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Introduction: Mediastinal tumors, particularly non-neuroendocrine thymic

epithelial tumors (TET) are relatively uncommon, posing challenges for

extensive epidemiological studies. This study presents a comprehensive

analysis of these tumors in the United States (US) and Germany (GER) from

1999 to 2019.

Methods: Patients aged 0-19 (n=478) and ≥20 years (n=17,459) diagnosed with

malignant tumors of the anterior mediastinum were identified from the

Surveillance, Epidemiology, and End Results registry (SEER) and the Zentrum

für Krebsregisterdaten (ZfKD) databases.

Results: Among patients aged ≥20 years, TETs accounted for the most prevalent

anterior mediastinal tumors (US/GER: 63%/64%), followed by lymphomas (14%/

8%). For patients <20 years, predominant tumors included germ cell tumors

(42%/14%), lymphomas (38%/53%), and TETs (10%/27%). The overall annual

incidence of thymoma was 2.2/2.64 (US/GER) per million inhabitants and for

thymic carcinomas 0.48/0.42. Themale-to-female ratio was 1:1.09/1.03, and the

mean age 59.48 ± 14.89/61.33 ± 13.94. Individuals with thymomas, but not

thymic carcinomas, exhibited a 21%/29% significantly heightened risk of

developing secondary malignancies compared to controls with non-thymic

primary tumors.

Discussion: This study provides a comparative analysis of anterior mediastinal

tumors, particularly TETs, in the US and GER over the past two decades.

Furthermore, it highlights a significantly elevated incidence of secondary

malignancies in thymoma patients.
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1 Background

The anterior mediastinum is the origin of a variety of tumors

such as thymic epithelial tumors (TETs), lymphomas, mediastinal

germ cell tumors, mesenchymal neoplasms, and metastases (1, 2).

These tumors have also a specific age distribution with TETs being

the most prominent group in adults and relatively rare in

children (3).

Formally, TETs consist of thymomas, thymic carcinomas, and

thymic neuroendocrine tumors (NET), however, in the following

manuscript, we will use TET referring only to thymomas and thymic

carcinomas. The recognition of thymomas and thymic carcinomas as

separate entities has been introduced in the second edition of theWHO

Classification of Tumors in 1999 and the nomenclature of the major

thymoma types has been maintained ever since, although the field has

dynamically evolved with both increased molecular pathology,

radiology, and more interdisciplinary tumor board emphasis (2, 4–

7). Based on the morphology and architecture of the epithelial cells and

their proportion to lymphocytes, thymomas are divided into types A,

AB, B1, B2, and B3 and other rare types. Thymic carcinomas are

pathologically similar to extrathymic carcinomas and show typically a

squamous differentiation (8, 9).

The biological behavior of TETs differs significantly between the

entities. Whereas thymic carcinomas show a clear malignant

potential with often locally advanced or metastatic disease at the

time of diagnosis, type B thymomas grow slowly and tend to invade

locally. Type A and AB thymomas metastasize rarely and were,

therefore, envisioned as benign in the absence of invasive growth.

Consequently, these cases were not reported to cancer registries.

Since 2015, all thymomas and thymic carcinomas have been

recognized as malignant tumors and subjected to reporting (10).

Next to the standard TNM classification published by the Union for

International Cancer Control (UICC), the Masaoka-Koga system is

in use that allows significantly better discrimination for the early

stages as compared to the UICC system (8). However, since it is not

recorded in cancer registries, a national evaluation taking the

Masaoka-Koga system into account is difficult to achieve.

Due to the rarity of TETs, the data collection and analysis are

challenging and many of the current studies rely on single-center

experiences making the epidemiological data incomplete and of

limited comparability. Therefore, the aim of our study was a

comprehensive evaluation of cancer registry data between the

years 1999 and 2019 in two industrialized countries, the United

States (US) and Germany (GER), focusing on a) tumors of the

anterior mediastinum in general, b) TETs, c) secondary tumors in

TET patients, d) comparison of the data between the two countries,

and e) in the time course.
2 Methods

2.1 Descriptive statistics

The National Cancer Institute’s Surveillance, Epidemiology,

and End Results (SEER) data provide information on cancer
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statistics among the United States population. These data were

obtained from the SEER Research Limited-Field Data, 22 Registries,

Nov 2021 Sub (2000-2019; SEER 22) (11) using SEER*Stat software

(version 8.4.0.1). The German data were retrieved from the Centre

for Cancer Registry Data (Zentrum für Krebsregisterdaten, ZfKD).

The data were based on the epidemiological state cancer registry

data [Version Epi2021_3 (12)], searching for the International

Classification of Diseases for Oncology (ICD-O-3) morphology

codes 8580 to 8589, topography codes C379 and C381, as well as

other tumors from those patients. The analysis was performed using

Microsoft Access (version 2202) and MS Excel (version 2202). To

retrieve data on tumors of the anterior mediastinum, we searched

the SEER 22 and ZfKD data for the ICD-O-3 topography codes

C370, C379, and C381. The tumors were grouped by differentiation.

Non-solid entities (e.g., leukemias) and unspecified diagnoses (e.g.

neoplasm) were excluded. Descriptive statistics on relative

frequencies, male-to-female ratios, age, incidence rates, and

survival time were calculated as the mean ± standard deviation

for continuous variables and frequencies or percentages for

categorical variables. Figures were assembled using Corel

PaintShop Pro (version 22.2.0.8).
2.2 Incidence rate

Incidence rates were calculated per year, per million

inhabitants, and directly age-standardized to the 2000 US

standard population from the Census P25-1130 or the population

count of 2010 in the German states from the Federal Statistics Office

(Destatis), respectively. For Germany, due to incomplete data sets

and, following the recommendations of the ZfKD in some federal

states, only the data for Schleswig-Holstein, Hamburg, Bremen,

Rheinland-Pfalz, Saarland, Brandenburg, Mecklenburg-

Vorpommern, Sachsen, and Thüringen were evaluated. Standard

errors and 95% confidence intervals (CI) were calculated using the

Tiwari modification for CIs (13). Cases were selected by the ICD-O-

3 (8580–8586) or the “Site and Morphology Site recode ICD-O-3/

WHO 2008 (for SIRs)” to split thymus from other endocrine

organs. In the analysis, significantly fewer patients were diagnosed

with specific thymoma subtypes in 1999 and 2000, since the exact

subtyping of thymoma only became widely used with the second

edition of the WHO Classification of Tumors in 1999. Therefore,

for the calculation of incidence rates of thymoma subtypes, we

excluded patients diagnosed in 1999-2000. In addition to the 22

registries SEER and ZfKD data for the time frame between 1999 or

2000 and 2019, we obtained the SEER Research Data, 8 Registries,

Nov 2021 Sub (1975-2019; SEER 8) for the time between 1975 and

2019 (14).

To identify the time points in which the incidence rate trend

significantly changed, we conducted a logistic regression analysis

using the Joinpoint Regression Program (version 4.9.1.0) (15). The

settings were as follows: dependent variable: age-adjusted rate with

uncorrelated standard error; independent variable: annual year of

diagnosis, cohorts defined by sex; log transformation. The

regression model fits linear trends to the log-transformed

incidence rates, with the inclination of the trend changing at the
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inflection points (joinpoints). The software analyzes trend data and

fits the simplest model. For the test of whether more joinpoints are

statistically significant compared to no joinpoints, we used the

permutation test with a significance level of .01 and 9999

permutations. The number of data points determines the default

maximum possible number of joinpoints. The slope of the model

represents the annual percent change (APC). The average of the

overall observed period is measured in the average annual percent

change (AAPC). A two-sided statistical significance t-test on a 5%

significance level is used to determine if the APC and AAPC differ

significantly from zero.
2.3 Survival analysis

For survival analysis of the SEER and ZfKD data, the inclusion

criteria for stratification by subtype were: only malignant tumors,

only with histological confirmation, only cases with the ICD-O-3

8581 to 8586, only first malignancy, and no other diagnosed

malignancies. To avoid as many potential sources of error as

possible, such as other malignant tumors or misclassifications, we

used restrictive inclusion criteria. The inclusion criteria for

stratification by tumor stage were: only malignant tumors, only

with histological confirmation, only with known TNM, only cases

with the ICD-O-3 8581 to 8586, only first malignancy, no other

diagnosed malignancies, only valid TNM (only 8 edition), exclusion

of cases before the release of the 8th edition TNM (December 2016),

and exclusion of perioperative mortality defined as death within the

first month of diagnosis. The exclusion of cases predating the

release of the 8th edition TNM is attributed to the absence of a

widely adopted and uniform TNM classification system for thymus

tumors until that time, leading to the utilization of numerous

disparate systems or the lack thereof (16). The tumor stages were

classified using the Union for International Cancer Control (UICC)

criteria of the 8th edition. The analyzes were performed using SPSS

(version 27.0.1.0). The log-rank test was performed to compare the

estimated survival between the cohorts.
2.4 Consecutive malignancies

For the evaluation of consecutive malignancies, we identified both

German and United States patients with TETs. The crude rate of the

different consecutive malignancies of those patients between 2000 and

2019 was calculated. We determined the ratio between the rate of

consecutive tumors and the respective number of primary tumors. As a

control group, we chose all primary cancer patients in the SEER 22

cohort excluding epithelial tumors of the thymus. The rate of

subsequent malignancies was reported as a ratio to the control

group. We conducted a two-tailed Fisher`s exact test. Due to the

comprehensive volume of data, the consecutive tumors were grouped

according to lineage differentiation (i.e., for instance, lymphomas as

hematopoietic neoplasms and both adenocarcinomas and squamous

cell carcinomas as epithelial and so on). To avoid assessing erroneous

multiple reports to the cancer registry, we excluded repeated reports of
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thymoma and thymic carcinoma cases. As no primary basal cell and

squamous carcinomas of the skin are reported to the SEER registry,

those tumors were excluded from the German cohort as well.

Moreover, we calculated second tumors without considering other

subsequent tumors.
3 Results

3.1 Anterior mediastinal tumors in the
United States and Germany

Data on anterior mediastinal tumors obtained from the US

(2000–2019) and GER (1999–2019) cancer registries were analyzed

for the distribution of tumor entities in patients below 20 years of

age and older (Figure 1). In patients younger than 20 years, the most

frequent entities were: germ cell tumors (US: 42% and Germany:

14%), lymphomas (38% and 53%), and TETs (10% and 27%). This

ratio changed in patients aged 20 years or more with TETs

representing the by far most frequent entity (63% and 64%)

followed by lymphomas (14%, 8%), carcinoma not otherwise

specified (9%, 20%), germ cell tumors (7%, 2%), neuroendocrine

tumors (5%, 5%) and sarcomas (2% and 1%). The notable

disparities observed between the percentages of German and

United States numbers can be attributed primarily to the

relatively low number of overall patients in the German cohort of

young patients, consisting of only 51 individuals, in contrast to the

substantial sample size of 427 patients in the US cohort.

In the US, the inquiry identified 8,171 patients diagnosed with a

TET with a male-to-female ratio of 1.09, the mean age of primary

diagnosis 59.48 years (SD, 14.89), and the incidence rate of 2.68 per

million inhabitants per year at risk. In Germany, 3,081 TET patients

were found with a male-to-female ratio of 1.03, a mean age of 61.33

years (± 13.94), and an overall incidence rate of 3.06 per million

inhabitants per year. The exact tumor subtype was reported in 5,979

(73.17%) and 2,905 cases (94.29%) in the United States and German

data sets, respectively (Table 1). The differences between both

countries regarding the frequency, male-to-female ratio, age,

mean survival, and incidence rate were statistically not significant,

except for the mean survival of thymic carcinoma patients, which

was significantly better in Germany (Table 1).

Most epithelial tumors of the thymus were diagnosed between

40 and 60 years of age, overall, with only minor variations between

the sexes. The distribution of subtypes concerning the age at

diagnosis also showed a consistent pattern (Figure 2). However,

when conducting a subgroup analysis, we observed notable

differences between the United States and Germany. Thymic

carcinomas were diagnosed relatively frequently in the United

States, while in Germany, AB thymomas were reported more

frequently (Supplementary Figure 1). Additionally, in a

comprehensive cohort analysis of patients with malignancies of

the anterior mediastinum spanning from 1975 to 2019, it can be

found that the overall incidence rate of Thymus tumors increased

over time, primarily driven by the rise in carcinomas

(Supplementary Figure 2).
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3.2 Incidence analysis of thymic epithelial
tumors subtypes

To reveal changes in the incidence of TETs during the

observation period, an incidence analysis was performed. This

analysis shows incidence rate trends and identifies joinpoints, at

which the inclination of the trend changes. In the regression model

for the evaluation of the age-adjusted incidence rates of TETs in the

US, one such joinpoint was identified in 2007 (Figure 3). Overall,

the incidence rates increased until 2007 and remained stable

thereafter at 2.8 per million inhabitants per year. For both sexes,

the average annual percent change (AAPC) was statistically

significant on a 5% significance level [1.4%, 95% CI (0.3; 2.5),

p =.01]. For female patients, the AAPC was 1.5% [95% CI (0.7; 2.3),

p <.01]. For male patients the AAPC was lower with 0.6% [95% CI

(-0.1; 1.3), p=.07]. Regarding tumor subtypes, AB thymomas

showed a rise in incidence with an AAPC of 4.3% [95% CI (3.2;

5.5), p <.01]. This change occurred for both sexes (male 4.9%,

female 3.9%, both p< .01). B2 thymomas showed an overall AAPC

of 8.2% [95% CI (4.5; 11.9); p <.01]. This thymoma subtype

increased more for females (AAPC 8.7% [95% CI (4.1; 13.5);

p <.01] than for males (AAPC 5.9% [95% CI (3.6; 8.2); p <.01].

The incidence of thymic carcinomas also increased in the observed

period (AAPC 1.6% [95% CI (0.3; 2.9); p =.02]. However, there were

no sex differences, both showing an AAPC of 1.5%.
3.3 Survival analysis and UICC stage
of TETs

For survival analyzes, 1,869 (GER) and 4,156 (US) patients met the

inclusion criteria for analysis by subtype and a total of 648 patients met

the inclusion criteria for analysis by UICC stage. Regarding the UICC

stages, AB thymoma most frequently showed low tumor stages

followed by A thymomas to B1, B2, and B3 thymomas, whereas

thymic carcinoma already reached stage IVB inmore than 40% of cases

and was detected in the first two stages in only about 15% (Figure 4).

This was also reflected in the Kaplan-Meier curves, which differ

significantly (p <.01). Surprisingly, UICC stage IIIB showed a
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significantly worse outcome than UICC stage IVA (p =.01). In the

comparison between the United States and Germany, only thymic

carcinoma patients diagnosed in GER show a significantly better

prognosis (Supplementary Figure 3, p =.01). For the mean survival

values, see Table 1.
3.4 Occurrence of secondary malignancies
in TET patients

In general, tumor patients show an increased incidence of

secondary malignancies. We aimed to test the hypothesis that

TET patients suffer from a disproportionally higher incidence of

secondary tumors as compared to non-TET tumor patients (17). To

this end, we compared the incidence of secondary malignant

tumors in our thymoma and thymic carcinoma cohorts with a

control group comprising 11,748,248 patients, consisting of all

other primary cancer patients in the SEER 22 cohort excluding

TET patients.

For the evaluation of sequential tumors, we identified 3806 and

2829 primary thymoma and 1166 and 376 primary thymic

carcinoma patients in the US and German cohorts, respectively.

In the thymoma cohort, 11.53% (US) and 13.18% (GER) suffered

from a secondary malignancy.

Most secondary tumors in the US cohort were lung cancers

(n=97, of which 70 were of epithelial origin, e.g., adenocarcinomas or

squamous carcinomas), followed by adenocarcinomas of the prostate

(n= 64), and thyroid carcinomas (n= 16). The most frequent

subsequent tumors of thymoma patients in the GER cohort were

lung cancers (n= 45, including 35 cases of epithelial differentiation),

prostate cancer (n= 25), and breast -adeno-carcinomas (n= 7). In the

thymic carcinoma cohort, secondary tumors emerged in 8.75% (US)

and 10.90% (GER) patients, respectively. In the control group

comprising 11,748,248 patients, 9.53% of patients had secondary

cancers. As compared to the non-TET cohort, patients with

thymomas were at a significantly higher risk of developing a

secondary neoplasm in the US and Germany (Table 2). In

contrast, in patients with thymic carcinoma, the risk of a

secondary tumor did not differ from the non-TET cohort.
TABLE 1 Comparison of epidemiological features of thymomas and thymic carcinoma in Germany (GER) in 1999-2019 and the United States (US) in
2000-2019.

Entity

Relative
frequency

[%]

Male-to-
female ratio

Age
[mean ± SE]

Mean Survival
[months ± SE]

Mean incidence rate
[per million]

US GER US GER US GER US GER US GER

A thymoma 9.9 11.2 1:1.13 1:1.04 67.0 ± 12.6 68.5 ± 11.0 139.4 ± 8.3 137.6 ± 9.1 0.20 0.25

AB thymoma 19.2 25.8 1:0.95 1:0.91 61.1 ± 12.9 63.8 ± 11.8 160.0 ± 5.6 176.5 ± 8.0 0.39 0.57

B1 thymoma 13.5 13.9 1:0.82 1:0.81 56.3 ± 14.8 58.6 ± 15.2 153.4 ± 5.9 162.3 ± 10.2 0.27 0.30

B2 thymoma 16.1 19.2 1:0.95 1:0.91 55.6 ± 15.2 57.9 ± 14.5 157.5 ± 6.1 145.9 ± 7.9 0.33 0.42

B3 thymoma 17.5 14.3 1:1.07 1:0.98 58.3 ± 14.9 61.4 ± 13.1 146.0 ± 5.4 130.9 ± 7.1 0.36 0.31

Thymic carcinoma 23.9 15.6 1:1.61 1:1.32 61.0 ± 14.0 60.4 ± 14.6 72.5 ± 3.7 98.1 ± 5.6 0.48 0.42
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4 Discussion

The epidemiology of epithelial tumors of the thymus is not

comprehensively documented due to their rarity and the fact that

the current categorization was only introduced in 1999. Regarding

survival data, the situation is even more difficult to assess, since only

the latest edition of the UICC classification has introduced a

uniform system for thymomas. In addition, previously published

unicentric studies usually did not come up with sufficient case

numbers to stratify survival data feasibly. This is complicated by the

fact that neither the German nor the United States cancer registries

collect data on Masaoka-Koga stages.
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Our data show that in adults, the distribution of anterior

mediastinal tumors did not show large differences between US

and GER, with TETs representing the by far most frequent entity in

this age group (63% and 64% in the US and Germany, respectively).

In patients younger than twenty years, we observed germ cell

tumors and lymphomas in 38%/53% (US/GER) and 42%/14%,

respectively, whereas TETs accounted for only 10% (US) and 27%

(GER) of tumors. As stated before, the notable disparities observed

between the percentages of German and United States numbers can

be attributed primarily to the relatively low number of overall

patients in the German cohort. The relatively lower incidence of

neurogenic tumors in our cohorts, compared to other studies, can
B

C D

A

FIGURE 1

Tumors of patients younger than 20 years of the anterior mediastinum including thymus in the (A) United States (US; n=427) and (B) German (GER;
n=51) cohort. Tumors of 20-year-old patients or older in the (C) US (n=12736) as well as (D) Germany (n=4723). In younger patients, most tumors
are lymphomas and germ cell tumors, while in older patients the majority is comprised of non-neuroendocrine thymic epithelial tumors. Cases of
nondescript carcinomas were considered a separate category (grey).
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be attributed to our exclusive focus on the anterior mediastinum,

where such tumors are less prevalent (3, 18–20).

In our cohort, the overall incidence of TETs was 2.68 (US) and

3.06 (GER) per million inhabitants per year with only slight

differences between the two countries in terms of subtypes and

gender and age distribution. This is the first nationwide incidence

study for Germany. For the US, the incidence is higher than the

previously published data of 1.3 per million person-years

considering thymomas between 1973 and 2006 (9). However,

these incidence rates are limited by the fact that thymic

carcinomas might be inconsistently considered, especially

considering that it was only established as a separate entity in

2004 (21) and the fact that non-invasive thymomas were envisioned

as benign tumors and excluded from reporting. This has gradually

changed based on several publications to be finally defined in the

fourth edition of the WHO Classification of Tumors of the Thymus

so since then all thymomas have been classified as malignant (10).
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Previous reports in the fifth edition of the WHO classification

have suggested a higher occurrence of type A, AB, and B1

thymomas in females. However, our analysis of both the United

States and the German cohort revealed that among the different

thymoma subtypes, the incidences of AB, B1, and B2 thymomas

were slightly higher in men, while the occurrence of A and B3

thymomas showed no significant difference between genders. These

findings are mostly in line with the findings reported in several

previous studies (22–25). The age distribution conforms closely to a

normal distribution with sixty years as the mean. Only minor

deviations were found in the subtype analysis. For example, type

B1 and B2 thymomas were more frequent in younger patients than

in older ones, while A thymomas and thymic carcinomas showed a

tendency to occur more frequently in older patients. The incidence

rates of TETs increased during the observed period. This

development is certainly due to a certain extent to both improved

radiological diagnostics and increased awareness of this tumor
B

A

FIGURE 2

(A) Age distribution of thymic epithelial tumors, non-neuroendocrine (TETs) subtypes, and (B) age and sex distribution of all TETs taking the US
(2000–2019) and German (1999–2019) data together.
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group (26). Considering the changes in incidence rates over the

observed period, increasing trends were particularly evident for AB

and B2 thymomas, with B2 thymomas particularly markedly

increasing up to 2008.

Some reservations regarding the diagnosis of thymic

carcinomas in cancer registry data need to be considered. First,

there are many nondescript carcinomas in the anterior

mediastinum classified, accounting for 9% (US) and 20% (GER)

of all tumors reported. To a large extent, these tumors are most

likely misclassified, since it can be assumed that no other epithelial

tumors besides carcinomas of the thymus occur at this localization.

The closest localization where carcinomas would be expected is the

skin and lung, each of which has its ICD-O-3 code. Overall, the

exact number of thymic carcinomas cannot be determined,

although a higher number than reported here can be assumed.
Frontiers in Oncology 07
Consequently, the percentage of epithelial tumors of the thymus in

adult patients could be as high as 72% to 84%. Second, these

differences could preferentially affect a certain subgroup of

patients, for example, patients with a higher TNM stage or lower

differentiation. Consequently, the different survival times between

the United States and German cohorts may be distorted. Despite

these uncertainties, an unambiguous view of thymic carcinoma can

be derived from the similarity of results for incidence and median

survival between the data from Germany and the United States.

An increased incidence of secondary tumors has been reported

in thymoma patients, often attributed to altered T-cell immune

function or genetic predisposition (9). Nevertheless, a clear

consensus regarding the specific tumor types that are more

prevalent in thymoma patients remains elusive. Discrepancies in

previous research findings have contributed to the need for further
FIGURE 3

(A, A’–G’) Age-adjusted incidence rates per million (y-axis) of thymomas not otherwise specified (NOS) and specific subtypes as well as thymic
carcinomas (TCs) in the US from 2000-2019 (x-axis). Regression analysis of age-adjusted incidence rates per million for all non-neuroendocrine
epithelial tumors of the thymus (A’) and each subtype separately (B’–G’). Morphology of different subtypes of epithelial tumors of the thymus: (B) A
thymoma, (C) AB thymoma, (D) B1 thymoma, (E) B2 thymoma, (F) B3 thymoma, and (G) thymic carcinoma. (B’–G’) Separate regression analysis of
age-adjusted incidence rates per million for each of the subtypes. (A’–G’) Bold font indicates that the annual percent change (APC) is significantly
different from zero at the p =.05 level. (B–G) Hematoxylin and eosin (HE) staining. (B–E, G) 100x magnification. (F) 200x magnification.
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investigation to establish a better understanding of this association.

For example, studies have described an association with

hematological disorders (27), thyroid carcinomas (28), and

gastrointestinal tract tumors (17, 24, 29), with the rate of
Frontiers in Oncology 08
increased occurrences varying significantly. In addition, the

control groups in the aforementioned studies were of

questionable size and comparability. Given the low number of

thymoma patients, the subgroup of individuals with secondary
B C

A

FIGURE 4

(A) Stage distribution of thymomas and thymic carcinomas in the United States (US) from 2018-2019 and Germany (GER) from 2017-2019 according
to the Union for International Cancer Control (UICC) classification. Survival stratified (B) by TETs subtype in the US from 2000-2019 as well as GER
from 1999-2019 and (C) by Union for International Cancer Control (UICC) stage of thymomas and thymic carcinomas in the US from 2018-2019
and GER from 2017-2019.
TABLE 2 The relative risk of patients with thymomas and thymic carcinoma to develop consecutive malignancies in the United States (2000–2019)
and Germany (1999-2019).

Second malignancy
Thymoma [relative risk] Thymic carcinoma [relative risk]

US p GER p US p GER p

Hematopoietic 1.27 .06 1.46 <.01 1.41 .12 1.04 .82

Epithelial 1.18 <.01 1.25 <.01 0.80 .07 0.76 .25

Mesenchymal 2.04 .01 2.01 .03 1.77 .30 1.37 .52

Neuroectodermal 1.13 .39 1.06 .71 1.0 1 1.45 .12

Overall 1.21 <.01 1.29 <.01 0.97 .74 1.02 .74
f

Bold font indicates a statistically significant difference (p <.05).
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tumors is inherently small. As a result, it is readily apparent that the

subset of patients exhibiting secondary tumors is intrinsically

diminutive, rendering statistical analysis challenging. To account

for this circumstance, in our study, we grouped tumors by lineage

differentiation, because it can be presumed that entities with similar

lineages share comparable biological features. This approach

mitigates the risk of statistical overvaluation resulting from

individual rare secondary tumors by preventing them from

causing undue influence due to their absence in the control

group. The incidence of secondary malignancies in patients with

thymomas and thymic carcinomas was compared with a control

group of a large number of non-TET cancer patients in the same

period. In both the German and US cohorts, thymomas predisposed

significantly more for malignancies with epithelial, hematopoietic,

and mesenchymal lineage differentiation. Neuroectodermal tumors

did not occur more frequently in thymoma patients. These findings

using large and matched control groups support previous studies

indicating that thymoma patients are at a significantly higher risk of

developing secondary malignancies compared to other tumor

patients (17). In contrast, the incidence of secondary malignancies

in patients with thymic carcinomas did not differ from the ones

with non-TET primary tumors. These results allude to the

hypothesis that the thymopoiesis typically occurring in thymomas

but not in thymic carcinomas might be prone to generate

dysfunctional T cells and thereby the decisive reason for a

defective self-tolerance. This theory is supported, among other

things, by the higher incidence of autoimmune diseases, as well as

the increased likelihood in this patient group to develop immune-

related adverse events during immune checkpoint blockade with

Pembrolizumab (30). However, further research is needed to better

understand the underlying mechanisms. In addition, these findings

highlight the importance of closer monitoring of thymoma patients

to detect and manage subsequent malignancies.

The present study has several limitations. First, it was a

retrospective analysis of cancer registry data. This led to a

particular limitation of available information on the respective

patients, so that, for example, Masaoka-Koga stages were missing.

In addition, the data are susceptible to misclassification mistakes

due to a possibly limited experience of some physicians dealing with

rare entities. Conversely, however, single-center studies are subject

to even more significant limitations due to the rarity of the tumors

and are increasingly influenced by individual investigators.

Concerning the relative frequency of secondary tumors, an

additional limitation is that only a control group from the United

States but not from Germany was available. However, due to the

comparable medical and demographic state of development of both

countries, only minor deviations can be assumed. Concerning the

elevated rate of secondary tumors in thymoma patients, it is

essential to note certain limitations as well. The restricted overall

tumor count poses challenges in developing a detailed

subclassification based on therapy for statistical analysis. The

precise nature of chemotherapy, immunotherapies (such as PD-

L1 immune checkpoint inhibition), the dosage of radiotherapy, and

the respective time intervals leading to the development of
Frontiers in Oncology 09
subsequent tumors must be considered to ascertain potential

causality. In both thymoma and thymic cancers, curative intent

resection remains the preferred treatment for resectable disease.

Additionally, patients may undergo radiation with or without

chemotherapy, contingent upon the Masaoka stage. In the case of

stage II tumors, radiation may be contemplated for high-risk cases,

while for stage III and IV tumors, radiation is usually part of a

combination therapy (31, 32). For our cohorts, this implies that, due

to the advanced stage of the tumor, a higher proportion of patients

with thymic carcinoma likely underwent combination therapy

involving radiation compared to patients with thymoma.

Considering the carcinogenic effects of radiation, an augmented

incidence of secondary tumors could reasonably be anticipated.

Consequently, even though the survival rate of thymic carcinoma

patients is significantly diminished, the inclination would be to

expect a heightened frequency of secondary tumors in thymic

carcinoma patients. However, the observed data does not support

this expectation, thereby reinforcing the conclusion that the

increased rate of secondary tumors in thymic patients is

attributable to factors other than therapy.

In summary, our results demonstrate the age-specific tumor

distribution of the tumors in the anterior mediastinum in a

nationwide manner in the US and Germany over a time range of 20

years. The study identified stable incidence rates of TETs over time and

revealed significant differences in survival outcomes among tumor

subtypes and stages. Additionally, it highlighted an increased risk of

secondary malignancies in thymoma patients compared to patients

with non-TET primaries. These results contribute to our

understanding of anterior mediastinal tumors, emphasizing the

importance of tailored approaches based on tumor subtypes and the

need for monitoring secondary malignancies in TET patients.
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(A) Age distribution of thymomas and thymic carcinomas in the (A) US from

2000-2019 and (B) Germany from 1999-2019. (B) Age and sex distribution of

all epithelial tumors of the thymus in the (C) US from 2000-2019 and (D)
Germany from 1999-2019.

SUPPLEMENTARY FIGURE 2

Regression analysis of age-adjusted incidence rates per million between 1975
and 2019 of (A) all tumors of the thymus regardless of histology and (B) of all
tumors of the thymus excluding epithelial tumors of the thymus, which are

mostly comprised of tumors classified as squamous cell carcinomas (n=746),
adenocarcinomas (n=502), and unspecified neoplasms (n=103).

SUPPLEMENTARY FIGURE 3

Stage distribution of thymomas and thymic carcinomas in the (A) US from
2018-2019 and (B) Germany from 2017-2019. Survival stratified by subtype in

the (C) US from 2000-2019 and (D) Germany from 1999-2019. (E)
Significantly different survival of thymic carcinomas between the US
and Germany.
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