastic large-cell-lymphoma (ALCL) received two to six courses of 5-day block-type chemotherapy as previously reported.19-23 All cumulative drug- and radiation doses are listed in the Online Supplementary Tables S1 and S2.
Long-term follow-up of patients was assured by the NHL-BFM datacenter and the GCCR (general information on data collection by the GCCR: www.kinderkrebsregister.de/english/). Details on follow-up are described in the Online Supplementary Appendix.
For the purpose of this evaluation, histopathology information about the first and second malignancy was re-reviewed in all patients. If required, complementary affirmative investigations were performed by the central reference pathology department. Non-lymphoid and lymphoid malignancies fulfilling the criteria depicted below were considered as proven SMN. In cases of multiple SMN after NHL, only the first second cancer was counted.
Statistical analysis
The risk of SMN was estimated by cumulative incidence functions for SMN and death as competing events. Functions were compared using Gray test and 95% Confidence Intervals (CI) were calculated using standard methods.24
Survival after SMN was calculated from the date of SMN-diagnosis to the date of death or last follow-up, respectively. Probability of survival was calculated according to Kaplan-Meier.25
SIR were calculated as the ratio of the observed SMN and the expected number of malignancies, as described by Scholz-Kreisel et al.6 Age-, sex-, and calendar year–specific rates from the GCCR were used to calculate the expected numbers for cases below 15 years. These data are complete and cover all diagnoses reported here. Population-based incidence rates for cases older than 15 years were not available for the entire period and all diagnoses. Therefore, the SIR was calculated for a subgroup of the cohort without basal cell carcinoma.
The contribution of factors to the development of SMN was estimated with the Cox proportional-hazards model. The clinical and biologic features analyzed included age at first diagnosis, sex, NHL-entity, -stage, therapy-type and known cancer-predisposing condition (CPC). The doses (as per protocol) of epipodophyllotoxins, cyclophosphamide/ifosfamide (dose equivalence ratio 1:4), anthracyclines (dose equivalence ratio 1:1), cytarabine, asparaginase were analyzed, as well as stem-cell transplantation, and cranial radiotherapy. Statistical analysis was performed using SAS program (SAS, version 9.4; SAS Institute Inc, Cary, NC, USA).
Results
Patient characteristics
Patient characteristics are shown in Table 1. Because of the age restriction applied by the GCCR until 2008, we included only patients <15 years at first diagnosis of NHL in our analysis to ensure the most accurate assessment of the incidence of SMN in the study population. The analyzed group included 57 patients with known CPC, namely primary and secondary immune deficiencies, Gorlin-, mismatch-repair-deficiency syndromes, neurofibromatoses, Fanconi anemia. There was no systematic screening for CPC in the study population. Reported patients were identified by the presence of clinical immune deficiency, and/or signs of the syndromes stated above. Investigations for CPC were prompted by multiple- cancer development and/or diminished therapy tolerance in some cases. Six of 57 patients with CPC received radiotherapy. Altogether, 24.7% of all 3,590 patients received ALL-type therapy and 75.3% B-NHL-type regime. 450 patients in the analyzed cohort (12.5%) suffered from relapse of the NHL. Treatment for relapsed disease consisted of individualized chemotherapy. Two hundred and fifty-two patients received consolidation by stem cell transplantation. Patients developing any kind of SMN did not significantly differ from those who did not with respect to the age at diagnosis, stage of NHL, or bone-marrow involvement.
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Table 1.Analysis of risk factors for the development of second malignant neoplasms after non-Hodgkin lymphoma in children < 15 years of age at diagnosis, treated in one of the consecutive NHL-BFM studies NHL-BFM-81, through EURO-LB-02/B-NHL-04.
With a median follow-up of 9.4 years (quartile [Q] range, Q1 6.7 and Q3 12.1), the probability of survival at 20 years was 83%, standard error (SE)=0.01 for the total group of 3,590 patients.
Second malignant neoplasms
Ninety-five SMN were documented: 26 carcinomas (including nine basal-cell carcinomas), 21 acute myeloid leukemia (AML)/myelodysplastic syndrome (MDS), 20 second lymphoid malignancies (12 NHL, four ALL, four Hodgkin disease), 12 malignant CNS-tumors, five sarcomas, five malignant melanomas, and seven other SMN (Figure 1, Table 3).
Second lymphoid malignancy was considered to be proven when (i) in lymphoid malignancy there was a lineage change, i.e., B lineage to T lineage and vice versa, (ii) in lymphoid malignancy there was a change with respect to the differentiation compartment, i.e., from a precursor B (or T) neoplasm to mature B (or T) neoplasm or vice versa, (iii) in Burkitt lymphoma/Burkitt leukemia there was a MYC rearrangement at different break points between the first and the second cancer or (iiii) in mature B-NHL there was a different immunoglobulin light-chain restriction between the first and second malignancy i.e., λ to κ or vice versa. Not included as SMN were eight laterecurring lymphoid malignancies with different clonal rearrangements of immunoglobulin H- and T-cell-receptor- genes, but no differences with respect to discriminators listed above (i-iiii), since clonal evolution in these cases could not be excluded. Evaluation of clonal origin via multiplex-polymerase chain reaction (BIOMED-2 method26) was performed for all available tumor samples in cases of second lymphoid malignancy.
We also observed 20 benign neoplasms (eight low-grade meningeomas, five adenomas, four osteochondromas, one pilomatrixoma, chondroblastoma, neurinoma each).
The SIR for all SMN without basal cell carcinoma was 19.8 (95% CI: 14.5-26.5).
Cumulative incidence of all SMN at 20 years was 5.3% (SE=0.7) (Figure 2A). Cumulative incidences of distinct SMN-groups are depicted in Figure 3. The median age at diagnosis of NHL within the population of <15 years was 8.1 years (range, 0.3-14.9 years) for patients who subsequently developed a SMN. The median time from first diagnosis of NHL to SMN was 8.7 years (range, 0.2-30.3 years). The median time to development of all carcinomas was 15.9 years (range, 0.7-30.3 years), and 11.6 years (range, 0.7-23.7 years) excluding basal-cell carcinomas. The median time was 3.1 years (range, 0.3-8.7 years) for AML/MDS, 5.7 years (range, 1.5-20.2 years) for second lymphoid malignancy, and 8.6 years (range, 0.8-17.3 years) for CNS-tumors, respectively (Table 3). Carcinomas of the gastrointestinal tract and basal-cell carcinoma were the most frequent carcinomas (nine cases each) (Table 3). Six of the nine gastrointestinal tract-carcinomas occurred after a T-cell LBL.
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Table 2.Stepwise Cox regression analysis of risk factors for the development of second malignant neoplasms after non-Hodgkin lymphoma in children < 15 years of age at diagnosis, treated according to one of the consecutive NHL-BFM studies NHL-BFM-81, through EURO-LB- 02/B-NHL-04.
[image: ]

Figure 1.Consort diagram: numbers of analyzed patients and second malignant neoplasms. ALCL: anaplastic large-cell lymphoma; AML/MDS: acute myeloid leukemia/myelodysplastic syndrome; LBL: lymphoblastic lymphoma; NHL: non-Hodgkin lymphoma, No.: number; SLM: second lymphoid malignancy, SMN: second malignant neoplasm.
[image: ]

Figure 2.Estimated cumulative incidence of second malignant neoplasms in patients with non-Hodgkin lymphoma (NHL) <15 years of age at diagnosis, treated in one of the consecutive NHL-BFM studies NHL-BFM- 81, through EURO-LB-02/B-NHL-04. (A) Cumulative incidence of second malignant neoplasms (SMN) for all analyzed patients (5.3%�}0.7). (B) Cumulative incidence of SMN for patients with lymphoblastic lymphoma (LBL) (9.3�}1.9) compared to patients with other NHL (Non-LBL NHL) (3.9�}0.8). (C) Cumulative incidence of SMN for NHL-patients with known cancer-predisposing condition (CPC) (19.9�}7.2) compared to patients without known CPC (4.9�}0.7). SE: standard error.
Univariate analysis of risk factors (Table 1)
Cumulative incidence of SMN was significantly higher among patients with LBL (9.3% at 20 years, SE=1.9%) compared to patients with other NHL-entities (3.9% at 20 years, SE=0.8%, P<0.0001) (Figure 2B). In patients with LBL, both carcinomas and AML/MDS were the most common SMN (14 cases each), accounting for 72% of all SMN after LBL. The cumulative incidence of AML/MDS was 1.8%, SE=0.5% after LBL compared to 0.1%, SE=0.1% after mature B-NHL (P<0.0001). Carcinomas had a higher cumulative incidence in LBL compared to mature B-NHL as well (4.6%, SE=1.5% vs. 2.5%, SE=0.7%, P=0.04). Second lymphoid malignancy represented the largest SMN-group (34%) after mature B-NHL. Female sex was a risk factor for SMN (20-year cumulative incidence 8.4% vs. 4.0% in males, P=0.0008) (Table 1). Patients with known cancer predisposing condition (CPC) were at significantly higher risk for development of SMN (cumulative incidence 19.9% vs. 4.9%, P<0.0001) (Figure 2C). The majority of patients with CPC were female (66.7%). The most frequent SMN in patients with CPC was another lymphoid malignancy (Table 3; Online Supplementary Table S3). With a median age of 6.4 years (range, 1.3-9.6 years) at primary NHL diagnosis, patients with CPC were younger than other patients with SMN. Neither disease stage nor bone marrow involvement at primary diagnosis were significant risk factors (Table 1).
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Table 3.Characteristics and outcome of patients with second malignant neoplasms after non-Hodgkin lymphoma in children.
[image: ]

Table 4.Second malignant neoplasms after non-Hodgkin lymphoma in children in patients with known cancer predisposition condition.
Only patients with LBL received ALL-type therapy. Only ALL-type therapy contains >200 mg/m2 doxorubicin equivalent. Accordingly, the cumulative incidence of SMN at 20 years was significantly higher after ALL-type therapy (8.7%, SE=1.7) compared to B-NHL-type therapy (3.7%, SE=0.7; P=0.0002) and among patients who had received >200 mg/m² doxorubicin equivalent (8.7, SE=1.8) compared to patients receiving less (4.3, SE=0.8, P<0.0001). Exposure to etoposide was not a risk factor for AML/MDS (results not shown). 76% of patients who developed AML/MDS did not receive any epipodophyllotoxins. The use of high cumulative doses of alkylating agents was not associated with higher incidence of SMN (Table 1).
Patients who received cranial radiotherapy were at significantly higher risk for developing a second CNS malignancy (P=0.01), (Table 1).
Stem cell transplantation correlated with SMN-development among patients who received B-NHL-type therapy (cumulative incidence 10.4%, SE=3.9 vs. 2.8, SE=0.6; P=0.005).
Because the previous reports of SMN after childhood cancer did not include non-melanoma skin cancer, for comparison purpose we performed cumulative incidence analyses excluding basal-cell carcinoma. Cumulative incidence of all SMN excluding basal-cell carcinoma at 20 years was 4.8% (SE=0.7). Cumulative incidence of SMN remained significantly higher among patients with LBL (8.6% at 20 years, SE=1.7%) compared to patients with other NHL-entities (3.4% at 20 years, SE=0.7%, P<0.0001), and in patients with known CPC (19.6% at 20 years, SE=7.1) compared to patients without known CPC (4.4% at 20 years, SE=0.7, P<0.0001) after exclusion of basal-cell carcinoma from the analysis.
Multivariate analysis of risk factors
In a stepwise Cox regression analysis taking into account risk factors significant in univariate analysis, which are listed in Table 1, only female sex (HR 1.9, 95% CI: 1.2-2.9, P=0.004), CNS-involvement (HR 2.2, 95% CI: 1.0-4.9, P=0.04), diagnosis of LBL (HR 2.6, 95% CI: 1.7-4.0, P<0.001), and a known CPC (HR 11.2, 95% CI: 5.5-22.8, P<0.001) represented independent risk factors for the development of SMN (Table 2). Looking for the risk factors for the development of AML/MDS, a diagnosis of LBL (HR 12.0, 95%CI: 3.8-37.0, P<0.001), CNS-involvement (HR 5.2, 95%CI: 1.5-18.5, P=0.01) and a known CPC (HR 8.8, 95%CI: 1.2-67.3, P=0.04) showed a significant association.
[image: ]

Figure 3.Estimated cumulative incidence of second malignant neoplasms (SML) 20 years after non-Hodgkin lymphoma (NHL)-diagnosis in 3,590 NHL-patients <15 years of age, treated in one of the consecutive NHL-BFM studies NHL-BFM-81, through EUROLB- 02/B-NHL-04 according to the type of SMN. (A) Cumulative incidence of all SMN. (B) Cumulative incidence without basal-cell carcinoma (BCC). AML/MDS: acute myeloid leukemia/myelodysplastic syndrome; SE: standard error, SLM: second lymphoid malignancy.
Outcome after SMN
Survival at 10 years after diagnosis of the SMN was 47%, SE=6.4. The worst prognosis carrying AML/MDS with a 10-year survival of 26.5%, SE=11.6 was followed by CNS-malignancy with a 10-year survival of 43.6%, SE=15.5. Patients with solid secondary tumors outside the CNS had a 10-year survival of 50.8%, SE=13.0 and patients with second lymphoid malignancy 57.8%, SE=13.3, respectively. Patients with known CPC had a survival of only 11.1%, SE=10.5. Nine patients (six with known CPC) with SMN developed a third malignant neoplasm (Tables 3 and 4).
Discussion
We presented the incidence and types of SMN as well as risk factors for the development of SMN in the to date largest cohort of patients who were treated for NHL as children according to subtype-specific BFM-type therapy regimens with stable cumulative drug doses over the analysis period. The estimated 20-year cumulative incidence of SMN of 5.3±0.7% (4.8±0.7% without basal-cell carcinomas), among 3,590 patients is comparable to the one reported by Leung et al.10 in a cohort of 497 children with NHL (4.8±1.3% at 20 years). An analysis of 456 French and British 3-year survivors of pediatric NHL showed 25-year cumulative incidence of solid SMN of 10%, and a relative risk of 12%.1 The CCSS group reported a 20-year cumulative incidence of SMN of 3% (SIR of 3.9) in 1,082 5-year survivors of pediatric NHL.9 Since this study focused on solid-tumor SMN most of the AML/MDS that occured within 5 years of first NHL-diagnosis and all secondary lymphomas were not included which explains the somewhat lower cumulative incidence compared to our study. In an updated CCSS-report from 2010, a 30-year cumulative incidence of 5.8% and SIR of 4.1% was reported for the same cohort of patients.8 The observation of an increasing cumulative incidence with longer observation time is reflected in our study by the missing plateau for secondary carcinomas after NHL-therapy.
Analyses in the US Surveillance, Epidemiology, and End Results (SEER) program showed a 5.3-fold elevated risk for SMN after NHL compared to the normal population in patients diagnosed before the age of 18 years with significantly higher risks for breast cancer and acute non-lymphoid leukemia in a cohort of 1,150 patients treated between 1973 and 2002.² Another SEER analysis in a cohort of 1,832 5-year survivors of childhood NHL under 15 years of age at initial diagnosis reported SIR of 3.3 for SMN.4 Focusing on 4,310 NHL survivors treated with chemotherapy only, the CCSS-group reported a lower SIR of 2.4 for SMN occurring ≥5 years from initial diagnosis without non-melanoma skin cancers.5 The evaluation of late outcomes in a cohort of 200 childhood NHL patients who had survived for ≥10-years in the St Jude Lifetime Cohort Study revealed SIR of 6.3 for SMN, with none occurring in individuals not irradiated.12 We observed a higher SIR of 19.8 (without basal-cell carcinoma), which is similar to the SIR after acute lymphoblastic leukemia reported by the GCCR.6 Different inclusion criteria of patients regarding the age at initial diagnosis, varying restriction of the latency period to SMN-development, exclusion or inclusion of some SMN types (e.g., lymphoma), and possibly differences in the treatment regimen may influence variations in the SIR estimates. Younger age at initial diagnosis (<15 years), no restriction of latency period to SMN-development, inclusion of patients with known CPC, and inclusion of second lymphoid malignancies explain a higher SIR in our cohort of patients treated by contemporary NHL-protocols with prophylactic brain irradiation only in LBL-patients. We cannot exclude that variations of the estimated cancer incidence in the control population might interfere regarding the different SIR-estimates as well.
Identified risk factors for SMN development in the published studies were female sex,9 previous radiotherapy, 1,2,8,9,12 and use of epipodophyllotoxins (for development of sAML/MDS).2,10 Cumulative incidence of SMN in our study was significantly higher in patients with LBL receiving ALL-type therapy compared to patients with other NHL-entities receiving B-NHL-type therapy, mainly attributable to the high incidence of sAML/MDS and carcinomas in LBL-patients. In contrast to Leung et al.10 and Inskip et al.2 we could not explain the occurrence of AML/MDS after LBL by excess use of epipodophyllotoxins, as these were not part of the BFM-ALL-type treatment regimen. The anthracycline doses of 240 mg/m² doxorubicin- equivalent received by most LBL-patients could be potentially associated with the induction of AML/MDS. However, only four of 21 observed AML showed MLLrearrangements characteristic for topoisomerase-II inhibitors-induced AML.27,28 The majority of AML/MDS developed in patients with advanced stage T-LBL. An increased risk of AML was reported in pediatric patients after ALL with T-cell phenotype, too.29 Single reports on lineage switch in T-ALL relapsing as AML30 suggest a common origin of precursor T and myeloid cells. Our analysis of NHL-patients supports the above observations towards a possible common underlying mechanism predisposing some patients with T-cell precursor neoplasm to the development of AML/MDS.
In an analysis of late outcomes after treatment in 570 children with B-NHL11 who survived ≥5 years from initial diagnosis, none of the 126 children treated with the contemporary “Lymphome Malin de Burkitt (LMB) therapy” between 1987 and 1999 without radiotherapy developed SMN. Patients treated with non-LMB protocols, including radiotherapy, had a SMN incidence rate of 2.2 per 1,000 person-years (5,871 total person-years).11 The inclusion of second lymphoid malignancies in our cohort which accounted for 37.8% of all SMN after B-NHL and the restriction of the reported SMN to ≥5-year survivors in the earlier study11 can explain the higher risk estimate for patients after B-NHL type therapy in our analysis of 3.9%.
The most frequent SMN after NHL in our as well as other analyses were solid tumors, the largest group consisting of carcinomas. Compared to the hematologic SMN, the cumulative incidence estimates for solid tumors do not show a plateau after 20 years which is in line with the observation of higher estimates in the CCSS studies with longer follow-up.
Several studies demonstrated a relationship between radiotherapy and solid SMN as exemplified by the occurrence of CNS-tumors after radiotherapy for a primary CNS-malignancy or after cranial radiotherapy for ALL.31,32 The latter was also observed in our study. In contrast to the findings of others,1,2,8,9,12 radiotherapy was not associated with development of SMN outside the CNS in our study. This can be explained by the omission of local radiotherapy early in the BFM-studies, and consecutively, very low numbers of patients exposed to radiotherapy outside the CNS in our cohort (38 of the 3,590 patients), precluding the detection of a significant impact on SMNdevelopment in the radiation field outside the CNS.
Several patterns noticed in our cohort suggest the possible existence of unknown familial cancer syndromes predisposing patients to NHL and solid neoplasia.33 Unlike previous reports1-10 we encountered an unusual high number of gastrointestinal tract-carcinomas, most of them occured after T-LBL. Interestingly, SIR of 67.3 for development of SMN of digestive tract after childhood NHL was also reported by Erhardt et al.12 In three patients with gastrointestinal tract-carcinomas in our cohort a constitutional mismatch repair deficiency (CMMRD)34 was diagnosed (Table 4). Nine patients developed >2 malignancies, in six of them a CPC was diagnosed, suggesting the presence of more, as yet undiscovered CPC. An European Inter-Group for Childhood Non-Hodgkin Lymphoma survey and i- BFM-survey revealed a 10-year cumulative incidence of SMN of 24±5% among 151 children with CPC and NHL.35 An increased cancer risk (SIR 1.5) of siblings of patients with SMN after childhood cancer also support the theory of familial susceptibility for cancer development.3 Due to of the retrospective character of our study, a detailed family history of cancer burden can not be obtained or further genetic investigations cannot be easily performed. Further studies are needed to address this issue.
Skin cancer as SMN after childhood cancer has been mostly associated with radiotherapy.36 Among the nine basal-cell carcinomas and four melanomas in our cohort, however, only six had received radiotherapy. Astonishingly, four basal-cell carcinomas developed after ALCL (without radiotherapy), an association which has not been observed so far.
Unexpectedly, in our analysis the third most frequent SMN after a childhood NHL was another lymphoid malignancy (Online Supplementary Table S3). A high incidence of second lymphoid malignancy after NHL has not been reported so far.
Most of the second lymphoid malignancies (70%) occurred after mature B-NHL. Primary and secondary immune deficiencies, as well as defects of mismatch DNA-repair mechanisms bear susceptibility for development of NHL.37 In our study six patients with second lymphoid malignancy had a known CPC. For the remaining 14 patients either as yet unknown susceptibilities for development of lymphoma, or defects of immune surveillance might be responsible.
Following a large cohort of children with NHL enrolled in consecutive clinical studies with uniform treatment backbones is a strength of our study. The combined follow- up of patients by the NHL-BFM study group as well as the GCCR ensured a high probability to collect most of the SMN after NHL in childhood. Furthermore, all reports were medically validated. Careful analysis of second lymphoid tumors after NHL including comparison of tumor material from first and second tumors enabled us to distinguish second lymphoid malignancies from relapses. However, we cannot exclude an under-reporting of second lymphoid malignancies in cases of assumed relapses with similar histology and insufficient tumor material for molecular comparison. With a median follow-up time of 9.4 years (maximum 36 years) it is likely that we captured most of the hematologic SMN, but did not capture all second solid tumors. Despite the significant higher risk of SMN for patients with known CPC, it is also likely that we underestimated the frequency of CPC among children suffering from NHL, since CPC were not systematically screened for.
Genetic predisposition and immune suppression are important risk factors for the development of SMN in line with previously administered chemotherapy and/or radiotherapy. Therefore efforts should be made to identify individuals with CPC. The inclusion of basic immunological examinations and using standardized questionnaires38 about the personal and family history of the patients should be discussed for all children with NHL in order to provide a better basis for long-term patient care. Our study underscores the importance to continue to pay high attention on patient follow-up beyond the pediatric age. Patients and caregivers of survivors of childhood NHL should be aware of the specific risk factors for the development of SMN, and should be highly alert to early signs and symptoms of possible malignancy, such as carcinoma of the gastrointestinal tract or CNS tumor, in order to allow timely diagnosis. Also directed screening for SMN might be appropriate with the goal to improve the prognosis for the treatment of the second malignancy. In cases of late recurring lymphoid malignancies, the possibility of a SMN as opposed to relapse of the primary lymphoma should be considered with potential implications for the application of diagnostic tools (e.g., molecular genetics and clonality analysis) and treatment decisions.
In conclusion, our analysis revealed an increased risk for SMN after successful treatment of childhood NHL. The cumulative incidence of SMN was significantly higher in LBL-patients compared to the other subtypes of NHL. The diagnosis of LBL was an independent risk factor for the development of AML/MDS. Patients with known CPC had a significantly higher risk for the development of SMN than patients without known CPC. Solid malignancies were the most frequent SMN followed by AML/MDS and second lymphoid malignancy.
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