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Abstract

Pleural diffuse malignant mesothelioma typically presents during the seventh decade of life and 

has poor prognosis. Recent epidemiologic studies have shown differences between young and 

older mesothelioma patients, but the biology of pleural mesothelioma in young patients is poorly 

understood. We studied the clinicopathologic and genetic characteristics in pleural mesothelioma 

patients aged 35 years and younger. Thirty-six consecutive pleural mesothelioma patients aged 35 

years and younger were compared with 48 older patients. We examined demographic and clinical 

characteristics, histologic type, growth patterns, mitotic index, and nuclear grade on hematoxylin 

and eosin-stained slides, BAP1 protein expression by immunohistochemistry, and CDKN2A and 

NF2 deletions by fluorescence in situ hybridization. Clinicopathologic and cytogenetic results 

were compared between young and older groups, and correlated with overall survival. Young 

patients were more frequently women, reported less asbestos exposure, and had a greater 

frequency of prior therapeutic radiation and family history of breast cancer than older patients 

(P<0.05 each). There were no histologic differences between young and older patients (all 

P>0.05). CDKN2A deletion was less prevalent in young patients (P = 0.01), loss of BAP1 protein 

expression less frequent in young patients (P = 0.06), and NF2 deletion rates similar between 

groups (P>0.05 each). Median overall survival was 40 vs 26 months (P = 0.10) in young and older 

patients, respectively, and 47 vs 31 months (P = 0.04) when comparing patients with epithelioid 

histology only. High mitotic index and non-epithelioid histology were the only characteristics 

associated with a poor overall survival in young patients. Young patients with pleural 

mesothelioma have an equal sex distribution and are more likely to have a history of mantle 

radiation, family history of breast cancer, and lower rates of CDKN2A deletion than older patients. 

Our results suggest that pleural mesothelioma in young patients has distinctive clinical and genetic 

characteristics, despite some similarities to pleural mesothelioma in older patients.
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Pleural diffuse malignant mesothelioma is an aggressive malignancy of mesothelial 

derivation that has been etiologically linked to occupational and environmental asbestos 

exposure in 50–80% of cases.1–3 The median age at diagnosis is 69 years, and the male to 

female ratio is approximately 3:1 among all patients with pleural mesothelioma.4–6 The 

divergence in sex distribution among patients with mesothelioma occurs between the ages of 

35 and 40.6–8 In contrast to older individuals with pleural mesothelioma, the sex distribution 

among young pleural mesothelioma patients is approximately equal, and the rates of 

reported asbestos exposure among this population have been significantly lower than in 

older patients.8–11 These differences in demographics and exposure history between younger 

and older patients suggest that the etiologic, clinicopathologic, and genetic characteristics of 

pleural mesothelioma in this population may be unique and distinct from the characteristics 

of pleural mesothelioma in older individuals.7,11

Pleural mesothelioma is rare in young adults, and patients younger than 35 represented 0.7% 

of all cases in the National Cancer Institute’s Surveillance, Epidemiology, and End Results 

Program database between 2008 and 2012.6,7,9 Although epidemiologic studies have 

addressed some clinical characteristics of pleural mesothelioma in younger individuals, 

direct histopathologic studies of tumors from younger patients are few. Among case reports 

and small series focusing on pediatric patients, the largest to date comprises only 13 patients 

with histologically confirmed mesothelioma.7,9,10,12–14

Given that the prevalence of mesothelioma rises sharply after the age of 35,6,7 we studied 

patients aged 35 and younger to characterize this group of patients and determine if their 

clinical, histologic, and genetic characteristics differ from older patients. We compared 

clinical features, history of asbestos exposure, personal and familial history of malignancy, 

CDKN2A and NF2 deletion, and BAP1 protein expression between young and older 

patients, and compared the results with overall survival.

Materials and methods

Patient Selection and Clinical Characteristics

Cases of pleural diffuse malignant mesothelioma were identified and analyzed 

retrospectively with approval of the Brigham and Women’s Hospital Institutional Review 

Board. Consecutive patients with pleural mesothelioma aged 35 and younger who were seen 

at Brigham and Women’s Hospital between January 1990 and September 2015 were 

included in the study group. A separate cohort of pleural mesothelioma patients older than 

35 treated between April 2012 and September 2015 were used as a comparison group for 

clinical, histologic, and genetic correlative analyses. This group was selected on the basis of 

availability of next-generation sequencing results, which was implemented routinely at 

Brigham and Women’s Hospital in 2013 and performed on selected cases from 2012, in 

order to validate the use of BAP1 immunohistochemistry for determination of BAP1 gene 

status in the study group, who did not have available gene sequencing results. Information 

regarding sex, age, history of mantle radiation, asbestos exposure, personal history of 

malignancy, and family history of malignancy was obtained from the medical records.
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Histology Review

Available hematoxylin and eosin slides and immunohistochemical stains were reviewed for 

each case in the study group and comparison group. Histologic type, lymphovascular 

invasion, lymph node metastases, predominant growth pattern, nuclear grade as previously 

described,15 and mitotic index, defined as number of mitoses per 2 mm2 (using an Olympus 

BX 41 microscope at × 400 magnification, objective × 40, visible area 2.37 mm2) were 

recorded. For purposes of statistical analysis, mitotic index was categorized in binary 

fashion as ≤ 4 or >4, as this threshold has been previously associated with poor survival.15

Cytogenetic Analysis and Fluorescence In Situ Hybridization

Cytogenetic analysis and fluorescence in situ hybridization to evaluate for CDKN2A (p16) 

and NF2 deletions were performed as part of routine clinical practice at BWH, as previously 

published.16 Karyotypic abnormalities and CDKN2A and NF2 FISH results were obtained 

from patient medical records when available.

BAP1 Immunohistochemistry and Next-Generation Sequencing

Immunohistochemical evaluation of BAP1 protein expression was performed following 

pressure cooker antigen retrieval (0.01 M citrate buffer, pH 6.0) using a mouse monoclonal 

antibody to BAP1 (1:50 dilution; clone C-4; Santa Cruz Biotechnology, Dallas, TX, USA) 

and the Dako Envision+ detection system (Agilent Technologies, Santa Clara, CA, USA). 

Staining was performed on 4-μm-thick formalin-fixed paraffin-embedded tissue sections. 

Appropriate positive and negative controls were used throughout the study, and endogenous 

levels of BAP1 staining in lymphocytes and stromal cells served as internal positive controls 

in all cases. Intensity of nuclear staining was characterized as absent (0), weak (1+), 

moderate (2+), or strong (3+), and the extent of immunoreactivity was quantified as 

percentage of tumor cells staining, in increments of 10%. Examples of BAP1 staining are 

illustrated in Figure 1.

Systematic evaluation of BAP1 immunohistochemistry in relation to BAP1 gene mutations, 

copy number variations, and structural rearrangements has not been published, and we 

therefore correlated BAP1 IHC in the comparison group with next-generation sequencing 

results in order to validate its use as an indicator of gene status. The OncoPanel targeted 

hybrid-capture-based next generation sequencing assay was performed at Brigham and 

Women’s Hospital after DNA isolation from formalin-fixed paraffin-embedded tissue 

sections containing more than 20% tumor using a solution-phase Agilent SureSelect hybrid 

capture kit and Illumina HiSeq 2500 sequencer as previously described.17 Massively parallel 

sequencing was used to survey exonic DNA sequences from 275 cancer-related genes 

including CDKN2A, NF2, and BAP1, and 113 intronic sequences from 30 genes, including 

BAP1, to detect large deletions and gene rearrangements. Sample reads were analyzed and 

interpreted using a custom pipeline, including mutation calls generated using MuTect18 and 

GATK, copy number calls using VisCap Cancer,19 and structural variants using BreakMer.20

Statistics

Categorical data were analyzed using the Fisher Exact Test or χ2 analysis where 

appropriate, with a threshold of P<0.05 used to determine statistical significance. Overall 
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survival was calculated from the date of pathologic diagnosis to the date of last clinical 

follow-up or death, at which point the survival data were censored. Median overall survival 

was determined using the Kaplan–Meier method. Prognostic significance of 

clinicopathologic characteristics within the study group was determined using Cox 

regression analysis. Statistical analysis was performed using GraphPad Software (GraphPad 

In Stat http://www.graphpad.com; version 3.10 for Windows; LaJolla, CA, USA).

Results

Patient Clinical Characteristics

We identified 39 consecutive patients with pleural diffuse malignant mesothelioma aged 35 

and younger between January 1999 and September 2015, of which 36 had sufficient material 

for further study (study group). A separate cohort of 48 patients older than 35 with available 

next-generation sequencing results obtained between April 2012 and September 2015 were 

used for clinical, histologic and genetic comparison (comparison group). The clinical 

characteristics of study patients are summarized in Table 1.

The young pleural mesothelioma group consisted of 17 (47%) women and 19 (53%) men, in 

contrast to the older pleural mesothelioma group, which had a much smaller proportion of 

women (13%; P = 0.0005). Mean ages were 30 (SD 4.5; range 18–35) in the young group 

and 69 (SD 8.3; range 38–84) in the older group. Eight (22%) young patients had a history 

of therapeutic mantle radiation, all for Hodgkin lymphoma, while no older patients had 

received radiation (P = 0.0007). Reported asbestos exposure was less common in young 

patients compared with older patients (31% vs 75%; P = 0.0001). While younger patients 

were as likely to have a personal history of malignancy as older patients (36% vs 27%; P = 

0.48), they were less likely to have a family history of malignancy (42% vs 73%; P = 0.003). 

Analysis of family history of malignancy with respect to different tumor types, however, 

demonstrated a higher prevalence of breast cancer among relatives of young patients with 

pleural mesothelioma than older patients (40% vs 9%; P = 0.02; Supplementary Table S1). 

There was no difference in clinical stage between young patients and older patients with 

available clinical data.

Histologic Characteristics

A mean of eight hematoxylin and eosin slides (SD 7.4; range 1–23) were examined in young 

mesothelioma patients and three (SD 2.5; range 1–16) in older pleural mesothelioma 

patients. Histologic features of all mesotheliomas in each group are summarized in Table 2.

The majority (78%) of pleural mesotheliomas in young patients were epithelioid, with a 

smaller number of biphasic (19%) and sarcomatoid (3%) tumors. While older patients more 

frequently had biphasic (40%) or sarcomatoid (4%) histology, the distribution of histologic 

types did not significantly differ between the study and comparison groups (P = 0.12). Given 

that non-epithelioid histology affects survival, we analyzed histologic characteristics 

between the study and control groups both among all histologic types as well as among 

epithelioid pleural mesotheliomas only. No histologic parameters were significantly different 

between the two groups among all histologic types (P>0.05 for all; Table 2). When 
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considering epithelioid mesotheliomas only, younger patients were slightly more likely to 

demonstrate a tubulopapillary pattern and to have lymph node metastases; however, these 

differences were not statistically significant (P>0.05 for each; Table 2).

Cytogenetics and Fluorescence In Situ Hybridization

Karyotypic analysis was available in eight young patients and demonstrated deletions of 

chromosome 9 in one patient, chromosome 22 in four patients, and chromosome 3 in one 

patient, and translocations in two patients. Thirteen older patients had available karyotypes, 

demonstrating deletions of chromosomes 9 in seven patients, chromosome 22 in seven 

patients, chromosome 3 in two patients, and translocations in six patients. Genomic losses 

predominated over genomic gains in 50% of tumors in the study group compared with 62% 

of tumors in the comparison group. No recurrent translocations were seen among any 

patients in the study and comparison groups, and none of the translocations involved 

CDKN2A, NF2, or BAP1.

Fluorescence in situ hybridization results for both CDKN2A and NF2 were available for 18 

young patients. Fluorescence in situ hybridization for CDKN2A was available in 35 older 

patients, and for NF2 in 33 older patients (Table 3). CDKN2A deletion was significantly less 

frequent in younger than in older patients (17% vs 54%; P = 0.01). No difference in the 

prevalence of NF2 deletion was seen between the two groups (67% vs 78%; P = 0.53). 

Comparison of CDKN2A and NF2 status among epithelioid mesotheliomas between the 

study and control groups demonstrated similar results (Table 3).

BAP1 Immunohistochemistry

Young patients demonstrated less frequent loss of nuclear BAP1 immunohistochemical 

staining compared with older patients, but the difference was not statistically significant, 

regardless of histologic type (P>0.05; Table 3). Next-generation sequencing in the group of 

older patients showed BAP1 alterations consisting of point mutations, insertions, deletions, 

copy number variations, or gene rearrangements in 19 of 21 cases with complete absence of 

BAP1 protein. With the exception of two cases that demonstrated missense mutations of 

unknown significance, any amount of BAP1 nuclear staining regardless of intensity or 

distribution was associated with wild-type BAP1 gene status. Two cases with wild-type 

BAP1 gene status demonstrated absence of BAP1 staining. Complete absence of BAP1 

protein expression had a sensitivity of 90%, specificity of 93%, positive predictive value of 

90%, and negative predictive value of 93% for underlying BAP1 genomic abnormalities, 

supporting the use of BAP1 immunohistochemistry as an indicator of BAP1 alteration.

Survival Analysis

Median overall survival among all histologic types of pleural mesothelioma was 40 months 

in young patients and 26 months in older patients (P = 0.10; Figure 2a). Median follow-up 

was 37 months in young patients and 31 months in older patients alive at the end of the 

study period. Considering epithelioid mesotheliomas alone, overall survival was 

significantly longer in the study group than in the control group (47 vs 31 months; P = 0.04; 

Figure 2b). Non-epithelioid histology and mitotic index >4 were significantly associated 
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with a shorter overall survival among young patients (Figures 3 and 4 and Supplementary 

Table S2). No other histologic characteristics correlated with overall survival.

Discussion

Young patients with pleural mesothelioma are more frequently women and have longer 

survival compared with older patients, suggesting potential biological differences between 

tumors in these two groups.6,7,10 The higher incidence of pleural mesothelioma among men 

in older patients may be related to occupational asbestos exposure, given that men and 

women who have been exposed to equivalent amounts of asbestos have a similar incidence 

of pleural mesothelioma.21 Overall survival in pleural mesothelioma has been reported to be 

better in patients who have not been exposed to asbestos, and young women are 

disproportionately represented among long-term survivors.22,23 Furthermore, equal sex 

distribution, young age, and improved survival have been reported among patients with 

pleural mesothelioma in populations exposed to naturally occurring non-asbestos fibers, 

therapeutic radiation, and other potentially carcinogenic materials.24–26 These observations 

have raised the possibility that pleural mesothelioma in young patients may be related to 

different etiologic factors than in older patients, and may therefore possess different clinical, 

histologic, and genetic characteristics that could have potential impact on patient prognosis 

and treatment.

The current study is the largest comprehensive clinical, histologic, genetic, and survival 

analysis of young pleural mesothelioma patients to date. Our findings confirm an equivalent 

sex distribution and significantly lower rates of reported asbestos exposure in pleural 

mesothelioma patients aged 35 and younger compared with older patients. A history of 

therapeutic mantle radiation for Hodgkin lymphoma was present in a quarter of young 

pleural mesothelioma patients (Table 1). This finding confirms the reported etiologic 

association between therapeutic radiation and pleural mesothelioma,26,27 and suggests that 

therapeutic radiation may be a particular risk factor for pleural mesothelioma in this 

population. Young and older pleural mesothelioma patients did not differ with respect to 

personal history of malignancy. One would expect younger patients to have a significantly 

lower prevalence of prior malignancy than older patients; while this finding can partially be 

explained by the comparatively high prevalence of Hodgkin lymphoma in the young pleural 

mesothelioma group, 5 of 36 young patients had a personal history of other malignancies, 

suggesting that other factors (eg genetic predisposition) may be contributory. Family history 

of malignancy was significantly more prevalent among older than among young pleural 

mesothelioma patients. This result, however, is likely explained by age-related increases in 

cancer among family members of older mesothelioma patients, and not due to inherited 

cancer susceptibility. Interestingly, there was a much higher relative prevalence of family 

history of breast cancer among young than among older pleural mesothelioma patients 

(Supplementary Table S1), and one patient in the study group had a personal history of 

invasive ductal carcinoma of the breast at age 28 in the setting of a germline BRCA2 
mutation. These findings, in the absence of a higher overall incidence of family cancer 

history compared with older patients, also suggests that young patients with pleural 

mesothelioma may have an underlying susceptibility to other specific types of malignancy.
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There were no statistical differences in the distribution of histologic types of pleural 

mesothelioma, presence of lymphovascular invasion, nodal metastases, growth patterns, 

nuclear grade, or mitotic index among all mesotheliomas between young and older patients. 

Although the difference in distribution of histologic mesothelioma types did not reach 

significance between study and comparison groups, the higher prevalence of biphasic and 

sarcomatoid mesotheliomas in the comparison group prompted us to examine the remaining 

histologic and genetic characteristics in epithelioid mesotheliomas separately, as non-

epithelioid histology is associated with poor survival and a higher prevalence of CDKN2A 
alterations. Young patients with epithelioid mesotheliomas demonstrated a slightly higher 

prevalence of lymph node metastases and tubulopapillary growth that did not reach 

statistical significance, and were otherwise similar to older patients.

Approximately 43–80% of all pleural diffuse malignant mesotheliomas are reported to 

harbor deletions of the CDKN2A gene and 40–65% have NF2 deletions.28–30 More recently, 

somatic alterations of the BAP1 gene have also been described in 42–80% pleural 

mesothelioma patients, and are independent of CDKN2A and NF2 alterations.31,32 

CDKN2A deletion is reported to be associated with asbestos exposure in vitro and in vivo, 

and has been associated with poor prognosis in multiple studies compared with pleural 

mesotheliomas without the deletion.30,33,34 Somatic BAP1 abnormalities have not 

consistently been shown to be associated with asbestos exposure, and have shown variable 

correlation with overall survival.25,35 The prognostic significance of NF2 alterations has not 

been studied in depth. 54% of pleural mesotheliomas in older patients in our study had 

CDKN2A deletions, and 76% had losses at the NF2 locus. While the prevalence of NF2 
deletion in the study group was not significantly different from the older comparison group, 

young patients had a much lower prevalence of CDKN2A deletion. Given that germline 

mutations of the BAP1 gene confer susceptibility to a number of tumors, including pleural 

diffuse malignant mesothelioma,36 we also evaluated the possibility that BAP1 alterations 

may play an important oncogenic role in young pleural mesothelioma patients. As genomic 

sequencing data were not available in the study group, we compared BAP1 

immunohistochemistry to BAP1 gene sequencing data in the comparison group and 

demonstrated a high sensitivity and specificity of BAP1 immunohistochemistry for detection 

of somatic BAP1 genetic abnormalities. Interestingly, tumors in the study group 

demonstrated loss of BAP1 expression less frequently than tumors from older patients (22% 

vs 44%), but the difference did not reach statistical significance (P = 0.06).

Although the lower prevalence of CDKN2A deletion among young patients could 

potentially be attributed to a lower prevalence of non-epithelioid histology in the study 

group, this genomic difference persisted between the study and comparison groups even 

when epithelioid mesotheliomas were analyzed separately. Additionally, while the number 

of cases with available karyotypic analysis in the current study were few, mesotheliomas in 

young patients had a slightly lower prevalence of genomic losses than did older patients. In 

combination with our fluorescence in situ hybridization and immunohistochemical results, 

this suggests a genomic landscape among young pleural mesothelioma patients that has been 

recently described to be associated with therapeutic radiation rather than asbestos exposure.
37 These findings support the concept that differences in the biology of pleural 
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mesothelioma between young and older patients could be related to radiation as a major 

causative agent in the former, compared with asbestos exposure in the latter.

Young patients had a median overall survival of 40 months, approximately 16 months longer 

than the median overall survival in the comparison group. Although the difference was not 

statistically significant, due to small sample size, this finding aligns with prior reports that 

young patients survive longer than older patients.7,38,39 Five-year survival among young 

patients in the current study was 31%, higher than the reported rates of 12–15% among all 

pleural mesothelioma patients,40,41 and including two patients who were alive at the last 

time of follow-up at 112 and 161 months. Notably, in our separate analysis of epithelioid 

tumors only, overall survival was significantly longer among young patients compared with 

older patients. This suggests that there may be a subset of exceptionally long survivors 

among young patients with epithelioid pleural diffuse malignant mesothelioma. Tumor 

histology and mitotic index were the only pathologic variables that correlated with overall 

survival in our study group, and confirm prior reports that mitotic index >4 and non-

epithelioid histology confer poor prognosis in pleural diffuse malignant mesothelioma.15,38 

In contrast to some studies,15 low nuclear grade did not significantly correlate with a better 

overall survival in the study group.

The primary limitations of our study are the small number of patients in the study and 

control groups due to the low prevalence of mesothelioma in young patients and selection 

criteria for the comparison group, respectively, the absence of asbestos fiber counts in our 

study and comparison groups as an objective measure of exposure, and the need to use 

immunohistochemistry as a surrogate for BAP1 gene alterations in the study group. 

Additionally, since our control group was selected on the basis of availability of next-

generation sequencing results, the time period during which older patients were treated was 

more limited and recent than the study group time period, raising the possibility that there 

were differences in patient management and treatment efficacy between the groups that 

could affect survival analysis.

Our findings must be interpreted within the context of these limitations; nevertheless, the 

distribution of demographic data and histologic types of mesothelioma in our study and 

comparison groups are in agreement with prior epidemiologic characterizations of these 

patient populations,5–7 and our results therefore still suggest a number of interesting 

conclusions that merit further study. Young patients had an equal sex distribution, were less 

likely to report asbestos exposure, and had a different genomic profile than our older 

comparison group, confirming similar prior reports7,9,10,13–14,37,42 and suggesting that other 

pathogenetic pathways may play a greater role in this demographic group than in older 

patients. Specifically, mantle radiation, which has previously been associated with malignant 

mesothelioma and a distinct genomic profile similar to tumors in our study group,26,27 was 

significantly more prevalent in our study group and may represent one such etiologic agent. 

Among young patients with pleural mesothelioma, a higher prevalence of family history of 

breast cancer, lower prevalence of CDKN2A deletion, potentially lower prevalence of 

somatic BAP1 alteration, and longer overall survival among epithelioid mesotheliomas 

suggest that pleural diffuse malignant mesothelioma in patients aged 35 years and younger 

has unique biological features and may be driven by different oncogenetic events than 
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pleural diffuse malignant mesothelioma in older patients. Our results must be confirmed by 

studies of larger patient cohorts with systematic evaluation of genomic and clinical 

characteristics, but indicate that pleural diffuse malignant mesothelioma in young patients is 

associated with distinct clinical and genetic characteristics that may provide insight into the 

complex pathogenetic mechanisms of mesothelioma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Corresponding H&E slides and BAP1 immunohistochemistry in young patients with 

retention (a,b) and complete absence of (c, d) nuclear BAP1 protein expression. Nuclear 

staining seen in tumor-infiltrating lymphocytes serves as an internal control of staining in 

panel (d). All images taken at × 200 magnification.
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Figure 2. 
Overall survival in all pleural mesothelioma histologic types (a) and epithelioid pleural 

mesotheliomas only (b) among patients aged 35 or younger compared with a comparison 

group of patients aged greater than 35.
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Figure 3. 
Overall survival in relation to clinicopathologic and genetic characteristics among young 

patients with pleural diffuse malignant mesothelioma.
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Figure 4. 
Overall survival in patients aged 35 or younger with pleural diffuse malignant mesothelioma 

is significantly associated with mitotic index (a) and histologic type (b).
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Table 1

Clinical characteristics of study patients

Characteristic Patients ≤ 35, N = 36 (%) Patients>35, N = 48 (%) P-value

Sex

 M 19 (53) 42 (87) 0.0005

 F 17 (47)   6 (13)

Age

 Mean     30     69 <0.0001

 Range     18–35     38–84

History of mantle radiation

 Present   8 (22)   0 (0) 0.0007

 Absent 28 (78) 48 (100)

Asbestos exposure

 Present 11 (31) 36 (75) 0.0001

 Absent 25 (69) 12 (25)

Personal history of malignancy

 Present 13 (36) 13 (27) 0.48

 Absent 23 (64) 35 (73)

Family history of malignancy

 Present 15 (42) 35 (73) 0.003

 Absent 21 (58) 13 (27)

Stagea

 I   3 (12)   1 (7) 0.39

 II   2 (8)   0 (0)

 III 16 (64) 10 (72)

 IV   4 (16)   3 (21)

a
Stage was available for 25 young patients and 14 older patients. Patients with stage I–II and stage III–IV disease were combined for purposes of 

statistical analysis using the Fisher exact test.
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