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The global incidence of young-onset (YO) cancer is on the rise. Determining the cause
of this disturbing trend has been listed as one of the Grand Cancer Challenges [1]. The
incidence of YO cancers in the gastrointestinal tract are on the rise in the past two to three
decades, in the United States, with YO colorectal cancer increasing across the world [2].
To note, incidence rates of some countries may be partly due to the lack of a strict cancer
registry of every documented case, and, therefore, while there is a lot of work to be done to
address the problem, the first steps include advocacy and the need to encourage reporting
of the burden of the problem. This may help identify trends that could guide focused
research into the etiology. This Special Issue hosted by Cancers entitled “Young-onset GI
(gastrointestinal) cancer” presented clinicians and researchers around the world with a
platform to submit their research focused on YO cancer.

This Special Issue boasts seven peer-reviewed publications, including three from
Europe and two each from the United States and Australia. La Pelusa and colleagues
provided important insights into the burden of early-onset gastric cancer (EOGC) from the
United States [3]. Their findings highlight an increased likelihood of EOGC affecting female
patients and individuals who identified as Asian/Pacific Islander, African American, and
Hispanic. They also note that patients with EOGC are more likely to be uninsured and to
present with stage IV disease compared with their older counterparts. The variability in can-
cer care (surgery and chemotherapy) delivery presents opportunities for intervention if we
wish to improve survival within this subset of patients. Schell and Shepherdson and their
colleagues from Australia provided compelling data (over two manuscripts) on the trends
in YO GI (oesophagus, stomach, pancreas, colon, and rectum) adenocarcinomas from South
Australia and the Northern Territory (of Australia) over the last 28 years [4,5]. Although the
rising trends in YO GI adenocarcinomas in South Australia, especially amongst males, ap-
pear to attract one’s attention, the existing high incidence for all YO GI adenocarcinomas in
the Northern Territory, despite being unchanged over the study period, signals a worrying
statistic that certainly warrants further investigation. The incidence rates noted for pan-
creatic cancer mirror the values seen in younger Black and Hispanic women in the United
States [6]. Shepherdson et al. also addressed the incidence and survival rates amongst the
Indigenous peoples (Aboriginal and Torres Strait Islander peoples) of Australia living in
the Northern Territory [5]. The significantly lower survival compared with non-Indigenous
peoples highlights an important area for health advocacy and the need for culturally safe
Indigenous community-focused programs aimed at early detection and patient-centered
management of GI adenocarcinomas. Ten Kate and colleagues from the Netherlands and
Finland provide preliminary evidence on the susceptibility of the oesophageal epithelial
homeostasis to acidic disturbances in individuals born with oesophageal atresia linking
this observation to the increased propensity of this cohort of patients to develop early-onset
Barrett’s oesophagus [7]. Pocurull and colleagues from Spain performed a germinal genetic
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analysis on patients with EOGC [8]. They note that familial aggregation was observed
in only 15% of cases, whilst a germline mutation was found in 25% of patients tested
with clinical criteria. Their findings are important in terms of highlighting the genetic
heterogeneity of EOGC thereby reinforcing the need for accurate genetic counseling as well
as enhancing the emerging use of multigene panels.

The issue also features two review articles by Castle and colleagues [9] on paedi-
atric neuroendocrine neoplasms and Dudzisz-Śledź and colleagues on the treatment of
gastrointestinal stromal tumours in younger patients [10].

The aetiology of YO cancers remains to be clarified. Ben-Aharon et al. [11] recently
provided an up-to-date review of early-onset GI cancers. Due to the fact the majority of
these cases are sporadic, the aetiological factors imply a key role in environmental factors.
If this is so, then why are we seeing a changing trend only amongst the young over the
last few decades? The PELICan hypothesis [12,13] may help reconcile these differential
effects of the same triggers (for carcinogenesis) on different individuals. Another study
recently published in Nature [14] provides insight into the germline mutation rates in
vertebrates, including humans. The rising trend in the incidence of YO cancers in males
may be linked to the finding of Bergeron et al. [14] that per-generation mutation rates are
much higher in the males of a species. So, how then can we explain the higher than usual
YO cancer rates noted in younger females only within some racialised groups [3,6]? Shirazi
and Rosinger [15] determined that non-Hispanic (NH) African American and Hispanic
girls have a significantly lower age of menarche by about 4.3 (SE = 0.08, p < 0.001), and
3.2 months (SE = 0.09, p < 0.001), respectively, relative to NH white girls. Bergeron et al. [14]
found that age at maturity and species-level fecundity are the key life-history traits affecting
germline mutation variation among species. These hypotheses may explain the differential
effect that aetiological factors may have on individuals to increase their risk of developing
YO cancers.

Clearly, there is work to be done to improve the early detection and multi-disciplinary
management of YO cancers. We remain hopeful that this Special Issue in Cancers will serve
its purpose of advocating for action because our young people need our help.
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Simple Summary: Gastric cancer is not routinely diagnosed in patients younger than 45. However,
the incidence of gastric cancer in young patients is rising. Little is known about the demographic
features of young patients diagnosed with gastric cancer. Additionally, the relationship between
the therapies these patients receive and their socioeconomic characteristics has not been delineated.
We showed that younger patients were more likely to be female, Asian/Pacific Islander, African
American, Hispanic, and have advanced-stage disease compared to older patients with gastric cancer.
After adjusting for disease stage, we identified differences in receipt of surgery, chemotherapy, and
radiation among young patients with gastric cancer based on gender/sex, race/ethnicity, treatment
center type, insurance status, and location of residence. Future work should focus on understanding
whether these differences were driven by patient choice or alternative reasons.

Abstract: Background: Early-onset gastric cancer (EOGC), or gastric cancer in patients younger
than 45 years old, is poorly understood and relatively uncommon. Similar to other gastrointestinal
malignancies, the incidence of EOGC is rising in Western countries. It is unclear which populations
experience a disproportionate burden of EOGC and what factors influence how patients with EOGC
are treated. Methods: We conducted a retrospective, population-based study of patients diagnosed
with gastric cancer from 2004 to 2018 using the National Cancer Database (NCDB). In addition
to identifying unique demographic characteristics of patients with EOGC, we evaluated (using
multivariable logistic regression controlling for year of diagnoses, primary site, and stage) how
gender/sex, race/ethnicity, treatment facility type, payor status, and location of residence influenced
the receipt of surgery, chemotherapy, and radiation. Results: Compared to patients 45–70 and
>70 years of age with gastric cancer, patients with EOGC were more likely to be female, Asian/Pacific
Islander (PI), African American (AA), Hispanic, uninsured, and present with stage IV disease.
On multivariable analysis, several differences among subsets of patients with EOGC were identified.
Female patients with EOGC were less likely to receive surgery and chemotherapy than male patients
with EOGC. Asian/Pacific Islander patients with EOGC were more likely to receive chemotherapy
and less likely to receive radiation than Caucasian patients with EOGC. African American patients
were more likely to receive chemotherapy than Caucasian patients with EOGC. Hispanic patients
were more likely to receive surgery and chemotherapy and less likely to receive radiation than
Caucasian patients with EOGC. Patients with EOGC treated at community cancer centers were more
likely to receive surgery and less likely to receive chemotherapy than patients with EOGC treated
at academic centers. Uninsured patients with EOGC were more likely to receive surgery and less

Cancers 2022, 14, 3633. https://doi.org/10.3390/cancers14153633 https://www.mdpi.com/journal/cancers
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likely to receive chemotherapy than privately insured patients with EOGC. Patients with EOGC
living in locations not adjacent to metropolitan areas were less likely to receive surgery compared
to patients with EOGC who resided in metropolitan areas, Conclusions: Patients with EOGC are a
demographically distinct population. Treatment of these patients varies significantly based on several
demographic factors. Additional analysis is needed to elucidate why particular groups are more
affected by EOGC and how treatment decisions are made for, and by, these patients.

Keywords: gastric cancer; early-onset; NCDB; incidence; treatment

1. Introduction

Globally, gastric cancer is a significant public health issue. In 2020, there were over
one million new cases and 769,000 deaths, making it the fifth most common cancer and
fourth most common cause of cancer-related death [1]. In the United States (US), there
are projected to be 26,380 new cases of gastric cancer and 11,090 cancer-related deaths in
2022 [2].

Early-onset gastric cancer (EOGC) is a relatively uncommon phenomenon. One
estimate concluded that anywhere between 10–30% of gastric cancer occurs in young
patients [3]. However, similarly to several other early-onset gastrointestinal malignancies,
the incidence of EOGC is increasing in Western countries [4–9].

Relative to older patients with gastric cancer, less data exist regarding the demographic
makeup of young patients with gastric cancer. Additionally, the impact of socioeconomic
factors on treatment patterns in this population is unknown. Our primary objective was
to delineate how gender/sex, race/ethnicity, treatment center type, insurance status, and
residence location contribute to the treatment of patients with EOGC.

2. Methods

2.1. Data Source

This large observational study utilized the National Cancer Database (NCDB) 2004–2018
data set. The NCDB is a national collaboration sponsored by the American Cancer Society
and the American College of Surgeons. The NCDB captures approximately 70% of all new
cancer diagnoses in the US and is widely accepted as a data source for cancer outcomes
research [10]. Data on cancer patients were collected by Commission on Cancer accredited
facilities.

2.2. Study Cohort Selection

We identified patients 18 to 90 years old who were diagnosed with gastric cancer from
the NCDB 2004–2018 data set. Age cutoffs among population-based analyses of EOGC
vary, ranging from 30 to 60 years old [9,11,12]. Given the heterogeneity in definitions of
“early-onset”, we chose a cutoff of <45 years old. We stratified the sample into three age
groups: <45 (EOGC), 45–70 (AOGC), and >70 years of age (LOGC).

2.3. Factors Considered

We considered the following patient demographics and characteristics: age, sex,
race/ethnicity (non-Hispanic White hereto referred to as Caucasian, non-Hispanic Black
hereto referred to as African American, Hispanic, Asian or Pacific Islander, and unknown),
insurance status (uninsured, Medicaid, Medicare, other government, private, unknown),
facility type (academic, comprehensive community, and community), location of residence
(not metropolitan adjacent, metropolitan adjacent, metropolitan, unknown), and year of
diagnosis. We also included the following tumor characteristics: disease stage (stage I, II, III,
IV, unknown), tumor location (cardia, non-cardia), and histologic grade (well-differentiated,
moderately-differentiated, poorly-differentiated, unknown) in our analysis. We examined

6
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the use of surgery, chemotherapy, or radiation individually since data were not available
on receipt of bimodal or trimodal therapy.

2.4. Statistical Analysis

We used chi-square tests to examine whether the categorical variables (sex, race/ethnicity,
facility type, year of diagnosis, primary payer, location of residence, primary site, stage,
use of surgery, chemotherapy and radiation) varied significantly by age groups (EOGC,
AOGC, LOGC). When evaluating the effect of specific demographic variables on treatment
modality, the multivariable logistic regression models were always adjusted for year of
diagnosis, primary site, and stage of cancer. We provide adjusted Odds Ratios (aOR) and
95% Confidence Interval (95% CI). p ≤ 0.05 was considered statistically significant. Analyses
were conducted using SAS software, version 9.4 (SAS Institute, Inc., Cary, CA, USA).

3. Results

233,772 patients were identified from the NCDB between 2004 and 2018. Overall,
114,469 (49%) patients received surgery, 113,053 (48.4%) patients received chemotherapy,
and 55,092 (23.6%) patients received radiation therapy.

As displayed in Table 1, females represented a higher proportion of patients with
EOGC compared to patients with AOGC and LOGC. A greater percentage of patients with
EOGC were Asian/Pacific Islander (PI), African American (AA), and Hispanic relative to
patients with AOGC and LOGC. Patients with EOGC demonstrated a higher uninsurance
rate than patients with AOGC and LOGC. Patients with EOGC presented with stage IV
disease more frequently than patients with AOGC and LOGC.

Table 1. Demographics.

Age Categories

EOGC
(n = 14,490)

AOGC
(n = 118,918)

LOGC
(n = 100,364)

Total
(n = 233,772)

p-Value

Age at Diagnosis
Mean (SD) 37.5 (5.80) 60.0 (6.92) 79.4 (5.73) 66.9 (13.63)

Median 39.0 61.0 79.0 68.0
Range 18.0, 44.0 45.0, 70.0 71.0, 90.0 18.0, 90.0

Sex, n (%) <0.0001

Male 7687
(53.1%)

77,902
(65.5%)

59,243
(59.0%)

144,832
(62.0%)

Female 6803
(46.9%)

41,016
(34.5%)

41,121
(41.0%)

88,940
(38.0%)

Race/Ethnicity, n (%) <0.0001

Hispanic 3600
(24.8%)

12,392
(10.4%) 7107(7.1%) 23,099

(9.9%)

White non-Hispanic 6351
(43.8%)

73,150
(61.5%)

68,427
(68.2%)

147,928
(63.3%)

Black non-Hispanic 2398
(16.5%)

18,846
(15.8%) 12,537(12.5%) 33,781

(14.5%)

Asian/PI non-Hispanic 1326
(9.2%)

7907
(6.6%)

6247
(6.2%)

15,480
(6.6%)

Unknown 815
(5.6%)

6623
(5.6%)

6046
(6.0%)

13,484
(5.8%)

Facility Type, n (%) <0.0001

Community Cancer Program 789
(5.4%)

7404
(6.2%)

7690
(7.7%)

15,883
(6.8%)

Comprehensive Community Cancer Program 4169
(28.8%)

39,110
(32.9%)

38,085
(37.9%)

81,364
(34.8%)
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Table 1. Cont.

Age Categories

EOGC
(n = 14,490)

AOGC
(n = 118,918)

LOGC
(n = 100,364)

Total
(n = 233,772)

p-Value

Academic/Research Program or Integrated
Network Cancer Program

9532
(65.8%)

72,404
(60.9%)

54,589
(54.4%)

136,525
(58.4%)

Year of Diagnosis, n (%) <0.0001

2004–2008 4210
(29.1%)

31,212
(26.2%)

30,092
(30.0%)

65,514
(28.0%)

2009–2013 4783
(33.0%)

40,425
(34.0%) 33,425(33.3%) 78,633

(33.6%)

2014–2018 5497
(37.9%)

47,281
(39.8%)

36,847
(36.7%)

89,625
(38.3%)

Primary Payer, n (%) <0.0001

Not Insured 1695
(11.7%)

6448
(5.4%)

877
(0.9%)

9020
(3.9%)

Private Insurance 8560
(59.1%)

56,628
(47.6%)

9716
(9.7%)

74,904
(32.0%)

Medicaid 2961
(20.4%)

12,048
(10.1%)

2369
(2.4%)

17,378
(7.4%)

Medicare 613
(4.2%)

38,902
(32.7%) 84,847(84.5%) 124,362

(53.2%)

Other Government 184
(1.3%)

1969
(1.7%)

802
(0.8%)

2955
(1.3%)

Insurance Status Unknown 477
(3.3%)

2923
(2.5%)

1753
(1.7%)

5153
(2.2%)

Location of residence, n (%) <0.0001

Metro counties 12,494
(86.2%)

99,026
(83.3%)

84,832
(84.5%)

196,352
(84.0%)

Adjacent to metro area 1028
(7.1%)

11,057
(9.3%)

8749
(8.7%)

20,834
(8.9%)

Not adjacent to metro area 475
(3.3%)

4934
(4.1%)

3928
(3.9%)

9337
(4.0%)

Unknown 493
(3.4%) 3901(3.3%) 2855

(2.8%)
7249

(3.1%)
Primary Site, n (%) <0.0001

Cardia, NOS 3420
(23.6%)

44,808
(37.7%)

31,090
(31.0%)

79,318
(33.9%)

Non Cardia 11,070
(76.4%)

74,110
(62.3%)

69,274
(69.0%)

154,454
(66.1%)

Stage, n (%) <0.0001

Stage I 2341
(16.2%)

24,156
(20.3%) 22,923(22.8%) 49,420

(21.1%)

Stage II 1450
(10.0%)

15,814
(13.3%)

13,288
(13.2%)

30,552
(13.1%)

Stage III 2306
(15.9%)

21,550
(18.1%)

14,733
(14.7%)

38,589
(16.5%)

Stage IV 6229
(43.0%)

40,375
(34.0%)

27,258
(27.2%)

73,862
(31.6%)

Unknown 2164
(14.9%)

17,023
(14.3%)

22,162
(22.1%)

41,349
(17.7%)

Surgery, n (%) <0.0001

No surgery 7149
(49.3%)

54,716
(46.0%)

56,289
(56.1%)

118,154
(50.5%)

Surgery 7290
(50.3%)

63,596
(53.5%)

43,583
(43.4%)

114,469
(49.0%)

Unknown 51
(0.4%)

606
(0.5%)

492
(0.5%)

1149
(0.5%)

Chemotherapy, n (%) <0.0001

No chemotherapy 4831
(33.3%)

46,103
(38.8%)

62,392
(62.2%)

113,326
(48.5%)
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Table 1. Cont.

Age Categories

EOGC
(n = 14,490)

AOGC
(n = 118,918)

LOGC
(n = 100,364)

Total
(n = 233,772)

p-Value

Chemotherapy received 9242
(63.8%)

69,176
(58.2%) 34,635(34.5%) 113,053

(48.4%)

Unknown 417
(2.9%)

3639
(3.1%)

3337
(3.3%)

7393
(3.2%)

Radiation, n (%) <0.0001

No radiation 10,974
(75.7%)

83,467
(70.2%)

77,662
(77.4%)

172,103
(73.6%)

Radiation received 3127
(21.6%)

32,073
(27.0%)

19,892
(19.8%)

55,092
(23.6%)

Unknown 389
(2.7%)

3378
(2.8%)

2810
(2.8%)

6577
(2.8%)

As displayed in Table 2, female patients with EOGC were less likely to receive surgery
and chemotherapy but more likely to receive radiation compared to male patients with
EOGC. Compared to Caucasian patients, Asian/PI patients with EOGC were more likely
to receive chemotherapy and less likely to receive radiation, AA patients with EOGC were
more likely to receive chemotherapy, and Hispanic patients with EOGC were more likely to
receive surgery and chemotherapy and less likely to receive radiation. Patients with EOGC
treated at community cancer centers were more likely to receive surgery and less likely to
receive chemotherapy than patients with EOGC treated at academic centers. Patients with
EOGC treated at comprehensive community centers were more likely to receive surgery
and less likely to receive radiation than patients with EOGC treated at academic centers.
Compared to privately insured patients with EOGC, uninsured patients with EOGC were
more likely to receive surgery and less likely to receive chemotherapy. Patients with EOGC
who had Medicaid were more likely to receive surgery than privately insured patients.
Patients with EOGC who resided in locations not adjacent to metropolitan areas were less
likely to receive surgery than patients living in metropolitan areas.

Table 2. Treatment patterns among patients with EOGC.

Variable Categories
Odds Ratio; 95% CI; p-Value

Surgery Chemotherapy Radiation

Age (Continuous) 1.00; [0.99, 1.00]; 0.334 1.00; [0.99, 1.00]; 0.441 0.99; [0.98, 0.99]; 0.033

Gender/Sex Female 0.89; [0.81, 0.97]; 0.008 0.80; [0.74, 0.87]; <0.001 1.41; [1.29, 1.56]; <0.001

Male Reference

Race/Ethnicity Asian/PI 1.08; [0.93, 1.26]; 0.321 1.66; [1.43, 1.92]; <0.001 0.74; [0.63, 0.87]; <0.001

African American 1.07; [0.95, 1.21]; 0.274 1.21; [1.08, 1.36]; <0.001 0.94; [0.82, 1.08]; 0.385

Hispanic 1.42; [1.26, 1.59]; <0.001 1.52; [1.37, 1.69]; <0.001 0.82; [0.73, 0.93]; 0.002

Non-Hispanic White Reference

Facility Type Community 1.24; [1.02, 1.50]; 0.029 0.80; [0.67, 0.95]; 0.013 0.84; [0.69, 1.03]; 0.100

Comprehensive Community 1.15; [1.05, 1.27]; 0.003 1.02; [0.93, 1.12]; 0.662 0.78; [0.71, 0.86]; <0.001

Academic Reference

Payor Status Uninsured 1.92; [1.67, 2.22]; <0.001 0.78; [0.68, 0.88]; <0.001 1.07; [0.92, 1.25]; 0.132

Medicaid 1.69; [1.51, 1.89]; <0.001 0.90; [0.82, 1.00]; 0.061 1.01; [0.89, 1.13]; 0.906

Medicare 1.44; [1.17, 1.78]; <0.001 0.50; [0.41, 0.60]; <0.001 1.08; [0.86, 1.36]; 0.497
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Table 2. Cont.

Variable Categories
Odds Ratio; 95% CI; p-Value

Surgery Chemotherapy Radiation

Other Government 1.61; [1.10, 2.35]; 0.014 0.94; [0.66, 1.36]; 0.759 0.58; [0.40, 0.85]; 0.005

Unknown 1.93; [1.49, 2.49]; <0.001 0.85; [0.67, 1.09]; 0.209 1.16; [0.88, 1.53]; 0.282

Private Reference

Location Not Metro Adjacent 0.69; [0.54, 0.89]; 0.004 1.03; [0.82, 1.30]; 0.781 1.00; [0.78, 1.29]; 0.974

Metro Adjacent 0.93; [0.79, 1.10]; 0.383 1.06; [0.91, 1.24]; 0.448 0.94; [0.79, 1.11]; 0.442

Metro Reference

Selected results are presented in this table. The multivariable logistic regression also controlled for year of
diagnosis, primary site, and stage of cancer.

4. Discussion

4.1. Demographic Characteristics

Patients with EOGC display unique clinical features. We found that patients with
EOGC were more likely to be female, Asian/PI, AA, Hispanic, uninsured, and present with
stage IV disease versus patients with AOGC and LOGC. Our analysis was consistent with
others that showed EOGC is more common in females, more likely to be diagnosed at an ad-
vanced stage and have a disproportionate effect on uninsured patients, African Americans,
and Hispanic patients [13–16]. Others have shown that EOGC displays unique genomic
features. For example, tumors of patients with EOGC are more likely to have a diffuse his-
tologic subtype and include signet ring cells, more likely to contain mutated CDH1, BANP,
MUC5B, and TGFBR1 genes, and less likely to contain microsatellite instability [9,17–19].
While smoking and alcohol use are known modifiable risk factors for the development of
gastric cancer, particularly in the US, where the prevalence of Helicobacter pylori infection
is relatively low, modifiable risk factors such as smoking and alcohol use were not found
to be associated with the development of EOGC in an analysis of the Behavioral Risk
Factor Surveillance System [9]. Some have speculated that EOGC is associated with proton
pump inhibitor use via increased gastrin production and subsequent gastrin-induced car-
cinogenesis. However, conflicting data exist on this topic [20,21]. Others have purported
there to be an association between Epstein Barr Virus and EOGC—however, these data
are not consistent which may be secondary to variability between tumor samples in the
Cancer Genome Atlas, Hong Kong Cancer Registry, and Asian Cancer Research Group
cohorts [9,22–24]. Limited data exist on how patients with EOGC are treated compared
to older patients. One previous analysis of SEER data showed that patients with EOGC
who underwent surgery received more adjuvant radiation compared to older patients with
gastric cancer [25]. Another analysis in China showed that patients with EOGC were more
likely to receive chemotherapy than older patients, a finding possibly related to better
performance status in younger patients [26].

4.2. Treatment by Gender/Sex

We found female patients with EOGC were less likely to receive surgery and chemother-
apy but more likely to receive radiation than males with EOGC [Table 2]. Several epidemio-
logical studies of gastric cancer treatment patterns have similarly identified an association
between the receipt of less surgery and chemotherapy with female gender/sex. In an
NCDB analysis of patients with stage Ib-III gastric cancer of all ages, female patients were
less likely to receive perioperative chemotherapy than males [27]. Female patients of all
ages that underwent surgery with curative intent in the Netherlands were also less likely
than males to receive perioperative chemotherapy and were more likely to undergo partial
gastrectomy (rather than total gastrectomy). However, these differences were not statis-
tically significant after adjusting for clinicopathologic factors such as clinical stage [28].
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In another Dutch study of treatment allocation, female patients with unresectable gastric
cancer were less likely to receive chemotherapy compared to males [29].

4.3. Treatment by Race/Ethnicity

We found Asian/PI patients with EOGC and AOGC were more likely to receive
chemotherapy than Caucasian patients with EOGC and AOGC, respectively
(Tables 2 and S1), and Asian/PI patients with EOGC, AOGC, and LOGC were less likely
to receive radiation compared to Caucasian patients with EOGC, AOGC, and LOGC,
respectively (Tables 2, S1 and S2). AA patients with EOGC and AOGC were more
likely than Caucasian patients with EOGC and AOGC to receive chemotherapy, respec-
tively (Tables 2 and S1). Hispanic patients with EOGC and AOGC were more likely to
receive surgery and chemotherapy than Caucasian patients with EOGC and AOGC, re-
spectively (Tables 2 and S1). Previous analyses of treatment differences of gastric cancer by
race/ethnicity are not stratified by age. With this limitation, others have consistently found
that Asian/PI patients with gastric cancer are more likely to receive therapy than other
groups [30–33]. In the aforementioned NCDB analysis of patients of all ages with stage
Ib-III gastric cancer undergoing surgery, Asian/PI and AA patients were less likely than
Caucasian patients to receive perioperative chemotherapy while no difference was found
among Hispanic patients [27]. It is known that Asian American, African American, and
Hispanic patients receive hospice and palliative care at lower rates compared to Caucasian
patients which some have theorized is related to differences in knowledge, cultural beliefs,
and treatment preferences [34,35]. Assuming the utilization of hospice and palliative care is
a surrogate for the receipt of less treatment, it is possible that this disparity in hospice and
palliative care utilization is an explanation for our findings (regarding increased receipt of
treatment among patients who are Asian/PI, African American, and Hispanic compared to
Caucasian patients). Communication barriers and assumptions made by patients and their
oncologists likely also play a role in the differences we observed.

4.4. Treatment by Center Type

We found patients with EOGC, AOGC, and LOGC treated at community cancer
centers were more likely to receive surgery and less likely to receive chemotherapy
than patients with EOGC, AOGC, and LOGC, treated at academic centers, respectively
(Tables 2, S1 and S2). In England, patients diagnosed with esophageal and gastric cancers
in non-academic hospitals did not have a lower chance of having surgery than those di-
agnosed in an academic hospital [36]. Several studies in the Netherlands have identified
patterns in the treatment of gastric cancer by hospital type and found that patients with
gastric cancer treated at high-volume hospitals were more likely to receive systemic therapy
and surgery compared to hospitals with lower volume [37,38]. Academic centers are more
likely to have enroll patients on clinical trials and offer treatment options that are not
available in community cancer centers, which may help explain our findings.

4.5. Treatment by Payor Status

We found patients with EOGC, AOGC, and LOGC who were uninsured or had
Medicaid were more likely to receive surgery and less likely to receive chemotherapy than
insured patients with EOGC, AOGC, and LOGC, respectively (Tables 2, S1 and S2). In
the Netherlands, younger age and higher socioeconomic status (SES) were independent
factors for receiving treatment in patients with esophageal and gastric cancer [38,39].
Notably, patients with gastric cancer who lack insurance have been shown to have worse
survival outcomes and receive less therapy compared to insured patients [40,41]. Insurance
status plays a role in the type of treatment patients can receive (as well as where they can
receive it).
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4.6. Treatment by Location

We found patients with EOGC and LOGC residing in locations that were not adjacent
to metropolitan areas were less likely to receive surgery than those residing in metropolitan
areas (Tables 2 and S2). In analyses of SEER and California Cancer Registry data, patients
of all ages with gastric cancer residing in rural areas were also less likely to receive surgery
compared to those in urban areas, which was attributed to lower levels of educational
attainment, lower median household income, longer commute times, less contact with
oncology providers, and less access to health insurance [42,43].

5. Conclusions

Our study represents the most comprehensive to date regarding the unique treatment
patterns of patients with EOGC. As an entity, EOGC displays many alarming features—the
incidence of this entity is increasing, these patients tend to present with late-stage disease,
and risk factors are not well defined.

Our study had several important limitations. Most notably, individual-level data
regarding the treatment sequence for each patient are not available in the NCDB, nor are
data regarding environmental risk factors and tumor genomic information.

We found dramatic, statistically significant differences regarding how patients with
EOGC are treated after adjusting for stage, tumor location, and year of diagnosis. However,
the reasons why subgroups of patients with EOGC were treated differently is unclear. Ulti-
mately, the complex interplay between intrinsic patient perceptions of treatment combined
with external forces such as residence in a resource-limited setting, inadequate health insur-
ance, and bias on the part of providers are likely intertwined. More research to untangle
this complex narrative is warranted to characterize which factors play a role in the pursuit
and receipt of treatment from both the patient and oncologist perspectives. Additionally,
developing effective cultural awareness, minimizing assumptions, and recognizing differ-
ences in communication preferences are important to mitigate discrimination against, and
implicit bias towards, marginalized patient populations. Investing in educational programs
and healthcare systems to ensure patients have every opportunity to access high-quality
care, as well as clinical trials, is imperative.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Simple Summary: Pancreatic cancer (PC) incidence is increasing at a greater rate in young women
compared to young men. We aimed to understand the association of race and ethnicity with these
trends by performing race, ethnicity and age-specific analysis using the SEER 21 database. We
organized race and ethnicity groups by Non-Hispanic White (White), Non-Hispanic Black (Black)
and Hispanic, and age groups as older adults (age ≥ 55 years) and younger adults (age < 55 years).
We found a greater rate of increase in PC incidence among young women compared to young
men among all race and ethnicity groups, although young Hispanic and Black women experienced
a disproportionately greater increase. When comparing trends among women from all race and
ethnicity groups, young Hispanic women experienced a greater rate of increase in PC incidence
compared to young White and Black women. Our study demonstrates the association of race and
ethnicity with PC incidence trends and highlights the disproportionate burden of disease on young
women of color.

Abstract: Background and aims: Pancreatic cancer (PC) incidence is increasing at a greater rate in
young women compared to young men. We performed a race- and ethnicity-specific evaluation of
incidence trends in subgroups stratified by age and sex to investigate the association of race and
ethnicity with these trends. Methods: Age-adjusted PC incidence rates (IR) from the years 2000 to
2018 were obtained from the SEER 21 database. Non-Hispanic White (White), Non-Hispanic Black
(Black) and Hispanic patients were included. Age categories included older (ages ≥ 55) and younger
(ages < 55) adults. Time-trends were described as annual percentage change (APC) and average APC
(AAPC). Results: Younger White [AAPC difference = 0.73, p = 0.01)], Black [AAPC difference = 1.96,
p = 0.01)] and Hispanic [AAPC difference = 1.55, p = 0.011)] women experienced a greater rate of
increase in IR compared to their counterpart men. Younger Hispanic women experienced a greater
rate of increase in IR compared to younger Black women [AAPC difference = −1.28, p = 0.028)] and
younger White women [AAPC difference = −1.35, p = 0.011)]. Conclusion: Younger women of all
races and ethnicities experienced a greater rate of increase in PC IR compared to their counterpart
men; however, younger Hispanic and Black women experienced a disproportionately greater in-
crease. Hispanic women experienced a greater rate of increase in IR compared to younger Black and
White women.

Keywords: cancer disparity; sex disparity; gender; pancreatic cancer trends; ethnicity; race/racial;
white/caucasian; black/african american; hispanic/latinx; disparity/disparities
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1. Introduction

Despite substantial diagnostic and therapeutic medical advancements in recent decades,
pancreatic cancer (PC) remains a deadly disease with an estimated 5-year survival rate of
10.8% [1]. Patients are often diagnosed after regional or distant metastasis, with only 11.3%
diagnosed at an early stage [1]. Patients with PC accrue more than 15 times the healthcare
costs of patients without PC [2]. Furthermore, these patients suffer decreases in quality
in all domains of life and worse psychological quality of life when compared to patients
with other cancers [3]. In the year 2021, PC will be the 11th and 3rd overall leading cause of
cancer incidence and mortality in the United States (US), respectively [1].

Our recent study examining national time trends in PC incidence using the Surveil-
lance, Epidemiology and End Result (SEER) database revealed sex disparity in PC incidence
trends over the past two decades [4]. When stratified by age and sex, younger women
(ages < 55) were found to have a significantly higher relative rate of increase in PC inci-
dence compared to younger men. Interestingly, this sex disparity trend was not observed in
the older population (ages ≥ 55), posing the possibility of a distinct driver(s) in incidence
that may be unique to younger women. However, this study does not give information on
whether racial differences accounted for the sharp rise in incidence in younger women.

Racial disparities in the incidence and outcomes of multiple gastrointestinal malig-
nancies have been previously demonstrated, including higher PC incidence and mortality
rates among Black compared to White persons [5,6]. Therefore, the aim of the current study
was to perform race- and ethnicity-specific evaluations of incidence trends in subgroups
stratified by age and sex using a large population-based SEER database.

2. Materials and Methods

2.1. Data Source

The SEER program is a cancer incidence and survival database compiled from population-
based cancer registries across the US and provided by the National Cancer Institute (NCI).
We used the SEER 21, which covers 36.4% of the US population and reports cancer cases
from the year 2000 to 2018 [7,8]. The SEER 21 database is the most comprehensive compared
to the remaining available databases, providing data from more geographical regions and
including a larger proportion of the US population. Further, this database provides informa-
tion on reporting delays. Given this data is publicly available and is de-identified, according
to Cedars-Sinai institutional policy, this study was considered exempt from the institutional
review board’s (IRB) full or expedited review protocol. This is in accordance with the
recommendations of the National Human Research Protections Advisory Committee.

2.2. Definitions

Incidence rates are reported as the number of cases per 100,000 population. The
percent change in PC incidence between two consecutive years was defined as the annual
percent change (APC), which describes magnitude as well as directionality. The average
APC (AAPC) was calculated using the overall change in incidence divided by the total
number of years in the study period. We organized race and ethnicity groups into the
following: Non-Hispanic White (White), Non-Hispanic Black (Black) and Hispanic, which
includes White Hispanic and Black Hispanic patients [9]. Due to the small sample size,
the patient groups Asian/Pacific Islander, American Indian/Alaskan Native and Native
Hawaiian were not included in our analysis. Age stratification was performed by using an
age cut-off of 55 years: Older adults (age ≥ 55 years) and younger adults (age < 55 years).
This cutoff was determined based on precedent from previous publications as well as the
examination of the distribution of cases by age groups as shown in Figure S1 [4,10].

2.3. Data Retrieval and Study Period

PC incidence data from 1 January 2000–31 December 2018 were retrieved using the
software SEER*Stat (NCI), version 8.3.9.2. PC cases were identified using the Interna-
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tional Classification of Diseases for Oncology, third edition, “Site Recode ICD-O-3/WHO
2008 classification”.

2.4. Statistical Analysis

The number of cancer cases is presented as frequencies and percentages, while in-
cidence rates are presented as cases per 100,000 population. The software SEER*Stat
(NCI), version 8.3.9.2, was used to calculate the annual PC incidence. Incidence rates were
age-adjusted for the 2000 US population and for reporting delays. Joinpoint Regression
Program v4.9.0.0 was used to generate best-fit models on a logarithmic scale [11]. Para-
metric estimations were used to calculate APC and AAPC for the study period [12,13].
The statistical difference from zero was assessed using a two-sided t-test for the APC and
AAPC, while the tests of parallelism and coincidence were used to assess if trends were
parallel or identical, respectively, between the AAPCs of segmented-linear trends [14]. The
test of parallelism determines if two trends are parallel to each other by evaluating if the
trends have a statistically significant difference in slope. The test of coincidence, sometimes
referred to as the test of identicalness, assesses if the rates of one trend are identical or
statistically different from the rates of the other trend. The two p-values generated from
these two tests are comparative in nature between trends in subgroups. The concepts of
parallelism and coincidence are illustrated in Figure S2.

The test of parallelism was conducted using log-linear models on the log-transformed
scale of the APCs. Subsequently, the Joinpoint Regression Program back-transforms the
results to the original scale and provides a report [14,15]. To estimate the statistical sig-
nificance of the difference between AAPCs, Taylor Series expansion was used [16]. These
methods were used to examine sex disparity in PC incidence trends when stratified by
age, race and ethnicity, and further analysis examined race and ethnic disparity in cancer
incidence among women stratified by age, race and ethnicity. A 2-sided p-value of less than
0.05 was considered statistically significant.

3. Results

3.1. Demographics

A total of 283,817 PC cases were reported during the study period. The majority
occurred in women (50.1%) and White patients (72.7%). A total of 88.6% of patients were
diagnosed at an age greater than or equal to 55, with a median age of 71 years old. The
SEER 21 database reports cancer data on 36.4% of the US population, including 33.6%,
44.7%, and 46.7% of the White, Black and Hispanic populations in the US, respectively [8].
A summary of PC incidence rates stratified by age, sex, race and ethnicity is shown in
Table 1.

Table 1. Summary of age-adjusted pancreatic cancer incidence rates per 100,000 people stratified by
age, sex, race and ethnicity.

All Ages Age ≥ 55 Age < 55

All Races and Ethnicities

Women

Cases (%) 142,297 (50.1) 128,204 (45.2) 14,035 (4.9)

Incidence Rate (95% CI) 11.22 (11.16, 11.28) 46.49 (46.23, 46.75) 2.25 (2.21, 2.28)

Men

Cases (%) 141,520 (49.9) 123,156 (43.4) 18,334 (6.5)

Incidence Rate (95% CI) 14.32 (14.24, 14.39) 58.97 (58.63, 59.30) 3.01 (2.96, 3.05)
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Table 1. Cont.

All Ages Age ≥ 55 Age < 55

White

Women

Cases (%) 101,670 (49.3) 93,247 (45.2) 8400 (4.1)

Incidence Rate (95% CI) 11.11 (11.04, 11.18) 46.06 (45.76, 46.36) 3.08 (3.02, 3.14)

Men

Cases (%) 104,731 (50.7) 92,927 (45.0) 11,792 (5.7)

Incidence Rate (95% CI) 14.6 (14.51, 14.69) 60.11 (59.72, 60.50) 2.21 (2.16, 2.26)

Black

Women

Cases (%) 17,579 (53.6) 15,159 (46.2) 2412 (7.4)

Incidence Rate (95% CI) 14.41 (14.19, 14.62) 58.93 (57.99, 59.89) 3.17 (3.04, 3.30)

Men

Cases (%) 15,216 (46.4) 12,482 (38.1) 2732 (8.3)

Incidence Rate (95% CI) 17.25 (16.96, 17.55) 69.83 (68.53, 71.14) 4.08 (3.93, 4.24)

Hispanic

Women

Cases (%) 13,634 (51.9) 11,501 (43.8) 2114 (8.0)

Incidence Rate (95% CI) 10.65 (10.47, 10.84) 44.45 (43.63, 45.29) 2.01 (1.93, 2.10)

Men

Cases (%) 12,647 (48.1) 10,162 (38.7) 2476 (9.4)

Incidence Rate (95% CI) 12.31 (12.08, 12.54) 51.13 (50.08, 52.19) 2.42 (2.32, 2.51)

Case percentages are reported as a percent of all cases; CI: confidence interval.

3.2. Older Adults (Age ≥ 55)

A total of 251,360 cases of PC were reported during the study period. Sex-specific
incidence rates per 100,000 were 46.49 (95% CI: 46.23–46.75) in women and 58.97 (95% CI:
58.63–59.30) in men.

Incidence rates were relatively increasing at a lower rate in White women (AAPC = 0.80,
95% CI: 0.64–0.96, p < 0.01) compared to White men (AAPC = 1.12, 95% CI: 1.00–1.24,
p < 0.01), with a statistically significant AAPC difference of −0.32 (95% CI: −0.52–−0.13,
p < 0.01) (Table 2, Figure 1). These trends were neither identical (p < 0.01) nor paral-
lel (p < 0.01). No sex differences in incidence rates were found in the Black and His-
panic groups.

Table 2. Pancreatic cancer incidence time trends for White, Black and Hispanic patients from 2000 to
2018 stratified by age and sex.

White p Black p Hispanic p

All Ages

Men AAPC
(95% CI)

1.10
(0.99, 1.21) <0.001 0.50

(0.25, 0.76) <0.001 0.63
(0.18, 1.09) 0.009

Women ‡ AAPC
(95% CI)

0.87
(0.74, 1.01) <0.001 0.37

(0.10, 0.64) 0.011 0.68
(0.38, 0.99) <0.001

ΔAAPC
(95% CI)

−0.23 *
(−0.39, −0.07) 0.005 −0.13

(−0.48, 0.22) 0.460 0.05
(−0.46, 0.56) 0.847
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Table 2. Cont.

White p Black p Hispanic p

Age ≥ 55

Men AAPC
(95% CI)

1.12
(1.00, 1.24) <0.001 0.63

(0.36, 0.89) <0.001 0.51
(0.01, 1.02) 0.046

Women ‡ AAPC
(95% CI)

0.80
(0.64, 0.96) <0.001 0.17

(−0.18, 0.51) 0.322 0.38
(0.05, 0.72) 0.027

ΔAAPC
(95% CI)

−0.32 *
(−0.52, −0.13) 0.001 −0.46

(−0.86, −0.06) 0.026 −0.13
(−0.69, 0.43) 0.648

Age < 55

Men AAPC
(95% CI)

0.94
(0.61, 1.28) <0.001 −0.22

(−1.01, 0.58) 0.569 1.48
(0.68, 2.82) 0.001

Women ‡ AAPC
(95% CI)

1.68
(1.18, 2.17) <0.001 1.74

(1.04, 2.46) <0.001 3.03
(2.03, 4.04) <0.001

ΔAAPC
(95% CI)

0.73 *
(0.18, 1.29) 0.010 1.96 *

(0.98, 2.95) <0.001 1.55 *
(0.36, 2.75) 0.011

* AAPC trends used to calculate ΔAAPC are non-parallel and non-identical. ‡ Reference group when calculating
ΔAAPC. Incidence trends were calculated per 100,000 people. AAPC: average annual percent change. CI:
Confidence. Interval. ΔAAPC: difference in AAPC between women and men.

Incidence rates were also relatively higher in White women (AAPC = 0.80, 95%
CI: 0.64–0.96, p < 0.01) compared to Hispanic women (AAPC = 0.38, 95% CI: 0.05–0.72,
p = 0.027), with a difference in AAPC of 0.41 (95% CI: 0.06–0.76, p = 0.021) (Table 3, Figure 2).
These trends were also neither identical (p < 0.01) or parallel (p = 0.016). Furthermore,
incidence rates were relatively higher in White women (AAPC = 0.80, 95% CI: 0.64–0.96,
p < 0.01) compared to Black women (AAPC = 0.17, 95% CI: −0.18–0.51, p = 0.32), with a
difference in AAPC of 0.63 (95% CI: 0.27–0.99, p < 0.01). These trends were neither identical
(p < 0.01) nor parallel (p < 0.01).

Table 3. Pancreatic cancer incidence time trends for women from 2000 to 2018 stratified by age, race
and ethnicity as well as comparison of time trends between White, Black and Hispanic Women.

All Ages p Age ≥ 55 p Age < 55 p

White AAPC (95% CI) 0.87
(0.74, 1.01) <0.001 0.80

(0.64, 0.96) <0.001 1.68
(1.18, 2.17) <0.001

Black AAPC (95% CI) 0.37
(0.10, 0.64) 0.011 0.17

(−0.18, 0.51) 0.322 1.74
(1.04, 2.46) <0.001

Hispanic AAPC (95% CI) 0.68
(0.38, 0.99) <0.001 0.38

(0.05, 0.72) 0.027 3.03
(2.03, 4.04) <0.001

Trend Comparison Among Race and Ethnicity Cohorts

Black ‡ vs. Hispanic
ΔAAPC (95% CI)

−0.31
(−0.69, 0.07) 0.108 −0.22

(−0.66, 0.23) 0.343 −1.28
(−2.42, −0.14) 0.028

White ‡ vs. Black
ΔAAPC (95% CI)

0.50 *
(0.22, 0.79) <0.001 0.63 *

(0.27, 0.99) 0.001 −0.07
(−0.87, 0.73) 0.866

White ‡ vs. Hispanic
ΔAAPC (95% CI)

0.19
(−0.12, 0.50) 0.222 0.41 *

(0.06, 0.76) 0.021 −1.35
(−2.39, −0.31) 0.011

* AAPC trends used to calculate differences in AAPC are non-parallel and non-identical. ‡ Reference group when
calculating ΔAAPC. Incidence trends were calculated per 100,000 people. AAPC: average annual percent change.
CI: confidence interval. ΔAAPC: difference in AAPC between women and men.
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Figure 1. Sex-specific trends and age-adjusted pancreatic cancer incidence rates per 100,000 people
among older (Age ≥ 55) and younger (Age < 55) White, Black and Hispanic adults. APC: annual
percent change. (A): Older White: APC increasing at a lower rate in women compared to men (0.80 vs.
1.12, p = 0.001), with trends that are non-parallel (p < 0.01) and non-identical (p < 0.01). (B): Younger
White: APC increasing at a greater rate in women compared to men (1.68 vs. 0.94, p = 0.010), with
trends that are non-parallel (p < 0.01) and non-identical (p < 0.01). (C): Older Black: APC increasing
at a lower rate in women compared to men (0.17 vs. 0.63, p = 0.026), with trends that are parallel
(p = 0.071) and non-identical (p < 0.01). (D): Younger Black: APC increasing at a greater rate in
women compared to men (1.74 vs. −0.22, p < 0.001), with trends that are non-parallel (p < 0.01) and
non-identical (p < 0.01). (E): Older Hispanic: APC neither increasing or decreasing in women and
men, no significant difference (0.38 vs. 0.51, p = 0.65). (F): Younger Hispanic: APC increasing at a
greater rate in women compared to men (3.03 vs. 1.48, p = 0.011); trends are non-parallel (p < 0.01)
and non-identical (p < 0.01).
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Figure 2. Race and ethnicity specific trends and age-adjusted pancreatic cancer incidence rates per
100,000 people among older (Age ≥ 55) and younger women (Age < 55). APC: annual percent change.
(A): APC increasing in Hispanics and unchanged in Black older women; there is no significant
difference (0.38 vs. 0.17, p = 0.34). (B): APC increasing at a greater rate in Hispanic compared to
Black younger women (3.03 vs. 1.74, p = 0.028), with trends that are parallel (p = 0.074) and non-
identical (p < 0.01). (C): APC increasing at a greater rate in White compared to Hispanic older women
(0.80 vs. 0.38, p = 0.021), with trends that are non-parallel (p = 0.016) and non-identical (p < 0.01).
(D): APC increasing at a greater rate in Hispanic compared to White younger women (3.03 vs. 1.68,
p < 0.001), with trends that are parallel (p = 0.070) and non-identical (p < 0.01). (E): APC increasing at
a greater rate in White compared to Black older women (0.80 vs. 0.17, p = 0.001), with trends that are
non-parallel (p < 0.01) and non-identical (p < 0.01). (F): APC increasing in Black and White younger
women, with no significant difference (1.74 vs. 1.68, p = 0.87).

4. Younger Adults (Ages < 55)

A total of 32,369 cases of PC were reported during the study period. Most cases
occurred among men (6.5% of all cases), and the sex-specific incidence rates per 100,000
were 2.25 (95% CI: 2.21–2.28) in women and 3.01 (95% CI: 2.96–3.05) in men.

Incidence rates were relatively increasing at a greater rate in women compared to
men in all three race and ethnic groups. White women (AAPC = 1.68, 95% CI: 1.18–2.17,
p < 0.01) experienced a greater rate of increase in incidence rates compared to White men
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(AAPC = 0.94, 95% CI: 0.61–1.28, p < 0.01) with a statistically significant AAPC difference of
0.73 (95% CI: 0.18–1.29, p = 0.01). These trends were neither identical (p < 0.01) nor parallel
(p < 0.01). Black women (AAPC = 1.74, 95% CI: 1.04–2.46, p < 0.01) experienced an increase
in incidence rate compared to Black men (AAPC = −0.22, 95% CI: −1.01–0.48, p = 0.57), with
a statistically significant AAPC difference of 1.96 (95% CI: 0.98–2.95, p < 0.01). These trends
were neither identical (p < 0.01) nor parallel (p = 0.02). Hispanic women (AAPC = 3.03, 95%
CI: 2.03–4.04, p < 0.01) experienced a greater rate of increase in incidence rates compared
to Hispanic men (AAPC = 1.48, 95% CI: 0.68–2.82, p < 0.01), with a statistically significant
AAPC difference of 1.55 (95% CI: 0.36–2.75, p = 0.011). These trends were neither identical
(p < 0.01) nor parallel (p < 0.01).

Incidence rates were relatively higher in Hispanic women (AAPC = 3.03, 95% CI:
2.03–4.04, p < 0.01) compared to Black women (AAPC = 1.74, 95% CI: 1.04–2.46, p < 0.01),
with a difference in AAPC of −1.28 (95% CI: −2.42–−0.14, p = 0.03). These trends were
non-identical (p < 0.01) and parallel (p = 0.07). Furthermore, incidence rates were relatively
higher in Hispanic women (AAPC = 3.03, 95% CI: 2.03–4.04, p < 0.01) compared to White
women (AAPC = 1.68, 95% CI: 1.18–2.17, p < 0.01), with a difference in AAPC of −1.35
(95% CI: − 2.39–−0.31, p = 0.01). These trends were non-identical (p < 0.01) and parallel
(p = 0.07).

5. Discussion

We investigated our recent finding of an alarming increase in PC incidence rates in
young women compared to young men by examining the association of race and ethnicity
with these trends [4]. Initially, we examined sex disparity in PC incidence time trends
stratified by age, race and ethnicity. While younger women (age < 55) showed a greater
relative rate of increase in PC incidence compared to young men in all races and ethnic
groups, rates disproportionately increased in younger Hispanic and Black women. Further
analysis revealed that younger Hispanic women experienced significantly higher rates of
increase in incidence compared to younger Black and White women. The present analysis
builds on our previous findings by identifying racial and ethnic disparities in PC incidence,
specifically in younger women. Given PC is expected to become the second leading cause
of cancer death by the year 2030 in the US [17], we hope our findings aid in designing
future studies and public health strategies to combat these alarming trends.

A racial gap in PC incidence has existed in the US since the 1970s with a greater
incidence in Black compared to White patients, although known risk factors such as
socioeconomic status (SES), lifestyle and biological variables do not alone independently
explain these trends [18]. While our analysis did not investigate causative factors, the
trends found in our analysis are likely due to changes in trends of modifiable as well as
non-modifiable risk factors. SES has been shown to be associated with cancer incidence
and outcomes, with the directionality of the relationship varying by cancer type [19]. A
systematic review of European studies found variable effects of SES on PC incidence,
varying by country of origin and, interestingly, patient sex [20]. Diabetes mellitus (DM),
obesity and smoking have also been associated with PC incidence [21].

Obesity and DM have both been shown to disproportionately affect minority commu-
nities, although their impact on racial differences in PC incidence remains unclear [22,23].
An analysis of the NHANES surveys examined trends in the prevalence of diagnosed and
undiagnosed DM in the United States from 1988 to 2012 and showed an increase in DM
rates across all demographics, although interestingly only among those with a BMI of 30
or greater [24]. Furthermore, rates of undiagnosed DM only increased among Mexican
American participants, with undiagnosed DM rates decreasing among all demographics
except for Mexican Americans and the youngest age group, highlighting a possible dis-
parity in access to care. A more recent study that examined trends in DM rates from 1999
to 2016 using the NHANES showed a significantly more dramatic increase in DM rates
among Mexican Americans during the study period compared to the Non-Hispanic Black
and Non-Hispanic White groups [25]. Interestingly, men experienced a greater increase in
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DM rates overall compared to women. Obesity trends have also been explored through
the NHANES, with recent studies finding an overall increase in obesity rates over the past
few decades, with higher rates in younger cohorts compared to older [26,27]. While similar
trend patterns of severe obesity were found on subgroup analysis by demographics, males
were less likely to have severe obesity compared to females in all birth cohorts [27]. Lastly,
a recent review shows smoking rates have decreased among all racial and ethnic groups
in both men and women in recent decades, with Asian and Hispanic/Latino individuals
demonstrating the lowest prevalence [28]. The review also highlights significant racial,
ethnic and socioeconomic disparities in exposure to secondhand smoke, which may further
drive disparities in risk. The literature is limited by a lack of simultaneous stratification
of risk factors by race, ethnicity, sex and age. Furthermore, the relationship between the
trends found in our analysis and these risk factors, along with other known and unknown
risk factors, is complex and warrants further investigation.

The association of sex-specific factors with PC has also been investigated. A meta-
analysis of 22 studies found higher parity was borderline 0.86 (95% CI: 0.73–1.02; Q = 50.49,
p < 0.001, I2 = 58.4%) associated with a dose response decreased risk of PC when controlling
for possible confounders such as smoking and diabetes mellitus rates [29]. It is proposed
that the protective effect of pregnancy is likely sex hormone mediated. Estrogen has
been shown in in vitro and in vivo studies to inhibit transplanted pancreatic carcinoma
and the effects of early pancreatic carcinogenesis in rat models [30,31]. Furthermore,
census data shows a decline in the overall birth rate in the US from 1980 to 2007 [32].
When stratified by race, birth rates significantly declined among Black women (84.9 to
72.7 births/1000 women) while birth rates mildly increased in White women (65.6 to
68.8 births/1000 women), although comparative analysis was not conducted between the
races [32]. Unfortunately, birth rates for the Hispanic population were not available in
this report.

The average age of diagnosis of PC is 71 years old, with up to 8% of patients diagnosed
before the age of 50 [1,33]. Early-onset PC is relatively understudied, with an increasing
incidence in recent years [33,34]. A recent analysis of 124,442 patients examined early
and later age-onset PC incidence rates and found a higher percentage of men (58.3% vs.
49.8%), Black (16.8 vs. 12.2) and Hispanic (8.3 vs. 4.9) patients in the early group. Another
study of 16,282 cases of PC also showed higher rates of Black (46%) and Hispanic (42%)
patients diagnosed under the age of 65 compared to White (33%) and Asian (32%) patients
(p < 0.0001) [35]. While early-onset PC has similar risk factors to late-onset PC, familial and
genetic factors have been implicated as additional risk factors given that early-onset cases
are more likely to have a family history of cancer and hereditary genetic syndromes [36].
Genetic factors are less likely to have had an impact on the change in trends revealed by
our analysis due to the low likelihood of significant changes in the prevalence of genetic
syndromes and hereditary diseases during our study period. Alternatively, we believe the
disparity in incidence trends is likely due to changes in risk factor trends, both known and
potentially unknown.

Limitations and Future Directions

The SEER database has certain limitations, including possible loss of records and
coding reliability. Underreporting of cases as well as changes in testing rates may impact
incidence rates across our study period. Furthermore, demographic data, including race
and ethnicity, are often obtained from multiple sources, such as patient intake, provider
notes, and administrative databases, allowing for misclassification bias and an impact on
our findings. Given the self-reported nature of race and ethnicity, this may not correspond
to genetic ancestry, which is an important consideration when drawing conclusions from
our analysis. Migration of patients in and out of SEER registry areas and selection bias are
also possible limitations that have been previously described [37]. Furthermore, due to the
small sample size, the patient groups Asian/Pacific Islander, American Indian/Alaskan
Native and Native Hawaiian were not included in our analysis. Our analysis is also limited
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by the lack of availabile data on risk factors that may explain these trends, making definitive
conclusions regarding causal factors not possible. The relatively low 5-year survival rate
of PC makes prevention through risk modification and effective screening guidelines
crucial. Examining national trends in cancer incidence, such as in our study, highlights
alarming trends warranting further investigation, ultimately leading to public health policy
actions. We highly encourage future studies examining factors associated with the alarming
disproportionate increase in incidence rates in young Black and Hispanic women compared
to their male counterparts, as well as the disproportionate increase in younger Hispanic
women compared to younger Black and White women. Given that race is a social construct,
examination of trends stratified by race and ethnicity provides important insight into the
impact of psychosocial, societal, and systemic factors on PC incidence and outcomes. To
further improve screening and therapeutics, we encourage future investigation of genomic
profiles as objective tools for improving screening, prevention, and therapeutics given the
expected rise in incidence in the coming decade.

6. Conclusions

Younger women of all races and ethnicities experienced a greater rate of increase
in pancreatic cancer incidence compared to their male counterparts; however, younger
Hispanic and Black women experienced a disproportionately greater increase. Comparison
between younger women revealed that younger Hispanic women experienced significantly
higher rates of increase in incidence compared to younger Black and White women. Further
studies are needed to better understand the factors associated with these disparities.
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//www.mdpi.com/article/10.3390/cancers15030870/s1, Figure S1: Number of Pancreatic Cancer
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Simple Summary: This study from South Australia using the state’s Cancer Registry data pro-
vides compelling evidence for a significant increase in the incidence of young-onset (18–50 years)
gastrointestinal (oesophageal, stomach, colon and rectum, and pancreas) adenocarcinomas over
the last three decades. The trend observed in the young cohort was not mirrored in older individ-
uals >50 years. This increased incidence, though noted in both sexes, was more pronounced in
males compared to females. Survival in the young-onset adenocarcinoma cohort was only seen in
patients with colorectal cancers, but not oesophagus, stomach and pancreas. This study calls for a
concerted effort aimed at determining the sociodemographic factors underlying this disturbing
trend with the aim of developing preventative strategies.

Abstract: Background & Aims: Globally, there has been a concerning rise in the incidence of
young-onset cancers. The aim of this study was to provide trends in the incidence and survival
of gastrointestinal adenocarcinomas (oesophagus, stomach, pancreas, and colorectal) in South
Australia over a 27-year period. Methods: This is a cross-sectional analysis of a prospective
longitudinal database including all cases of gastrointestinal adenocarcinomas prospectively
reported to the South Australian (State) Cancer Registry from 1990 to 2017. Results: A total of
28,566 patients diagnosed with oesophageal, stomach, pancreatic, or colorectal adenocarcinoma
between 1990 and 2017 were included in the study. While the overall incidence for gastrointestinal
adenocarcinomas in individuals >50 years has decreased since 2000 (IRR of 0.97 (95% CI 0.94–1.00;
p = 0.06)) compared to 1990–1999, the rate amongst individuals aged 18–50 has significantly
increased (IRR 1.41 (95% CI 1.27–1.57; p < 0.001)) during the same reference time period. Although
noted in both sexes, the rate of increase in incidence was significantly greater in males (11.5 to
19.7/100,000; p < 0.001). The overall survival from adenocarcinomas across all subsites improved
in the >50-year cohort in the last decade (HR 0.89 (95% CI 0.86–0.93; p < 0.001)) compared to
1990–1999. In individuals aged 18–50 years, there has only been a significant improvement in
survival for colorectal cancer (HR 0.82 (95% CI 0.68–0.99; p < 0.04)), but not the other subsites.
A lower overall survival was noted for males in both age cohorts (18–50 years—HR 1.24 (95% CI
1.09–1.13; p < 0.01) and >50 years—HR 1.13 (95% CI 1.10–1.16; p < 0.001), respectively) compared
to females. Conclusions: This study from South Australia demonstrates a significant increase
in young-onset gastrointestinal adenocarcinomas over the last 28 years, with a greater increase
in the male sex. The only significant improvement in survival in this cohort has been noted in
colorectal cancer patients.
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1. Introduction

Globally, there have been several reports of increasing incidence of early- or young-
onset cancers [1]. These encompass a spectrum of solid organ cancers such as colorectal
cancer (CRC) and adenocarcinomas of the pancreas [2], breast [3], ovary [4], oesophagus [5],
and stomach [6]. Though CRC has demonstrated the most striking trend, similar patterns
have been uncovered in other gastrointestinal adenocarcinomas. In an effort to explain this
disturbing trend, clinicians and scientists have attempted to implicate early life exposures
to antibiotics [7], the impact of the gut microbiome [8], and variations in mismatch repair
(MMR) genes and microsatellite instability (MSI) [9]. Siegel et al. [10] linked the trend to
birth cohorts and the possible influence of the obesity pandemic (drawing on the evidence
relating obesity, unhealthy eating habits, and sedentary lifestyles [11]), whilst Lui et al. [12]
postulated the role of lifestyle factors such as physical inactivity and alcohol consumption
in the development of early onset cancers. We proposed a hypothesis, with supporting
evidence [13], drawing attention to the significant contribution of perinatal events [1]
drawing on the work of Barker [14], Knudson [15], and Lahouel [16]. It was postulated [1,13]
that an ‘in utero’ insult to the foetus constitutes the ‘first hit’. The second hit would then be
the result of exposures occurring in childhood and adolescence.

Koczwara et al. [17] have recently demonstrated that the coexistence of comorbidi-
ties (diabetes mellitus, chronic pulmonary disease, cardio- and cerebrovascular diseases,
and peptic ulcer disease) alongside a cancer diagnosis significantly worsens survival in
younger individuals. This concerning observation strengthens the relationship between the
‘developmental origins of health and disease (DOHaD)’ [14] and our hypotheses [1,13,18].
It is, thus, imperative that the cause for young-onset carcinogenesis is further investigated
with the aim of detecting, and hopefully correcting, the underlying factor(s) adversely af-
fecting survival in this cohort. In South Australia, trends in the incidence, and/or survival,
of young-onset adenocarcinomas affecting abdominal viscera have not been determined.
South Australia is one of the six states of Australia. It is inhabited by a population of
1.77 million that is predominantly Caucasian (>80%) and reflective of diversity seen in
European countries.

The aim of this study was to determine trends in the incidence and survival of gas-
trointestinal adenocarcinomas (oesophagus, stomach, pancreas, and colorectal) in South
Australia over a 27-year period. Being empowered with this information will offer us the
opportunity to determine if data generated on young-onset cancer from global research
can be extrapolated to our population. It will also enable us to join the global efforts in
deciphering the causes that underpin the development of young-onset adenocarcinomas,
offering South Australians and Australians, at large, the hope of improving outcomes
in cancer.

2. Methods

We performed a cross-sectional analysis of a prospective longitudinal database to
include all cases of adenocarcinoma of the oesophagus, stomach, pancreas, colon, and
rectum reported to the South Australian Cancer Registry since 1 January 1990, to the latest
available date at the time of our analysis, 31 December 2017. All cases of invasive cancer are
notifiable under the Cancer Reporting Regulations under the South Australian Health Care
Act 2008 [19]. The South Australian Cancer Registry was established in 1977. It is managed
by Wellbeing SA’s Epidemiology Branch (under the auspices of SA Health). The registry
has several processes that enhance the quality of the data collection, such as electronic
notification, a series of internal data checks prior to reporting the data, notification from
multiple sources, and an annual internal deduplication procedure. Several features inbuilt
in the Registry Plus software system also allow real time query. Statistics on quality
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measures can be found in the annual South Australian Cancer Registry reports [20]. The
South Australian Cancer Registry has been able to completely capture all cancers across the
time frame contributing to the strength of the data source.

Ethics approval for the study was obtained from the South Australian Department
for Health and Wellbeing Human Research Ethics Committee (HREC) (reference num-
ber: LNR/21/SAC/51). Since only de-identified data was provided to us by the South
Australian Cancer Registry, a waiver of consent was provided by the Ethics Committee.

2.1. Selection of Cases
2.1.1. Inclusion Criteria

All individuals who were aged 18 years and over and had a pathologically con-
firmed diagnosis of adenocarcinoma (ICD 10 codes: oesophagus = C15, stomach = C16,
pancreas = C25, colon = C18, rectosigmoid junction = C19, rectum = C20). Histology codes
for adenocarcinoma: ICD 8140/2, 8140/3, 8141/3, 8143/3, 8210/2, 8210/3, and 8230/2
and diagnosed in SA from 1 January 1990 to 31 December 2017 were included in this
study. The study period was categorised into 3 eras (1990–1999, 2000–2009, 2010–2017)
to reflect incidence and survivals of cancers over time. Some of the data for pancreatic
adenocarcinoma has been previously published by us [21].

2.1.2. Statistical Analysis

All statistical analyses were conducted using R version 4.1.0 and Stata version 16.1.
Patients’ characteristics were expressed as median and interquartile range (IQR) for skewed
data. The Mann–Whitney U test was used to explore the significance of differences in
patients’ age between two groups of patients. Proportions were presented as percentages
of the respective denominator and were compared between groups using a standard
chi-square test for association with continuity correction, where appropriate.

The incidence rates were calculated by taking the total number of cases divided by
the population at risk. The rates were presented per 100,000 persons over 3 time periods
for age groups 18–50 years and >50 years for each sex and cancer primary sites. A Poisson
regression model was applied to examine the incidence rates between the groups of the
above characteristics. The estimates were calculated using the likelihood ratio method and
were expressed as incidence rate ratios (IRRs) from the Poisson model. Poisson regression
model was also used to calculate the average annual percentage change.

Survival was measured from the date of cancer diagnosis to the date of death, and
individuals were censored at date of loss to follow-up or census date. The census date was
assigned on 31 December 2017. The South Australian Cancer Registry data are linked to the
births, deaths, and marriage data once a year, in general. Cox proportional hazard models
were applied to examine the survival outcomes. Sex, primary sites, and cohort era were
used to explore the risk of death between two cohorts (18–50 years and >50 years). The
estimates were calculated using the likelihood ratio method and were expressed as hazard
ratios (HRs)—the lower the HR, the longer the survival. Proportional hazard assumption
was tested by the log–log plot of survival and Schoenfeld residuals. Survival curves for
patient survival were evaluated by standard Kaplan–Meier survival curves and patient
cohorts were compared by log-rank test. The two-sided test was performed for all analysis,
95% confidence intervals were reported, and the level of significance was set at p < 0.05.

3. Results

3.1. Demographic Data and Time Trend of Reported Cases

A total of 28,566 patients were diagnosed with oesophageal, stomach, pancreatic,
or colorectal adenocarcinoma in South Australia between 1990 and 2017 (2129, 7.5% pa-
tients aged 18–50 years and 26,437, 92.5% patients aged >50 years). The median ages
for the 18–50 years and >50 years cohorts were 46 years (IQR 41–49 years) and 72 years
(IQR 64–79 years), respectively (Table 1). Adenocarcinomas of the colon and rectum
were the most common cancers in both age cohorts (8.85/100,000 for individuals aged
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18–50 years and 159.27/100,000 for those aged >50 years). Age, in itself, was a contributing
factor for incidence, with a higher increment for individuals aged 18–50 years (IRR = 1.17
(95% CI 1.16–1.18, p <0.001)) as compared to those >50 years (IRR 1.05 (95%CI 1.05–1.05,
p <0.001)) (Table 2). The overall cancer incidence rates varied by sex within the two cohorts
(9.42/100,000 for females and 11.78/100,000 for males aged 18–50 years and 156.19/100,000
for females and 242.33/100,000 for males >50 years). Both sexes in age cohort 18–50 years
have experienced a significant increase in the incidence of adenocarcinomas (Figure 1;
Supplementary Figure S1—depicting trends over 4-year intervals) over the three eras (fe-
males 8.3 to 11.9/100,000; p <0.001 and males 11.5 to 19.7/100,000; p <0.001). However, the
incidence rates were significantly greater for males compared to females in both age cohorts,
viz. 18–50 years (IRR 1.25 (95%CI 1.15–1.36; p <0.001)) and >50 years (IRR 1.55 (95%CI
1.51–1.59; p <0.001)) (Table 2). The incidence rates increased by 1% for every increment
of year for males in age groups 18–50 years. However, no similar trend was noted for
females in the same age group (Supplementary Table S1). The sex-specific incidence rates
for gastrointestinal adenocarcinomas in individuals >50 years have reduced over the three
eras (Figure 1). This significant trend persisted for every cancer site across both age cohorts
(Figure 2, Supplementary Table S2).

Table 1. Patient’s characteristics, era, and primary sites of cancer between two age groups
(N = 28,566).

Patient Characteristics

(18–50 Years) (>50 Years)

n = 2129 (7.5%) n = 26,437 (92.5%)
n % n % p-Value

Age (years): median ± IQR 46 (41–49) 72 (64–79) <0.001

Sex 0.09
Female 1190 55.9 15275 57.8
Male 939 44.1 11162 42.2

Era 0.49
1990–1999 650 30.5 7994 30.2
2000–2009 720 33.8 9270 35.1
2010–2017 759 35.7 9173 34.7

Primary site 0.058
Colon and Rectum 1776 83.4 21422 81.0
Pancreas 150 7.0 2163 8.2
Stomach 127 6.0 1808 6.8
Oesophagus 76 3.6 1044 3.9

Note. Number and percentages are reported unless stated otherwise; IQR—interquartile range. The p values are
based on Mann–Whitney U test for medians and chi-square test for proportions.

Table 2. Incidence rates (IR) and incidence rate ratios (IRR) for age, sex, era, and cancer sites between
two age groups (n = 28,566).

Patient Characteristics

(18–50 Years) (>50 Years)

n = 2129 n = 26,437

* IR (95% CI) IRR (95% CI) p-Value * IR (95% CI) IRR (95% CI) p-Value

Overall 10.60 (10.16–11.06) 196.56 (194.20–198.94)

Age (years) - 1.17 (1.16–1.18) <0.001 - 1.05 (1.05–1.05) <0.001

Sex
Female 9.42 (8.82–10.04) Reference - 156.19 (153.30–159.11) Reference -
Male 11.78 (11.12–12.46) 1.25 (1.15–1.36) <0.001 242.33 (238.51–246.21) 1.55 (1.51–1.59) <0.001

Era
1990–1999 9.13 (8.44–9.86) Reference - 203.04 (198.61–207.53) Reference -
2000–2009 10.19 (9.46–10.96) 1.12 (1.00–1.24) 0.04 190.74 (186.87–194.66) 0.94 (0.91–0.97) <0.001
2010–2017 12.89 (11.98–13.83) 1.41 (1.27–1.57) <0.001 197.16 (193.15–201.24) 0.97 (0.94–1.00) 0.06

Cancer site
Colon & Rectum 8.85 (8.44–9.27) - - 159.27 (157.15–161.42) - -
Pancreas 0.75 (0.63–0.88) - - 16.08 (15.41–16.77) - -
Stomach 0.63 (0.53–0.75) - - 13.44 (12.83–14.08) - -
Oesophagus 0.38 (0.30–0.47) - - 7.76 (7.30–8.25) - -

* IR is incidence per 100,000 South Australian residents. IRs were not reported for age and IRRs were not reported
for cancer sites.
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Figure 1. Trend in incidence rates by sex and era between two age groups across cancer sites 1990–2017
(n = 28,566).

Figure 2. Incidence rate ratios (IRR) and 95% CI (Poisson regression model) for sex and era by
primary sites between two age groups (n = 28,566).
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3.2. Trends in the Incidence of Gastrointestinal Adenocarcinomas

While the overall incidence rate for gastrointestinal adenocarcinomas in individuals
>50 years in South Australia has reduced over the last three decades from 1990–1999 to
2010–2017 (203.04/100,000 to 197.16/100,000), the rates amongst individuals aged 18–50
significantly increased over the same time period from (9.13/100,000 to 12.89/100,000)
(Table 2). This was confirmed by the significantly increasing trend in the IRR of 1.41 (95% CI
1.27–1.57; p < 0.001) in individuals aged 18–50 years, compared to a declining trend in the
IRR of 0.97 (95% CI 0.94–1.00; p = 0.06) in those >50 years. While the IRRs for colorectal
and stomach cancer significantly decreased (0.89, 95% CI 0.86–0.92; p < 0.001 and 0.85,
95% CI 0.77–0.95; p < 0.01) in the most recent decade, for the cohort aged >50 years, the
IRRs for pancreatic and oesophageal cancer demonstrated a significantly increased trend
(1.74, 95% CI 1.57–1.94; p < 0.001 and 2.15, 95% CI 1.83–1.52; p < 0.001, respectively). For
the young-onset cohort, however, every cancer site demonstrated a significantly increased
trend in the IRR (oesophagus, 2.60, 95% CI 1.35–5.03; p < 0.01; stomach, 2.24, 95% CI
1.48–3.40; p < 0.001; pancreas, 1.83, 95% CI 1.21–2.77; p < 0.01, and colon and rectum, 1.31,
95% CI 1.17–1.46; p < 0.001) (Figure 2, Supplementary Table S2).

3.3. Survival by Time Trends and Site

The Kaplan–Meier survival estimates showed the greatest median survivals for colorectal
cancer in both age cohorts (25.86 for individuals aged 18–50 years and 7.00 years for those
>50 years (Table 3), and these were significantly better than the reference (oesophageal adeno-
carcinoma) (HR 0.28 (95% CI 0.22–0.37; p < 0.001) for those aged 18–50 years, and 0.34 (95% CI
0.31–0.36; p < 0.001) for those >50 years, respectively) (Table 4, Supplementary Figure S2). The
longest median survival for colorectal cancer in the 18–50 years cohort was due to those
patients diagnosed with colorectal cancer in the first half of the 1990–1999 era. The overall
survival from adenocarcinomas across all subsites has improved significantly for the age
cohort >50 years. However, despite demonstrating a trend in improvement, the result
was not statistically significant for individuals in the 18–50 years cohort in the last decade
(HR 0.92 (95% CI 0.79–1.08; p = 0.32)). The overall survival in males is significantly lower
compared to females in both age cohorts (HR 1.24 (95% CI 1.09–1.40; p < 0.01) and 1.13
(95% CI 1.10–1.16; p < 0.001), respectively). This latter observation was largely the effect of
stomach cancer (HR 1.74 (95% CI 1.09–2.80; p = 0.02)) in individuals aged 18–50 years and
colorectal cancer (HR 1.11 (95% CI 1.07–1.15; p < 0.001)) in those aged >50 years (Figure 3,
Supplementary Table S3). Males aged >50 years had a significantly better survival for
oesophageal adenocarcinoma compared to females (HR 0.82 (95% CI 0.68–0.98; p = 0.03)).
Reassuringly, the survival of individuals >50 years affected by most adenocarcinomas
has significantly improved in the most recent decade (oesophagus, 0.83, 95% CI 0.70–0.98;
p = 0.03; pancreas, 0.69, 95% CI 0.62–0.77; p < 0.001, and colon and rectum, 0.75, 95% CI
0.71–0.78; p < 0.001). However, in individuals aged 18–50 years, there has only been a
significant improvement in survival following colorectal cancer (HR 0.82 (95% CI 0.68–0.99;
p = 0.04)) (Figure 3, Supplementary Table S3).

Table 3. Median survival times for primary sites of cancer between two age groups (n = 27,855).

Cancer Sites

(18–50 Years) (>50 Years)

n = 2107 (7.6%) n = 25,748 (92.4%)

Median (95% CI) Median (95% CI)

Overall 12.67 (9.19–17.07) 4.60 (4.44–4.77)
Colon and Rectum 25.86 (19.90-NA) 7.00 (6.81–7.24)

Pancreas 0.70 (0.56–0.86) 0.48 (0.44–0.52)
Stomach 1.32 (1.02–1.91) 0.94 (0.85–1.02)

Oesophagus 1.36 (0.87–2.54) 0.99 (0.88–1.05)
Note: Upper confidence level of survival time for colon and rectum cancer exceeded the follow-up time.
NA = not available
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Table 4. Hazard ratios (HR) and 95% CI (Cox proportional hazard model) for age, sex, era, and cancer
sites between two age groups (n = 27,855).

Variables

(18–50 Years) (>50 Years)

n = 2107 n = 25,748

HR (95% CI) p Value HR (95% CI) p Value

Age (years) 1.01 (1.00–1.02) 0.03 1.04 (1.04–1.04) <0.001
Sex

Female Reference - Reference -
Male 1.24 (1.09–1.40) <0.01 1.13 (1.10–1.16) <0.001

Era
1990–1999 Reference - Reference -
2000–2009 0.86 (0.74–1.00) 0.046 0.85 (0.82–0.88) <0.001
2010–2017 0.92 (0.79–1.08) 0.32 0.89 (0.86–0.93) <0.001

Cancer site

Colon and Rectum 0.28 (0.22–0.37) <0.001 0.34 (0.31–0.36) <0.001
Pancreas 2.48 (1.83–3.36) <0.001 2.13 (1.97–2.31) <0.001
Stomach 0.95 (0.69–1.32) 0.77 0.94 (0.86–0.36) 0.12
Oesophagus Reference - Reference -

Figure 3. Hazard ratios (HR) and 95% CI (Cox proportional hazard model) for sex and era by primary
sites between two age groups (n = 27,855).
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4. Discussion

This study from South Australia demonstrates a rising incidence of young-onset
(18–50 years) oesophagus, stomach, pancreas, and colorectal adenocarcinomas over a
28-year period despite a declining overall trend for individuals >50 years. In both age
cohorts, the incidence rate ratio is significantly greater in males compared to females. The
overall survival from adenocarcinomas across all subsites has improved significantly for
the age cohort >50 years. In individuals aged 18–50 years, there has only been a significant
improvement in survival for colorectal cancer, but not the other subsites.

This study presents a disturbing trend in the incidence of young-onset gastrointesti-
nal adenocarcinomas in South Australia mirroring international data [10,12,22,23]. The
change in incidence rates in younger individuals appears to be greatest for colorectal
adenocarcinoma. A similar finding was previously reported by Feletto et al. [24] when
studying cancers of the colon and rectum in Australia from 1982 to 2014 and by Young
et al. [25] in 2015. Though the underlying causes remain to be deciphered, a similar trend in
international studies has been postulated to be due to increases in early-life antibiotic use,
obesity, the consumption of processed foods and alcohol [10,26,27], as well as an increase in
metabolic disease (especially obesity and type 2 diabetes mellitus) seen in this similar time
frame [28,29]. The relationship between the use of antibiotics and the risk of young-onset
colorectal cancer has been studied by Zhang et al. [30] They found that antibiotic use was
associated with a dose-dependent risk of colorectal cancer, and the location of the cancer
(most commonly, proximal colon with the use of antibiotics with an anti-anaerobic activity,
although an inverse relationship was noted in the rectum) altered depending on the type of
antibiotic (penicillins increased the risk of colon cancer while tetracyclines were associated
with a decreased risk of rectal cancer). The significant decline in colorectal adenocarcinomas
in individuals >50 years in the same period of study is most likely due to early detection
and prompt management of colorectal adenomas due to more effective screening of people
in this age group since 2006 [24,31].

The evidence in the literature regarding the role of sex in young-onset gastrointestinal
adenocarcinoma has been mixed, with some studies reporting a greater incidence rate
in males for oesophageal, stomach, and colon and rectal cancers [32–34], while others
reporting females showing greater incidence rates for colon cancer [35]. This study has
demonstrated that the incidence of young-onset gastrointestinal adenocarcinomas has
significantly increased in males and females between the ages of 18 and 50 years, with the
increase being more pronounced in males. Putative explanations for individual adenocarci-
nomas include early-onset pancreatic cancer and higher rates of smoking in males [36], and
early-onset stomach cancer and increased occurrence of Helicobacter pylori in males [33]. In
the case of South Australia, given that rates for smoking have significantly reduced [37],
while the prevalence of Helicobacter pylori infection has either remained stable or is on
the decline in Australia [38,39], these are not tenable as contributory factors to the trend
being witnessed. Nevertheless, although several studies report significant findings relating
to sex, the reasoning for why the incidence is higher in males could possibly reflect the
contribution of male central adiposity as compared to the subcutaneous adiposity that
predominates in women.

While colorectal cancer had the greatest increase in incidence in the 18–50 years cohort
globally, as well as in our study, the cause for this is still unclear. Family history has always
been deemed a major risk factor in the development of colorectal cancer, but its role in
young-onset carcinogenesis is less well understood. Although O’Connell et al. found that
22.7% of young-onset colorectal cancer had a positive family history for the disease [40],
studies by Lee et al. and Dozois et al. revealed that early-onset colorectal cancer was mostly
diagnosed in patients with no familial history and no genetic risk factors [41,42]. Similarly,
it has been reported that the distribution of the tumour site differs significantly between
those with a family history of colorectal cancer and those without, with the proximal colon
being associated with patients with a positive family history, and distal colorectum for pa-
tients with no family history [43], suggesting a different carcinogenic mechanism altogether.
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Mirroring these reports, Bergquist et al. [44] stated that the hereditary component of stom-
ach cancer only accounts for a minority of young-onset stomach cancer, and Piciucchi et al.
and Ntala et al. reported the same with regards to young-onset pancreatic cancer [45,46].
Hypothesized mechanisms lie in genetic susceptibilities expressed in single-nucleotide
instability, somatic gene mutations and epigenetic alterations, [44] as well as environmental
factors such as increased sedentary living and declining dietary quality in the past three
decades [27]. Oesophageal adenocarcinoma has also been on the rise since 1990, with
hypotheses focusing on the role of obesity and its significant link to the pathogenesis of
Barrett’s oesophagus [47], causing proinflammatory cytokines produced by visceral fat to
promote carcinogenesis. Codipilly et al. [26] raised the correlation of increasing obesity in
the United States within the 40–59 year old age bracket, and the increased prevalence of
Barrett’s oesophagus and gastroesophageal reflux disease.

This study demonstrates a significantly improved survival for the >50 years cohort
over the last three decades. This is largely due to the improved survival of colorectal cancer
alone—a finding noted by Roder et al. [48]. Current oncological treatment targets the
carcinogenesis of older-onset gastrointestinal adenocarcinomas, which many investigators
globally suggest differ from that of young-onset cancers. Evidence of lower survival rates
amongst young-onset cancers in the literature is mixed, with some studies reporting a
worse prognosis and limited response to traditional therapy [44], while others are reporting
better a prognosis despite more advanced disease [49], and still others indicating similar
survival outcomes as compared to their older counterparts [46]. Studies reporting poorer
survival rates in the younger population attribute it to more advanced stage disease at
the time of diagnosis [26], though this has not been the uniform experience [50]. On
the flipside, increased survival rates may be attributed to younger patients having fewer
comorbidities and, hence, better responses to chemotherapy and surgery, as well as fewer
postoperative complications [46]. Some believe young-onset gastrointestinal cancers to
be innately more aggressive and with a differing molecular make up to their older-onset
counterparts [5,26,44,50,51]. This study adds to the growing evidence [52,53] of poorer
survival amongst males compared to females with young-onset cancers. Sex differences in
health outcomes are increasingly being identified and studied. Sex differences in health
outcomes have been shown to start in utero. A meta-analysis of RNA sequencing data in
fifteen human tissues, including five brain regions, showed differential autosomal and sex
chromosome gene expression between males and females in the brain, heart, kidney, colon,
and thyroid, and to a lesser extent in bladder, liver, lungs, and pancreas [54]. These may
underpin the sexually dimorphic incidence and survival for various cancers.

The rise in incidence of young-onset gastrointestinal adenocarcinomas in South Aus-
tralia raises more questions and highlights major gaps in our knowledge and understanding
of causal mechanisms. It emphasizes the need to explore the environmental and behavioural
factors during early life. Consideration of the contribution of perinatal and early-life events
in the development of young-onset carcinogenesis is of particular interest [1,13]. While
lowering the age for screening programs could result in earlier detection, currently screen-
ing in Australia only exists for colorectal cancer for individuals over 50 years [31]. In
the case of Barrett’s oesophagus, South Australia has a well-established surveillance pro-
gramme [55,56]. Increased screening carries with it a new set of challenges. The American
College of Gastroenterology Guidelines for Colorectal Cancer Screening 2021 [57] recom-
mends the initiation of screening at 45 years instead of 50 years for average-risk individuals,
reducing colorectal cancer risk due to earlier detection, and the removal of polyps. It was
believed this would reduce the incidence of colorectal cancer in those >50. Yet, a calculated
additional 21 million individuals aged 45–49 would need to be screened yearly, creating a
significant burden on an already overloaded healthcare system [57]. In South Australia,
screening begins at 50 years of age, and patients with a positive faecal immunochemical test
(FIT) must undergo colonoscopy within 3 months. Were the screening to drop to 45 years of
age, an already strained healthcare system would have to deal with a surge in the requests
for colonoscopy with a lack of a clear benefit and would thus present a challenge. As it
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is unlikely to be a viable or long-term solution, it is imperative we address the factors
underlying the rising incidence of young-onset cancers.

One of the major strengths of this study has been the strict inclusion criteria that
enabled us to select only oesophageal, stomach, pancreatic, and colorectal adenocarci-
noma patients in the past three decades. This may explain the very clear trajectory noted
in the studied cancers compared to previous papers from Australia that included all
types of cancers affecting a subsite [58,59]. Another strength of this study lies in the
appreciation that analysing annual or even four-yearly (Supplementary Figure S1 and
Supplementary Table S1) trends in the incidence and survival of diseases, such as cancer,
that occur at a lower incidence in smaller populations is fraught with the risk of overlooking
important variations over time. The decision to analyse the data in longer time cohorts
enabled us to demonstrate the true magnitude of the problem in our region. The data
are derived from the South Australian Cancer Registry, a long-standing cancer registry
where pathology, death, and clinical reporting is mandatory by law. The advantage of
this is rigorous processes of collection of high-quality data. However, it lacks the details
of treatment and the stage of the disease at diagnosis. Moreover, the Registry does not
contain detailed socio-economic data. These data (on disease stage and sociodemographic
variables of race, education, income, etc.) are invaluable to determine the factors involved
in the causation of this emerging problem of the rising incidence of young-onset cancers.
Being able to decipher the underlying factors will not only reveal any disparities in trends
based on demographics, but it will also inform us of the strategies to be employed to
prevent the development of these cancers. Nonetheless, this data is invaluable in providing
a real-world analysis of young-onset gastrointestinal adenocarcinomas in South Australia.

5. Conclusions

This study from South Australia demonstrates a significant increase in young-onset
gastrointestinal adenocarcinomas over the last 28 years, with a greater increase in the male
sex. The only significant improvement in survival in this cohort has been noted in colorectal
cancer patients. These results signal the need for a concerted global effort in deciphering
the causes that underpin the development of young-onset adenocarcinomas, offering the
hope of improving outcomes in young cancer patients.
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Simple Summary: This study from the Australian Northern Territory’s Cancer Registry data provides
evidence for a significant decrease in incidence of gastrointestinal (oesophageal, stomach, small
intestine, colon, rectum, and pancreas) adenocarcinomas over the last 3 decades in individuals
aged >50 years, whilst the younger (18–50 years) cohort has remained unchanged with a (non-
significant) trend towards an increase. There has been a significantly improved overall survival
in both age cohorts. An insight into these trends amongst Australia’s Indigenous (who constitute
31% of the territory’s population) confirms that while the incidence was significantly lower in
Indigenous patients compared to non-Indigenous patients, in both age cohorts, Indigenous patients
had worse survival rates. This study calls for a concerted effort aimed at investigating the existence of
modifiable sociodemographic factors underlying these disturbing trends. There is a need to enhance
preventative strategies, as well as to improve the delivery of cancer care and its uptake amongst
Indigenous peoples.

Abstract: Background and Aims: A concerning rise in incidence of young-onset cancers globally led
to the examination of trends in incidence and survival of gastrointestinal (GI) adenocarcinomas in the
Northern Territory (NT), Australia, over a 28-year period, with a special emphasis on Indigenous
peoples. Methods: This cross-sectional analysis of a prospective longitudinal database, NT Cancer
Registry (1990–2017), includes all reported cases of GI (oesophagus, gastric, small intestinal, pan-
creas, colon, and rectum) adenocarcinomas. Poisson regression was used to estimate incidence ratio
ratios, and survival was modelled using Cox proportional hazard models separately for people aged
18–50 years and >50 years. Results: A total of 1608 cases of GI adenocarcinoma were recorded during
the time of the study. While the overall incidence in people 18–50 years remained unchanged over
this time (p = 0.51), the rate in individuals aged >50 years decreased (IRR = 0.65 (95% CI 0.56–0.75;
p < 0.0001)). Incidence rates were significantly less in females >50 years (IRR = 0.67 95% CI 0.59–0.75;
p < 0.0001), and their survival was significantly better (HR = 0.84 (95%CI 0.72–0.98; p < 0.03)) com-
pared to males. Overall survival across all GI subsites improved in both age cohorts, especially
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between 2010 and 2017 (HR = 0.45 (95%CI 0.29–0.72; p < 0.0007) and HR = 0.64 (95%CI 0.52–0.78;
p < 0.0001), respectively) compared to 1990–1999, driven by an improvement in survival in colonic
adenocarcinoma alone, as the survival remained unchanged in other GI subsites. The incidence
was significantly lower in Indigenous patients compared to non-Indigenous patients, in both age
cohorts (18–50 years IRR = 0.68 95% CI 0.51–0.91; p < 0.009 and >50 years IRR = 0.48 95% CI 0.40–0.57;
p < 0.0001). However, Indigenous patients had worse survival rates (18–50 years HR = 2.06 95% CI
1.36–3.11; p < 0.0007 and >50 years HR = 1.66 95% CI 1.32–2.08; p < 0.0001). Conclusions: There
is a trend towards an increased incidence of young-onset GI adenocarcinomas in the NT. Young
Indigenous patients have lower incidence but worse survival across all GI subsites, highlighting sig-
nificant health inequities in life expectancy. Targeted, culturally safe Indigenous community-focussed
programs are needed for early detection and patient-centred management of GI adenocarcinomas.

Keywords: outcomes; morbidity; mortality; stomach; pancreas; colon; Indigenous

1. Introduction

Globally, there have been several reports of increasing incidence of early- or young-
onset cancers [1–4]. Recently, we confirmed this disturbing trend over the past 28 years
in South Australia by interrogating data from the South Australian Cancer Registry [5].
Early life events have long been suspected to play a role in the causation of young-onset
cancers [6,7]. We proposed the Perinatal and Early Life Influences on CANcer (PELICan)
hypothesis [8], providing supporting evidence from the literature, linking perinatal stres-
sors that not only affect the epigenome, but also have an increased propensity to affect
these children in their adolescent years, resulting in an increased risk of cancer. This can
be further influenced by social determinants of health, which produce health inequities
between populations. For example, higher cancer incidence rates have been observed in
individuals living with a socioeconomic disadvantage [9,10].

Internationally, Indigenous peoples are the longest surviving civilisations on earth
and continue to face significant health disparities and marginalisation across multiple
social indicators (socioeconomic status, life expectancy, education) from ongoing colonisa-
tion [11–15]. In Australia, cancer inequities in outcomes are evident between Indigenous
(Aboriginal and Torres Strait Islander) and non-Indigenous patients [16–20]. These dispari-
ties prompted the implementation of the National Aboriginal and Torres Strait Islander
Cancer Framework in 2014 [21,22]. Given the compelling relationship between young-
onset cancers and significant health inequities such as (lower) socioeconomic status, one
of our aims was to explore inequity impacts in the incidence and survival of GI adeno-
carcinomas for Indigenous peoples in the NT. Indigenous Australians make up 3% of
Australia’s population [23] but account for 31% of the NT population [24]. Understanding
manifestations of inequity in young-onset cancer will provide much-needed insight into
impacts on Australia’s Indigenous and provide critical understanding surrounding cancer
preventative strategies (i.e., early detection), which have been created to improve the health
of Indigenous Australians.

2. Materials and Methods

The NT Cancer Registry (NTCR) captures all NT cancer diagnosis and cancer-related
deaths in accordance with the requirements of the NT Cancer Registration Act (last up-
dated in 2011) [25], specifically, the reporting of all cancer cases to the registry. This activity
includes information from treating physicians where the cause of death or patient demo-
graphics are incomplete. The registry provides a clinical epidemiological repository of
cancers in the NT, to inform government initiatives, as well as established screening and
prevention programs. A cross-sectional analysis, from 1 January 1990 to 31 December
2017, of prospectively collected longitudinal data was undertaken, focussing on all cases of
adenocarcinoma: oesophagus, stomach, small intestine, pancreas, colon, and rectum.
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Ethics approval for this study was obtained from the Aboriginal Ethics Sub-Committee
(AESC) of the Human Research Ethics Committee of the NT Department of Health and
Menzies School of Health Research (HREC) (HREC Reference Number: 2021-4043).

2.1. Selection of Cases
Inclusion Criteria

NT residents aged >18 years, with a pathologically confirmed diagnosis of GI ade-
nocarcinoma; ICD-10-AM codes C15 oesophagus, C16 stomach, C17 small intestine, C25
pancreas, C18 colon (excluding C18.1), C19 rectosigmoid junction, C20 rectum. Histology
codes for adenocarcinoma: ICD-10-AM 8140/2, 8140/3, 8141/3, 8143/3, 8210/2, 8210/3
and 8230/2.

The study period was categorised into 3 time periods (1990–1999, 2000–2009,
2010–2017) to reflect incidence and survivals of cancers over time.

2.2. Statistical Analysis

Statistical analyses were conducted using R version 4.1.1 (R Foundation for Statistical
Computing, Vienna, Austria). Patients’ characteristics were expressed as median and
interquartile range (IQR) for skewed data. The Mann–Whitney U test was used to explore
the significance of differences in patients’ age between two groups of patients. Propor-
tions were presented as percentages of the respective denominator and were compared
between groups using a standard Chi-square test for association with continuity correction,
where appropriate.

The incidence rates were calculated by taking the total number of cases divided by the
population at risk. The rates were presented per 100,000 persons over 3 time periods for age
groups 18–50 years and >50 years, for each sex, Indigenous status and cancer primary sites.
Mid-interval population references for each time period were used as the denominator in
the calculation of incidence rates. A Poisson regression model was applied to examine the
incidence rates between groups of the above characteristics. The estimates were calculated
using the likelihood ratio method and were expressed as incidence rate ratios (IRRs) from
the Poisson model. The Poisson regression model was also used to calculate the average
annual percentage change.

Survival was measured from the date of cancer diagnosis to the date of death, and
individuals were censored at date of loss to follow-up or census date. The census date
was assigned on 31 December 2017. The NTCR data are linked to the Births, Deaths, and
Marriage data annually. Complete data were obtained on survival days, age of diagnosis,
date of death, sex, primary sites, and Indigenous status. Cox proportional hazard models
were applied to examine the survival outcomes. Sex, primary sites, Indigenous status, and
cohort era were used to explore the risk of death between two cohorts (18–50 years and
>50 years). The estimates were calculated using the likelihood ratio method and were ex-
pressed as hazard ratios (HRs); the lower the HR, the longer the survival. Proportional hazard
assumption was tested by a log–log plot of survival and Schoenfeld Residuals. Survival
curves for patient survival were evaluated by standard Kaplan–Meier survival curves, and
patient cohorts were compared by log-rank test. The two-sided test was performed for all
analyses, 95% confidence intervals were reported, and the level of significance was set at 5%.

3. Results

3.1. Patient Data and Overall Incidence and Survival Trends

A total of 1608 patients were diagnosed with oesophageal, stomach, small intestinal,
pancreatic, or colorectal adenocarcinoma in the NT between 1990 and 2017 (298, 18.5%
patients aged 18–50 years and 1310, 81.5% patients aged >50 years) (Table 1). Adenocarci-
noma of the colon was the most commonly reported subsite involved in both age cohorts
(27.2/100,000 for individuals aged 18–50 years and 900.3/100,000 for those aged >50 years).
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Table 1. Patient’s characteristics, era, and primary sites of cancer between two age groups (n = 1608).

(18–50 Years) (>50 Years)

n = 298 (18.5%) n = 1310 (81.5%)
n % n % p-Value

Age (years): median (IQR) 45 (39–49) 64 (58–72) <0.0001

Sex 0.07
Male 172 57.7 834 63.7

Female 126 42.3 476 36.3

Indigenous <0.0001
Non-Indigenous 240 80.5 1179 90.0

Indigenous 58 19.5 131 10.0

Era 0.4
1990–1999 72 24.2 275 21.0
2000–2009 103 34.6 501 38.2
2010–2017 123 41.3 534 40.8

Primary site 0.0006
Large intestine (excl. Appendix) 147 49.3 704 53.7

Rectum 97 32.6 276 21.1
Pancreas 17 5.7 122 9.3
Stomach 19 6.4 108 8.2

Oesophagus 12 4.0 81 6.2
Small intestine 6 2.0 19 1.5

Note. Number and percentages are reported unless stated otherwise; IQR, interquartile range. P-values are based
on Mann–Whitney U test for medians and Chi-square test for proportions.

Age, in itself, was a contributing factor for incidence, with a higher increment per
year of age for individuals aged 18–50 years (IRR = 1.15 (95%CI 1.13–1.17; p < 0.0001)) as
compared to those >50 years (IRR = 1.06 (95%CI 1.06–1.07; p < 0.0001)) (Table 2). The overall
cancer incidence rates varied by sex for the >50 years cohort (131.1/100,000 for females and
196.9/100,000 for males >50 years) with IRR = 0.67 (95%CI 0.59–0.75; p < 0.0001). There
was a significantly lower incidence of adenocarcinomas in every subsite for females in
the >50 years cohort, except for pancreatic adenocarcinoma (Figure 1). In the 18–50 years
cohort, no significant difference in incidence, by sex of the patient, was noted either in
the overall cohort (4.4/100,000 for females and 5.4/100,000 for males aged 18–50 years;
p = 0.09), or by organ subsite in the 18–50 years cohort (Table 2, Figures 1 and S1).

There was a significantly improved survival across all GI adenocarcinoma subsites over
the 3 time cohorts (HR = 0.45 (95%CI 0.29–0.72; p = 0.0007)) for those aged 18–50 years and
0.64 (95%CI 0.52–0.78; p < 0.0001) for those >50 years, respectively, between 2010 and 2017
compared to years 1990 to 1999. Here also, females >50 years had a significantly improved
survival compared to their male counterparts (HR = 0.84 (95%CI 0.72–0.98; p = 0.03)). No
significant difference in survival was noted amongst females in the 18–50 years cohort
(HR = 0.88 (95%CI 0.62–1.27; p = 0.5)).

The improvement in survival amongst the 18–50 years cohort was due only to a signif-
icantly improved survival for colonic adenocarcinoma in the last time period (HR = 0.46
(95%CI 0.22–0.98; p = 0.04)). On the contrary, in the >50 years cohort, the significantly im-
proved survival was driven by improvements in survival in colonic (HR = 0.60
(95%CI 0.44–0.81; p = 0.0008)), oesophageal (HR = 0.41 (95%CI 0.20–0.84; p = 0.02)), and
small intestinal (HR = 0.11 (95%CI 0.01–0.83; p = 0.03)) adenocarcinomas over the last time
period (Figure 2).
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Table 2. Incidence rates (IR) and incidence rate ratios (IRR) for age, sex, era, and cancer sites between
two age groups (n = 1608).

(18–50 Years) (>50 Years)

n = 298 n = 1310

* IR (95% CI) IRR (95% CI) p-Value * IR (95% CI) IRR (95% CI) p-Value

Overall 95.64 (85.09, 107.14) 1321.70 (1251.09, 1395.26)

Age (years) - 1.15 (1.13, 1.17) <0.0001 - 1.06 (1.06, 1.07) <0.0001

Sex
Male 5.39 (4.09, 7.10) Reference - 196.86 (172.34, 224.87) Reference -

Female 4.41 (3.31, 5.87) 0.82 (0.65, 1.03) 0.09 131.05 (113.74, 151.01) 0.67 (0.59, 0.75) <0.0001

Indigenous
Non-Indigenous 5.91 (4.61, 7.56) Reference - 232.99 (209.68, 258.88) Reference -

Indigenous 4.02 (2.87, 5.62) 0.68 (0.51, 0.91) 0.009 110.73 (91.44, 134.09) 0.48 (0.40, 0.57) <0.0001

Era
1990–1999 4.66 (3.40, 6.38) Reference - 189.49 (161.17, 222.79) Reference -
2000–2009 4.83 (3.56, 6.57) 1.04 (0.77, 1.41) 0.81 177.91 (154.23, 205.23) 0.94 (0.81, 1.09) 0.40
2010–2017 5.14 (3.82, 6.90) 1.10 (0.82, 1.48) 0.51 122.92 (106.80, 141.48) 0.65 (0.56, 0.75) <0.0001

Cancer site
Large intestine 27.22 (21.68, 34.18) - - 900.31 (807.56, 1003.71) - -

Rectum 17.96 (13.91, 23.19) 351.68 (304.95, 405.58)
Pancreas 3.15 (1.91, 5.20) - - 156.02 (128.44, 189.53) - -
Stomach 3.52 (2.18, 5.67) - - 138.12 (112.54, 169.50) - -

Oesophagus 2.22 (1.23, 4.00) - - 103.59 (82.15, 130.63) - -
Small intestine 1.11 (0.49, 2.51) - - 24.30 (15.39, 38.36) - -

* IR is incidence per 100,000 Northern Territory residents. IRs were not reported for age, and IRRs were not
reported for cancer sites.

Figure 1. Trend in incidence rates by Indigenous status, sex, and era between two age groups across
cancer sites, 1990–2017 (n = 1608).

3.1.1. GI adenocarcinomas Trends across Populations

The overall incidence rate for GI adenocarcinomas in individuals aged 18–50 years in
the NT remained unchanged over the last three time periods from 1990–1999 to 2010–2017
(4.7/100,000 to 5.1/100,000), and the rates amongst individuals aged >50 years decreased
over the same time period from 189.5/100,000 to 122.9/100,000 (IRR = 0.65 (95%CI 0.56–0.75);
p < 0.0001) (Table 2). Cancer incidence rates for Indigenous peoples aged 18–50 years were
4.0/100,000 and 110.7/100,000 for >50 years of ages, which was significantly lower compared
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to non-Indigenous peoples, 5.9/100,000 (18–50 years) with IRR = 0.68 (95%CI 0.51–0.91)
(p = 0.009) and 233/100,000 (>50 years) with IRR = 0.48 (95%CI 0.40–0.57) (p < 0.0001).

Figure 2. Hazard ratios (HR) and 95% CI (Cox proportional hazard model) for Indigenous status,
sex, and era by primary sites between two age groups (n = 1608). + Reliable estimates of HR (95% CI)
cannot be obtained for Oesophagus and Small intestine in 18–50 years due to small sample size.

The reduced overall incidence of GI adenocarcinomas noted amongst Indigenous
peoples in both age cohorts was largely influenced by the significantly lower incidence of
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colonic adenocarcinomas in the 18–50 years cohort (IRR = 0.51 (95%CI 0.32–0.79, p = 0.003)),
and colonic and rectal adenocarcinomas in the >50 years cohort (IRR = 0.31 (95%CI 0.23–0.41,
p < 0.0001); and (IRR = 0.38 (95%CI 0.25–0.59, p < 0.0001), respectively) (Figure 3 and
Supplementary Table S2).

Figure 3. Incidence rate ratios (IRR) and 95% CI (Poisson regression model) for Indigenous status,
sex, and era by primary sites between two age groups (n = 1608).
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Rates of GI adenocarcinomas increased per year in males 18–50 years, with an esti-
mated average annual percentage change (AAPC) of 2.23% (95%CI 0.32–4.18; p = 0.02).
There was also an increasing trend for both non-Indigenous and Indigenous popula-
tions in 18–50 years, with the Indigenous population having a higher AAPC (AAPC 1.88
(95%CI 0.28–3.51; p = 0.02) for non-Indigenous and AAPC 3.70 (95%CI 0.24–7.28; p = 0.04))
(Supplementary Table S1).

3.1.2. Survival by Time Trends and Site in Indigenous Compared to Non-Indigenous Peoples

Survival estimates from Kaplan–Meier plots revealed the greatest median survivals
for rectal adenocarcinoma in 18–50 years (3.98 years) and colonic adenocarcinoma in
>50 years (4.17 years) (Table 3). Using colonic adenocarcinoma as the reference, survival
following pancreatic and stomach adenocarcinoma were significantly lower for those
aged 18–50 years (HR = 2.30 (95%CI 1.19–4.46; p < 0.01) and HR = 2.73 (95%CI 1.49–5.02;
p < 0.001), respectively). For those aged >50 years, survival following pancreatic (HR = 5.76
(95%CI 4.58–7.24; p < 0.0001)), stomach (HR = 2.91 (95%CI 2.28–3.70; p < 0.0001)), oe-
sophageal (HR = 3.29 (95%CI 2.51–4.30; p < 0.0001)), and small intestinal (HR = 2.01
(95%CI 1.10–3.68; p < 0.02)) adenocarcinoma was significantly lower compared to the
reference (Table 4 and Supplementary Figure S2).

Table 3. Median survival times (years) for primary sites of cancer between two age groups (n = 1608).

Cancer Sites

(18–50 Years) (>50 Years)

n = 298 (18.5%) n = 1310 (81.5%)

Median (95% CI) Median (95% CI)

Overall 3.37 (1.59–8.66) 2.91 (1.24–7.46)

Large intestine 3.75 (1.79–9.97) 4.17 (1.75–8.45)
Rectum 3.98 (1.90–9.62) 4.06 (1.67–9.03)

Pancreas 1.59 (0.97–5.59) 0.98 (0.56–1.49)
Stomach 1.51 (1.12–2.79) 1.55 (0.85–2.81)

Oesophagus 2.19 (1.56–3.56) 1.64 (1.06–2.57)
Small intestine 1.73 (0.80–4.19) 1.86 (0.82–4.98)

Table 4. Hazard ratios (HR) and 95% CI (Cox proportional hazard model) for age, sex, era, and cancer
sites between two age groups (n = 1608).

(18–50 Years) (>50 Years)

n = 298 n = 1310

HR (95% CI) p-Value HR (95% CI) p-Value

Age (years) 1.02 (1.00, 1.05) 0.07 1.04 (1.03, 1.05) <0.0001

Sex
Male Reference - Reference -

Female 0.88 (0.62, 1.27) 0.5 0.84 (0.72, 0.98) 0.03

Indigenous
Non-Indigenous Reference - Reference -

Indigenous 2.06 (1.36, 3.11) 0.0007 1.66 (1.32, 2.08) <0.0001

Era
1990–1999 Reference - Reference -
2000–2009 0.63 (0.42, 0.97) 0.03 0.81 (0.68, 0.97) 0.02
2010–2017 0.45 (0.29, 0.72) 0.0007 0.64 (0.52, 0.78) <0.0001

Cancer site

Large intestine Reference Reference
Rectum 0.94 (0.63, 1.42) 0.78 1.01 (0.82, 1.23) 0.95

Pancreas 2.30 (1.19, 4.46) 0.01 5.76 (4.58, 7.24) <0.0001
Stomach 2.73 (1.49, 5.02) 0.001 2.91 (2.28, 3.70) <0.0001

Oesophagus 1.87 (0.88, 3.98) 0.1 3.29 (2.51, 4.30) <0.0001
Small intestine 1.88 (0.59, 6.02) 0.29 2.01 (1.10, 3.68) 0.02
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Survival, following GI adenocarcinomas, was significantly lower amongst Indigenous
peoples as compared to non-Indigenous peoples in both age cohorts over the study pe-
riod (HR = 2.06 (95%CI 1.36–3.11; p < 0.0007) for the 18–50 years cohort and HR = 1.66
(95%CI 1.32–2.08; p < 0.0001) for the >50 years cohort, respectively) (Table 4 and
Supplementary Figure S2). The significantly reduced survival for Indigenous peoples
was largely the effect of colonic and rectal adenocarcinoma in those aged 18–50 years
(HR = 2.22 (95%CI 1.06–4.64; p < 0.03) and HR = 2.55 (95%CI 1.13–5.74; p < 0.02), re-
spectively). For Indigenous people >50 years, reduced survival was largely the effect of
colonic (HR = 01.72 (95%CI 1.19–2.48; p < 0.004)), pancreatic (HR = 1.84 (95%CI 1.17–2.89;
p < 0.008)), and oesophageal (HR = 3.85 (95%CI 1.68–8.82; p < 0.001)) adenocarcinomas
(Supplementary Table S3).

4. Discussion

Our research shares the incidence and survival of GI adenocarcinomas in NT residents
over a 28-year period. The incidence of young-onset cancers (18–50 years) marginally,
but not statistically significantly, increased (by 10%), while the incidence in the >50 years
cohort significantly reduced. Male sex was associated with poorer prognosis in older
age (>50 year), whereas young-onset cancers were non-discriminatory. Poorer survival
outcomes were observed in Indigenous populations despite an overall lower incidence of
GI adenocarcinomas, compared to non-Indigenous individuals. This is a novel finding for
young-onset cancers.

Lifestyle and environmental factors such as obesity, diet, smoking, and alcohol expo-
sure are well-documented risk factors for young-onset GI cancers [26–28]. The NT records
the highest percentage of both daily smokers (20%) and alcohol consumers who exceed
the recommended number of daily standard drinks (21.4%), compared to other states and
territories in Australia. The association between rising smoking rates and the rise in tobacco-
related cancers was reported in the NT nearly a decade ago [29]. Metabolic syndrome and
its contributing factors of poor diet and sedentary lifestyle have been linked to early-onset
solid-organ tumours [27,28]. Liu et al. [28] demonstrated a risk ratio of 1.2 for every 5-unit
increment in body mass index (BMI) in young adults diagnosed with colorectal cancer.
Over the past two decades, we have seen an increase in both obesity and young-onset
cancers in the Australian population [30]. This suggests a temporal association of metabolic
syndrome serving as a contributory factor to the rise in young-onset cancers. However,
it does not explain the stable rate of late-onset cancers despite an increase in BMI in this
age group, too. Although the incidence of GI adenocarcinomas is on the rise, improved
survival has been demonstrated in our young-onset cohort. This finding is in contrast to
our observations in young-onset adenocarcinomas in South Australia (where the overall
survival across all subsites has remained unchanged) [5]. This trend has been attributed
to the significantly improved survival in colonic adenocarcinoma, especially in the last
time period. Improved survival in colonic adenocarcinoma may be credited to increasing
awareness of young-onset cancers or timely access to imaging and colonoscopy. Addition-
ally, the cancer surveillance programmes (colon, breast, and cervical) are incorporated as
part of primary health care and specialist outreach services in the NT. Colon cancer is also
likely to present earlier than stomach and pancreatic cancer, thus allowing for a variety of
treatment options with less disease burden [31]. Improved colon cancer survival is unlikely
related to screening in patients with a positive family history, as young-onset colorectal
cancer is more commonly diagnosed in patients without a family history [32]. The lack
of hereditary predisposition has also been noted in young-onset gastric and pancreatic
cancers, suggesting young-onset cancers are the result of an alternate carcinogenic path-
way [33–35]. For this reason, simply reducing the age of screening based on family history
will likely increase the burden on the health care system without improving young-onset
cancer survival significantly. However, a recent modelling study found that reducing the
age for Aboriginal and Torres Strait Islander peoples would be cost-effective and save
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more lives [36]. Additionally, investing resources into studying the cause of increased
young-onset GI cancers may be more economical and beneficial for society in the long term.

Male gender has been consistently associated with greater incidence and poorer
survival in GI cancers [37,38]. The Australian Bureau of Statistics reports that adult males
are more likely to be obese and partake in higher rates of smoking and alcohol consumption
compared to females [30,39,40]. It is therefore not surprising older males are at higher risk of
developing and dying from GI cancers. Perhaps the most pertinent finding when analysing
sex in our study was that the young-onset GI cancers did not discriminate between male
and female patients. This may be partially explained by the PELICan hypothesis [8] as
exposure to perinatal stressors and carcinogens in utero would be equal amongst male and
female foetuses. Unborn males would not be at an increased risk of GI cancers compared
to females as smoking, obesity, and alcohol are male-dominated risk factors experienced
later in life. The PELICan hypothesis may also explain how the incidence of GI cancers
was stable for the >50 years cohort but increasing for the 18–50 years cohort. Not only
has obesity increased in the adult population, but also in the pregnant population, where
currently 1 in 5 pregnant women are obese [41,42]. Obesity in pregnancy with its associated
perinatal complications [43] may result in stress and/or inflammation-induced epigenetic
changes in the foetus predisposing to obesity and young-onset cancer.

The impact of colonisation globally continues to impact the socioeconomic and health
status and life expectancy for Indigenous populations as compared to non-Indigenous
populations. Social determinants and lower socioeconomic status have been consistently
associated with poor cancer survival [44,45]. In 2006, Anderson et al. [46] alarmingly
reported that the life expectancy of Aboriginal and Torres Strait Islander peoples was
20 years lower than that for the total Australian population. The recent statistics from
the Australian Institute of Health and Welfare [47] show improvements, but not parity.
In 2015–2017, life expectancy at birth for Indigenous Australians was estimated to be
71.6 years for males and 75.6 years for females. In comparison, over the same period, life
expectancy at birth for non-Indigenous Australians was 80.2 years for males and 83.4 years
for females. Cancer survival was no exception to this health discrepancy, which prompted
the Australian government to implement the National Aboriginal and Torres Strait Islander
Cancer Framework in 2014 [21,22,48]. The results of our study are consistent with the liter-
ature whereby, despite a lower incidence of cancer, Indigenous patients had a significantly
reduced survival in both age cohorts. These outcomes concur in part with research by
Condon et al. [17], who also demonstrated poorer cancer survival amongst Indigenous
peoples in the NT, with diagnoses at an advanced stage of the cancer being a contributing
factor. Additionally, a previous study from South Australia has flagged issues around
availability and access to surgical and systemic treatments amongst Aboriginal cancer
patients compared to non-Aboriginal South Australian patients, which further complicated
the disadvantages associated with geographic remoteness and advanced stage of disease
at diagnosis, compounded by the presence of associated comorbid conditions [49]. In
the present study, owing to the lack of stage-specific data, we are unable to comment on
whether a delayed diagnosis was responsible for the poorer survival observed. Certainly,
the significant health inequities that impact Indigenous Australians with ongoing marginal-
isation would be contributors to this trend [16]. Distance and access to tertiary health
settings have been shown to contribute to later presentation and more advanced disease
in Indigenous populations, along with health professionals in rural and remote settings
being trained as generalists [18,50,51]. Not only is remoteness a likely impediment to
regular, and timely, access to health care and poor overall cancer survival [52], but cultural
marginalisation and access to culturally safe and responsive healthcare is also a compound-
ing factor contributing to delayed disease presentations or delay in timely treatment [16,53].
Whilst underrepresentation of Indigenous status within registries remains an area of global
concern [12,20], in the NT, there is good ascertainment of Indigenous status, as evidenced
by no missing data in the NTCR data analysed in this study.
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This study successfully reported the incidence and survival of GI adenocarcinoma in
the NT and evaluated the influence of Indigenous status, age, and primary tumour location.
Data were collected from the reputable NTCR. The use of three distinct time periods was
effective in tracking changes in incidence and survival over time and allowed for a quick
comparison to our previous South Australian study. The study could be further improved
by data linkage, including data pertaining to patient socioeconomic status and premorbid
baseline such as postcode, BMI, alcohol intake, and smoking status. Data linkage with
national administrative and clinical datasets (e.g., Pharmaceutical Benefits Scheme/PBS and
Medicare Benefits Schedule/MBS) will help provide pertinent information on costs incurred
with the management of these cancers. Information on timely access to cancer treatment
such as chemoradiotherapy or surgical management may help explain survival outcomes.
Data stratification resulted in small cohort sample sizes, which limited the statistical power
and ability to conduct an in-depth analysis on the significance of primary tumour location.
Further studies with an increased sample size will likely yield information on the behaviour
of different gastrointestinal cancers, which could influence current screening regimes. In
order to capture data that appropriately record factors impacting on patient outcomes,
data registries should engage with Aboriginal and Torres Strait Islander health bodies
to broaden coding, to capture community needs, and work towards data sovereignty.
Data that recognise and respond to the health and well-being concepts and needs of
Australia’s First Peoples constitutes a step towards data sovereignty for Aboriginal and
Torres Strait Islander communities [54,55]. An exemplar of this includes the Footprints in
Time Study, with Indigenous leadership, oversight, and a focus on positive strength-based
data collection and reporting [56].

5. Conclusions

Our study uniquely compares the incidence and survival in young-onset GI adenocar-
cinomas between Indigenous and non-Indigenous NT residents. This study demonstrates
that not only are young-onset GI cancers increasing for residents aged 18–50 years, but there
is a significant and disturbing trend of lower incidence but poorer survival for Indigenous
residents of any age. Lifestyle and environmental factors during the perinatal period and
into early adulthood are likely contributors to these phenomena; however, more research is
imperative to identify at-risk cohorts.
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Simple Summary: We investigated the increased prevalence of Barrett’s esophagus in adults with
esophageal atresia. A higher polygenic risk score and disturbances in inflammatory, stress response
and oncological pathways upon acid exposure suggest a genetic susceptibility and increased induction
of inflammatory processes. Although further research is required to explore this hypothesis, this
could be a first-step into selecting patients that are more at risk to develop Barrett’s esophagus and/or
esophageal carcinoma. Currently, an endoscopic screening and surveillance program is in practice
in our institution for patients born with esophageal atresia, to early detect (pre)malignant lesions.
Since recurrent endoscopies can be a burden for the patient, selecting patients by for example genetic
susceptibility would allow to only include those at risk in future practice.

Abstract: The prevalence of Barrett’s esophagus (BE) in adults born with esophageal atresia (EA)
is four times higher than in the general population and presents at a younger age (34 vs. 60 years).
This is (partly) a consequence of chronic gastroesophageal reflux. Given the overlap between genes
and pathways involved in foregut and BE development, we hypothesized that EA patients have
an intrinsic predisposition to develop BE. Transcriptomes of Esophageal biopsies of EA patients
with BE (n = 19, EA/BE); EA patients without BE (n = 44, EA-only) and BE patients without EA
(n = 10, BE-only) were compared by RNA expression profiling. Subsequently, we simulated a reflux
episode by exposing fibroblasts of 3 EA patients and 3 controls to acidic conditions. Transcriptome
responses were compared to the differential expressed transcripts in the biopsies. Predisposing
single nucleotide polymorphisms, associated with BE, were slightly increased in EA/BE versus
BE-only patients. RNA expression profiling and pathway enrichment analysis revealed differences in
retinoic acid metabolism and downstream signaling pathways and inflammatory, stress response and
oncological processes. There was a similar effect on retinoic acid signaling and immune response
in EA patients upon acid exposure. These results indicate that epithelial tissue homeostasis in EA
patients is more prone to acidic disturbances.

Keywords: acid sensitivity; genetic predisposition; esophageal carcinoma; inflammatory response;
esophagitis
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1. Introduction

Esophageal atresia (EA) is a congenital foregut malformation, of which improved
survival rates have resulted in a growing adult population [1]. This raises new challenges in
patient care as more emphasis is placed on long-term morbidities than short-term mortality.
Respiratory and gastrointestinal symptoms require long-term follow-up [2]. Many adults
born with EA (EA adults) suffer from chronic gastroesophageal reflux (GER), which is often
underreported by patients due to an altered perception of discomfort [3]. GER can lead to
reflux esophagitis, a nonspecific inflammation of the esophagus. Furthermore, the mucosal
damage resulting from GER induces the replacement of esophageal squamous epithelium
by gastric columnar epithelium containing goblet cells. This precursor lesion, intestinal
metaplasia (IM) also known as Barrett’s esophagus (BE), can develop via dysplasia into
esophageal adenocarcinoma (EAC) [4]. Basal cells at the squamous-columnar junction are
the origin of the BE cell population [5]. BE tissue has crypts composed of various combina-
tions of goblet cells, mucinous cells, endocrine cells, enterocytes and Paneth cells [6]. The
prevalence of BE in EA adults is 4–5 times higher than in the general population (6.6% vs.
1.6%), and presents at a much younger median age (34 vs. 60 years) [3]. In the Erasmus
MC-Sophia Children’s hospital cohort, EAC has been reported in three EA patients, and—
surprisingly—also esophageal squamous cell carcinoma (ESCC) is seen more frequently in
patients with EA at a younger age compared with the general population [3].

Disturbances in developmental signaling pathways are often associated with metapla-
sia and cancer transformation. The overlap of these pathways, disease genes and risk loci
for foregut morphogenesis and BE development are suggestive of a shared etiology. During
embryonic development the foregut separates into the future trachea and esophagus under
the influence of spatiotemporal regulated transcriptional programs. These are regulated by
gradients of morphogens that lay the blueprint for their interacting cells to develop into
the various esophageal cell types and structures. Six intertwined pathways are crucial in
this process: TGFB-BMP, Notch, FGF, WNT, Hedgehog and retinoic acid (RA) signaling [7].
TGFB-BMP signaling [8], SHH signaling [9] as well as RA signaling [10] are dysregulated
in BE. Additionally, genome-wide association studies (GWAS) describe risk loci for the
development of BE, EAC and ESCC near genes involved in these foregut developmental
genes and pathways. These include TBX5, GDF7, CRTC1, BARX1, FOXP1 and FOXF1 [11].

Given the increased incidence of BE in EA adults, endoscopic surveillance is recom-
mended [12]. Surveillance leads to early detection of BE or esophageal carcinoma, but could
also create an unnecessary burden of repeated endoscopies for those not at risk as well as
substantial added health care costs. Identifying patients at risk for developing BE could
be a first step towards a tailor-made surveillance strategy. In this study, we hypothesize
that patients born with EA have an increased (genetic) susceptibility for BE development.
We aim to identify this predisposition by comparing risk loci burden and transcriptomes
of patients with EA who have developed BE with EA patients without BE, and patients
with BE without an EA history. We show that in both groups BE is histopathologically
similar. However, the effect of acid reflux seems different with intrinsic cellular differences
in inflammatory and stress response pathways, RA metabolism and signaling.

2. Materials and Methods

2.1. Study Population

Our institutional review board approved this case-control study (MEC-2018-1500). In
our surveillance program, patients undergo upper endoscopies with histologic evaluation
of biopsies taken according to a standardized protocol [3]. Biopsies and blood used in
this study were retrieved from the Biobank Esophageal Atresia (MEC-2015-645) and the
Biobank Barrett (MEC-2010-094). Mucosal esophageal biopsies were taken from two sites:
(1) unaffected esophageal squamous cell epithelium (SQ), in EA patients taken above
the original anastomosis; and (2) the GEJ or—if present—from Barrett’s mucosa. Sample
extraction protocol and storage are described in Supplementary Methods SM1. Additionally,
we genotyped six EA/BE patients from a Finnish cohort study (447/E7/2005) [13], as well as

56



Cancers 2022, 14, 513

730 ancestry matched (broadly European) unaffected controls. For the in vitro experiments
we used human fibroblasts from EA patients and healthy controls. EA fibroblast lines
were taken during routine diagnostic procedures. Control fibroblast lines are anonymized
lines that taken previously during unrelated routine diagnostic procedures and stored for
research purposes. We compared three groups of patients: patients with EA who have
developed BE (EA/BE), patients with EA without BE (EA-only), and patients with BE
without EA in history (BE-only) BE-only patients were matched for age and gender with
EA/BE patients. See Figure 1 for study set-up.

 

Figure 1. Schematic overview of the study set-up and number of patients included in each part.
We compared three groups of patients: patients with esophageal atresia (EA) who have developed
Barrett’s esophagus (BE, EA/BE), patients with EA without BE (EA-only), and patients with BE
without EA in history (BE-only). BE-only patients were matched for age and gender with EA/BE
patients. Roman numerals I to VI indicate the subgroups, based on the location of the biopsies.
GEJ = gastroesophageal junction.
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2.2. Histopathological Evaluation

Hematoxylin and eosin-stained histological slides were retrieved from the archives
of all patients of whom biopsies had been collected for RNA sequencing. All slides were
blinded reassessed by a BE expert pathologist, according to a review-based checklist [6].
Potential differences were scored between the three groups.

2.3. SNP Genotyping and Calculation of Predisposing SNPs, Associated with BE

DNA extraction and quantification was done according standard procedures (see
Supplementary Methods SM2). Processing of the SNP array genotyping chips (Infinium
Global Screening Array v1.0 or v3.0 Illumina, Inc., San Diego, CA, USA) was done according
to the manufacturer’s standard protocol (SM3). Output was generated using Illumina
Genome studio v2.0 (Illumina, San Diego, CA, USA). Predisposition loci (and corresponding
lead or proxy SNPs) associated with BE, EAC and/or ESCC were derived from literature.
We used genotype data from EA/BE patients (n = 19), EA-only patients (n = 44), BE-only
patients (n = 10) and controls (n = 730) to see if previously BE associated SNPs were
more prevalent in EA/BE patients (see Supplementary Methods SM3). We used the allele
counts and published ORs of the associated SNPs to calculate a polygenic risk score (PGRS)
using an additive model: PGRS = ∑ Ln (OR risk allele)× allele count (see Supplementary
Tables S1–S5) Since we do not know if these ORs are precise enough to calculate the risk
for the combination of EA and BE, we used the ORs of the associated SNPs calculated
from our study population in a second calculation (see Supplementary Table S6). Using a
Kruskal–Wallis test and Mann–Whitney tests, we compared the PGRS between the different
groups. All statistical analyses were performed in SPSS V.25.0 (IBM, Chicago, IL, USA),
with a significance level of p < 0.05.

2.4. RNA Sequencing, Differential Gene Expression and Pathway Enrichment Analysis

RNA extraction and quantification was done according standard procedures (see
Supplementary Methods SM2). Genome-wide individual gene expression raw counts are
available in Supplementary Datafile S1. Differential expression was calculated between
(sub)groups (see Supplementary Methods SM4). Genes with a maximum group mean > 2,
a fold change ≥ 1.5 and a false discovery rate (FDR) p-value < 0.05 were considered
significantly differentially expressed. All differentially expressed genes per subgroup
analysis were uploaded into the Ingenuity Pathway Analysis (IPA) software (Qiagen, Venlo,
The Netherlands). Core analysis was performed for each (sub)group. A p-value of <0.05 and
a Z-score of ≥2 were considered significant. Our ethics committee does not allow sharing
of individual patient or control genotype information in the public domain, including
sequencing reads.

2.5. Acid Exposure Experiments

In absence of available epithelial cells for in-vitro studies we used fibroblast. Activated
fibroblasts generate extracellular matrix components and regulate inflammation [14]. There
are several lines of evidence supporting a role for fibroblasts in BE proliferation and
cancer [15,16]. To simulate a one-time acid reflux episode on RNA level, human fibroblasts
from EA patients (n = 3) and healthy controls (n = 3) were exposed to pH adjusted cell
culture medium conditions (see Supplementary Methods SM5). Hydrochloric acid was
added to culture medium until the desired pH level was reached. Subsequently, cells were
washed with phosphate buffered saline (PBS) and given standard medium. After 24 h,
survival was measured (see Supplementary Table S7) with the TC20™ Automated Cell
Counter (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands). Cell morphology was
evaluated (see Supplementary Figure S1) with the Olympus IX70-S8F Inverted Fluorescence
Microscope (Olympus Corporation, Tokyo, Japan). RNA was isolated and sequenced as
described in Supplementary Methods SM2 and SM4. Expression levels were compared
with the RNA sequencing results of the esophageal biopsies.
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2.6. Study Approval

The Medical Ethics Committee of the Erasmus Medical Center Rotterdam approved
this study (MEC-2015-645, MEC-2010-094, MEC-2012-387). All authors had access to the
study data and reviewed and approved the final manuscript.

3. Results

3.1. Study Population

Patient characteristics are depicted in Supplementary Tables S8 and S9. Histopatho-
logical assessment (see Supplementary Figure S2) of the biopsies is summarized in Supple-
mentary Table S10. Columnar epithelium was present in all groups, except for two EA-only
patients (see Supplementary Table S11). Since EA-only patients were selected as not having
metaplasia in the distal esophagus at endoscopy, this means that most biopsies could
contain part of the cardia as well. Neutrophil granulocytes were absent in the majority of
EA-only patients, while a varying degree of nonspecific inflammatory cell infiltrate was
present in most of them. Focusing on the characteristics of BE, IM with the presence of
goblet cells was similarly present in EA/BE patients and BE-only patients. The amount of
IM was larger in BE-only patients. No dysplasia was found in any of the samples.

3.2. SNP (Single Nucleotide Polymorphism) Genotyping

Given the limited sample size of our study population, we used ORs selected from
literature to calculate the contribution of predisposing associated SNPs (polygenetic risk
score, PGRS). Supplementary Table S1 depicts an overview of the included SNPs and ORs.
Using these ORs, we found a median PGRS of 3.24 (range 1.39–4.68) for EA/BE patients,
of 2.98 (1.19–4.74) for EA-only patients and of 2.63 (1.85–3.53) for BE-only patients. There
were no statistical significant differences between these groups (Figure 2A, panel a, all
p > 0.05). When using our own data, we did find significant differences in PGRS between
these groups (Figure 2A, panel b). A higher risk allele frequency was found for EA/BE
patients versus BE-only patients for rs3784262 near ALDH1A2 (p = 0.017), and a lower risk
allele frequency of rs3072 near GDF7 (p = 0.009) (Figure 2B and Supplementary Table S3).

3.3. RNA Sequencing of Esophageal Biopsy Specimens

An average of 88,378,214 reads per sample were generated (62,471,354–165,874,334). Of
these reads, 98% (94.9–98.4) aligned to the human reference genome. A total of 9752 tran-
scripts had a mean expression of ≥2 RPKM and were considered expressed. See Supple-
mentary Tables S12–S14 for the quality reports. PCA of the gene expression data confirmed
clustering of the samples into the three groups (see Supplementary Figures S3 and S4). PCA
and quality control procedures included the exclusion of two outliers (BBE-017 and BBE-079).

3.4. Differential Expression and Pathway Enrichment Analysis of Esophageal Biopsy Specimens

Seven known BE disease genes [11] were differentially expressed between EA-only
patients and EA/BE or BE-only patients (Figure 3 and Supplementary Table S15). Enriched
pathways between EA/BE patients and BE-only patients were involved in RA signaling,
stress response and inflammatory pathways, and oncological processes (see Figure 4 and
Supplementary Table S16).
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Figure 2. (A) Polygenic risk scores (PGRS) per patient. Group A = patients with esophageal atresia
(EA) and Barrett’s esophagus (BE), group B = patients with EA without BE, group C = patients with
BE without EA in history. Panel a (left) are PGRS based on odds ratios (ORs) selected from the
literature. No statistical significant differences between the groups were observed. Panel b (right):
PGRS based on ORs calculated from our study population. We found a median PGRS of 3.05 (range
0.14–6.04) for EA/BE patients, of 2.52 (−2.73–5.72) for EA-only patients and of −0.24 (−2.83–2.15)
for BE-only patients. A Kruskal–Wallis test revealed a significant difference in PGRS based on ORs
calculated from our study population between the four groups (p = 0.001). T-statistics indicated a
difference between BE-only patients versus EA/BE patients (p < 0.001), EA-only patients (p = 0.001)
and controls (p < 0.001). Asterisk (*) indicates significance p < 0.05. (B) Gene expression levels for
ALDH1A2 and GDF7 per patient, sorted based on the genotype of the patients. A higher risk allele
frequency was found for EA/BE patients versus BE-only patients for rs3784262 near ALDH1A2
(p = 0.017) and a putative protective allele for rs3072 near GDF7 (p = 0.009). Looking at gene expression
levels, GDF7 has slightly elevated TPM values for patients homozygote for the reference allele. No
significant differences could be detected for these two associated SNPs. TPM = transcripts per million,
EA = esophageal atresia, BE = Barrett’s esophagus. Complete results can be found in Supplementary
Tables S3–S6.
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Figure 3. Gene expression levels per group for selected disease genes, involved in foregut morpho-
genesis and/or associated with Barrett’s esophagus in literature, presented as median (interquartile
range) with minimum and maximum values. We compared biopsies of the gastroesophageal junction
between three groups of patients: patients with esophageal atresia (EA) who have developed Barrett’s
esophagus (BE) (EA/BE, n = 11), patients with EA without BE (EA-only, n = 10), and patients with
BE without EA in history (BE-only, n = 10). TPM = transcripts per million, EA = esophageal atresia,
BE = Barrett’s esophagus.

3.5. Acid Exposure Experiments

To study the effect of GER on RNA level, we simulated a reflux episode in in vitro
experiments (see Figure 1). First, we optimized the acid exposure experiment (see Supple-
mentary Methods SM5). Next, we exposed fibroblasts from three EA patients and three
healthy controls for 30 min to medium with pH 3.5 or to normal medium (control). Cells
exposed to pH 3.5 showed cell rounding and irregular cell membranes (see Supplementary
Figure S5). After acid exposure, there was a clear difference between upregulated and down-
regulated genes, both in patients and controls (see Supplementary Figure S6). Ten pathways
were enriched with differentially expressed genes between patients and controls (see Sup-
plementary Table S17), that contained 244 differentially expressed genes. Subtracting the
genes that were also differentially expressed without acid exposure, 81 genes of interest
remained (see Supplementary Figure S7). Pathway analysis of these 81 genes confirmed
enrichment of pathways mostly involved in inflammatory processes (see Supplementary
Table S18). Finally, we compared the results of the pathway analysis of the biopsies with
those of the fibroblasts after acid exposure. Of the enriched pathways between GEJ samples
of EA/BE patients and BE-only patients, 20 pathways were also enriched between fibrob-
lasts of EA patients and controls after acid exposure (Table 1. In total, seven genes within
these pathways were differentially expressed in both the GEJ samples and the acid-exposed
fibroblasts (see Supplementary Figure S8).
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Figure 4. Bubble plot of canonical pathways, significantly enriched by differentially expressed genes,
between gastroesophageal junction (GEJ) samples of group A (esophageal atresia (EA) with Barrett’s
esophagus (BE)) and GEJ samples of group C (BE-only). The color and size of the dots represent
the range of the p-value and the number of molecultes mapped to the indicated pathways. Settings:
p-value < 0.05 (=−log(p-value) > 1.3), z-score < −2 or >2. SPINK1 Pancreatic Cancer Pathway is
also the only significantly upregulated pathway, when comparing group A (EA/BE) with group C
(BE-only). Plotted by http://www.bioinformatics.com.cn (accessed on 24 November 2021), a free
online platform for data analysis and visualization.
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4. Discussion

In this first translational case-control study in adults born with esophageal atresia (EA),
we compared EA patients who developed Barrett’s esophagus (BE, EA/BE) to EA patients
who did not develop BE (EA-only) and BE patients without a history of EA (BE-only).
Previous studies described an increased prevalence of BE in EA adults—and at a much
younger age—compared with the general population [3]. Over the years, several risk loci
associated with BE and/or esophageal carcinoma have been published, of which many
near genes involved in foregut development [11] (S2). This overlap made us hypothesize
that EA patients have an increased (genetic) susceptibility to develop BE.

4.1. BE Characteristics of EA/BE Patients and BE-Only Patients

There is a twenty-year difference in the age at which biopsies were taken between
EA/BE patients and BE-only patients. We confirmed the lack of morphological differences
between these two groups. Although endoscopic esophagitis was absent in the majority of
the BE-only patients, neutrophil granulocytes were present in these patients. The typical
characteristics of BE (columnar metaplasia with presence of goblet cells) were equally
present, although the larger amount of IM in BE-only patients is indicative of a more
advanced stage. Paneth cells were present in some patients of both groups, a variety more
often reported in BE [6].

4.2. The Contribution of BE Associated SNPs in EA/BE Patients

The overlap of genes involved in foregut development and risk loci for BE insinuates
a genetic predisposition for EA patients to develop BE. For example, FOXF1, which is ex-
pressed in the developing foregut [17], BARX1, which is expressed at the tracheoesophageal
separation site and inhibits Wnt signaling [18], and FOXP1, which regulates esophageal
muscle development [19], have all been associated with BE in previous GWAS studies [11].
FOXP1 has also been implicated as a tumor suppressor gene in several tissues including
the gastrointestinal tract [20]. The ORs of these risk loci were often small and the GWAS
studies included large sets of BE patients in order to detect these predispositions.

Regardless, there seems to be an elevated risk for EA patients. EA/BE patients have a
higher median PGRS compared with BE-only patients (3.24 vs. 2.63, p = 0.069), which was
confirmed and reached significance when using ORs calculated from our study population
(p < 0.001, see Figure 2A and Supplementary Tables S4 and S6). Despite the small cohorts,
the higher PGRS in EA/BE patients is suggestive for an increased predisposition, and a
possible contribution for the earlier age of onset of BE in these patients. Such a relationship
(higher PGRS and earlier disease onset) has been demonstrated previously in patients with
atrial fibrillation [21]. However, differences in PGRS are not likely to be sufficient on their
own to exclude EA patients from (pre)malignant screening protocols. Ideally, a screening
algorithm would contain multiple risk factors of which the PGRS could be one. Further
research would be required to confirm the impact of risk loci for BE and their potential
benefit in surveillance strategies for EA patients.

Two predisposing associated SNPs proved enriched when comparing EA/BE patients
with BE-only patients: rs3784262 near ALDH1A2 (OR 3.94, p = 0.017) and rs3072 near GDF7
(OR 0.22, p = 0.009). ALDH1A2 (also known as RALDH2) is an enzyme that catalyzes the
transformation of retinaldehyde into RA, a key morphogen in foregut development [22].
Lack of RA signaling results in increased TGFB-BMP signaling and hampers lung bud
induction [23]. In contrast, BE is characterized by a higher expression of this enzyme,
resulting in higher levels of RA [24]. GDF7 is also a component of the TGFB-BMP signaling
pathway. TGFB-BMP signaling is essential in esophageal formation by inhibiting SOX2 in
the ventral foregut [25] but also contributes to the differentiation of columnar epithelium
and BE development by interacting with CDX1 and CDX2 [26]. Interestingly, the associated
SNP GDF7 seems a protective locus in EA/BE patients (OR 0.22, p = 0.009). The trends
shown by these results are illustrative but more research is needed. Though EA/BE
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patients could have an increased genetic risk, the current sample sizes do not allow to draw
firm conclusions.

4.3. EA/BE Patients Have Comparable Gene Expression of BE Disease Genes as BE-Only Patients

An earlier age of BE onset in EA patients could mean that epithelial homeostasis
in these patients is more prone to disturbances. To investigate this, we sequenced RNA
extracted from esophageal biopsies of three groups (EA/BE, EA-only and BE-only). We
evaluated the expression of BE disease genes but found no difference in expression between
EA/BE patients and BE-only patients. In both groups, these genes were upregulated
compared to EA-only patients, indicating that the BE found in EA/BE patients is similar to
the BE in BE-only patients.

4.4. EA/BE Patients Have an Increased Inflammatory Response

Since the expression of disease genes could not explain the earlier age of onset, we
explored the complete transcriptome and corresponding differentially expressed genes
and pathways. Many of the enriched pathways in EA/BE patients compared with BE-only
patients, hinted at upregulated inflammatory (e.g., IL-6 signaling) and stress response
pathways, downregulated oncological processes and dysregulated RA signaling (see Sup-
plementary Table S16). Inflammatory cells produce carcinogenic compounds that can
initiate DNA damage. The secretion of growth factors and cytokines increase prolifera-
tion and transition to tumor cells [27]. SPINK1 expression itself has the potential to be a
BE biomarker as it lacks expression in unaffected esophageal tissue (see Supplementary
Figure S9).

Human studies and in vitro experiments have shown that exposure of esophageal
tissue to low pH and/or bile acids may induce cell proliferation and reduce cell apoptosis
through an increased expression of cyclo-oxygenase-2 (COX-2), prostaglandin E2 (PGE2),
mitogen-activated protein kinase (MAPK) and NF-κB pathways [28–31]. In our data, p38
MAPK Signaling and NF-κB Signaling are upregulated in EA/BE patients compared with
BE-only patients. Given their proliferative and anti-apoptotic role, these pathways could
be valuable for BE staging. Quante and coworkers showed that transgenic mice, overex-
pressing human IL-1β, presented with chronic inflammation, BE and esophageal dysplasia.
Oral exposure to bile acids led to elevated IL-6 levels, accelerating BE development and
progression into EAC, and implicating an IL-1β-IL-6 signalling cascade [32]. Clinical
management of BE is focused around chemical inhibition of acid exposure and decrease
of inflammation. Inhibition of gastric acid secretion with proton pump inhibitors (PPIs)
reduces the transition to dysplasia in BE patients [33] and a combination of non-steroidal
anti-inflammatory drugs (NSAIDs) and statins may reduce neoplastic progression [34].
Recently, it has been shown that the combination of high-doses esomeprazole and aspirin
reduces high-grade dysplasia and EAC in BE patients [35]. Given the potentially altered
response to acid in EA patients, the effectiveness of PPIs and NSAIDs in this population
warrant further investigation.

Furthermore, stress response pathways are upregulated. Cholecystokinin/Gastrin-
mediated Signaling is an activator of actin stress fiber formation and intertwined with
stress response pathways as p38 MAPK Signaling, Sphingosine-1-phosphate Signaling
and Signaling by Rho Family GTPases. These processes may lead to the conversion of
squamous epithelium to columnar metaplasia. Another study showed that low pH and/or
bile acids can induce oxidative stress, which causes DNA damage [36]. In combination
with reduced apoptosis this can lead to dysplasia. When this is followed by neoplastic
progression BE can develop into EAC.

4.5. Dysregulation of RA Metabolism and Signaling

RA is increased in BE and works—like bile acids—through the RXR receptors to
transform squamous epithelium to columnar epithelium [10]. LXR/RXR activation, in-
volved in RA mediated gene activation, is downregulated in EA/BE patients compared
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with BE-only patients. Retinol biosynthesis is also downregulated, whilst its downstream
processes in all trans RA synthesis (Retinoate Biosynthesis I) are upregulated. Peroxisome
proliferator-activated receptors (PPARs) are transcription factors activated by RA, generally
upregulated in BE [37], but downregulated in EA/BE patients. Like discussed above,
the downregulation of these pathways could indicate that BE-only patients are at a more
advanced stage than EA/BE patients. Given the clinical differences (age and length of BE)
between these patients, this does make sense.

4.6. Downregulation of the Hippo/YAP Pathway

Downregulation of oncological pathways in EA/BE patients could be indicative of
either a decreased progression rate to dysplasia or a less advanced state of progression
compared with BE-only patients. The Hippo/YAP pathway is important in cell prolifera-
tion, survival, and differentiation. Yes-association protein (YAP) expression is associated
with dysplasia and adenocarcinoma [38]. Hippo signaling is involved in cell contact in-
hibition [39] as is Aryl Hydrocarbon Receptor Signaling [40]. Hippo activation (and YAP
inactivation) is necessary for programmed cell death after detachment from the extracel-
lular matrix [41]. Therefore, downregulation of this pathway could (in theory) decrease
anoikis and increase the risk of tumor cell metastasis.

4.7. EA Patients Seem to Be More Sensitive to Acid Reflux Exposure

EA patients are earlier in life and more frequently exposed to GER. Chronic GER
could be a consequence of the surgical repair: the lower esophageal sphincter is often
retracted above the diaphragm, resulting in the loss of the natural reflux barrier function
of the GEJ [42]. Other factors contributing to GER are impaired motility, delayed bolus
clearance and delayed gastric emptying [43]. There seems to be a direct relationship of
these symptoms with EA, as Adriamycin induced EA rats have impaired esophageal
relaxation and a decreased number of ganglia and nerve fibers in the esophageal myenteric
plexus [44]. The prevalence of mucosal damage is related to the level of pH exposure and
to the composition of the acid reflux [45]. Animal studies have shown that acid fluids can
activate pepsin, which inflicts injury and leads to mucosal damage [46].

We speculated that GER could result in an upregulation of inflammatory pathways.
Additionally, EA patients could have a predisposition that makes them more sensitive
to acid reflux than the general population. To explore these hypotheses, we performed
in vitro experiments to simulate a one-time reflux episode in fibroblasts of EA patients and
healthy controls. The enriched pathways of the GEJ biopsies of EA/BE patients showed an
overlap with the enriched pathways of the fibroblasts of EA patients after acid exposure—
but not with those of healthy controls. These overlapping pathways were again mostly
involved inflammatory or oncological processes. For example, LXR/RXR Activation, PPAR
Signaling and Retinol Biosynthesis were also enriched in fibroblasts of EA patients after
acid exposure, hinting at intrinsic disturbances of RA signaling in EA patients under the
influence of GER.

We do not know of the three patients used in the in vitro experiment will develop BE
in time as the fibroblasts are derived of patients currently aged 29, 30 and 39 years old. It is,
however, interesting that we could detect a similar predisposition in just 3 EA patients, and
as a general response (in fibroblasts) to acid.

4.8. Strengths and Limitations

The main strength of this study is the broad investigative approach by combining
histology, genotype, transcriptome and in vitro results. Some limitations should be ad-
dressed. First, due to the relative low incidence of EA and corresponding small sample
sizes, we mostly observed trends and more EA/BE patients are needed to draw more robust
conclusions. At this point, the difference in gene expression between EA/BE patients and
EA-only patients is negligible. This could be due to the fact that most biopsies could contain
part of the cardia. However, the power would increase substantially if we would know

66



Cancers 2022, 14, 513

which EA patients have not developed BE throughout their life, as the current EA-only
population is a mixture of patients who have not yet and will never develop BE. Second, EA
is a heterogeneous disease. Our study population included both patients with isolated EA
and patients with syndromes or multiple anomalies. This phenotypic heterogeneity might
also be the results of a genetic heterogeneity. Thirdly, BE can present as a heterogeneous
metaplastic mosaic, consisting of multiple individual crypts that arose from independent
clones [47], which have distinct ploidies, copy number variations (CNV) and point mu-
tations [48]. Heterogeneity in these crypts pose a risk of sampling error. Even within
long segment BE, IM can be focally distributed [49]. Recent progress in genetic analysis
of BE stem cells and EAC indicates that there are patient-specific driver genes affected
in both the precursor lesion [50] and subsequent cancer of the esophagus [51]. Perhaps
the heterogeneous background of de novo mutations [52] and de novo CNVs [53] in EA
contributes to this patient-centred susceptibility. This could have created larger variances in
gene expression per evaluated group. Subsequent experiments using single-cell sequencing
of definite IM could reveal differences between patients that cannot be detected in whole
biopsy specimens. Lastly, morphological differences were absent. However, segment length
differences could be related to a difference in disease stage [54] and impact gene networks
are prone to disturbances.

5. Conclusions

Altered regulation of p38 MAPK, NF-κB and RA signaling could have implications
for (or be related to) the dysplastic progression. If Hippo/YAP signaling remains down-
regulated upon progression to cancer, the metastasis risk could be higher in EA patients
due to reduced anoikis. An increased PGRS and upregulation of inflammatory pathways
hint at a multifactorial contribution underlying the earlier age of onset of BE in EA patients.
We did not evaluate mechanical factors such as loss of the natural reflux barrier due to
the surgical repair and clinical factors such as impaired esophageal motility. These factors
increase the level of acid exposure and likely add to the effect of risk loci and primed
inflammatory pathways.
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Simple Summary: Gastric cancer is one of the most common cancers worldwide, showing high
mortality rates. A small portion of gastric cancer patients, known as early onset gastric cancer (EOGC)
patients, develop the disease before age 50, and their characteristics are poorly described. Thus,
our main objective was to describe the clinical, molecular, and genetic characteristics of EOGC in a
large multicenter cohort of patients. We were able to identify that most EOGC cases have similar
characteristics: diagnosed at advanced stage, diffuse type, and infrequent DNA mismatch repair
somatic deficiency. Although familial aggregation of gastric cancer was uncommon, a germline
genetic mutation was identified in 25% of the patients tested. Our results show that EOGC has a
marked genetic heterogeneity. Thus, it is essential to consider familial history of tumors, not only
GC, in order to select adequate patients to perform a suitable genetic counseling and enhance the
emerging use of multigene panels.

Abstract: Gastric adenocarcinoma (GC) is a common tumor with high morbidity and mortality.
Only 7% of patients with GC are diagnosed before age 50 (early onset gastric cancer (EOGC)), and
their characteristics have been poorly described. We aimed to describe clinical, molecular, and
genetic characteristics of EOGC. A total of 309 patients with EOGC were retrospectively studied in
four Spanish centers. Personal information, family history, and tumor information were registered.
Germinal genetic analysis was performed in patients who met current criteria of a hereditary syn-
drome at the time of diagnosis. The median age at diagnosis was 44 years. The majority (73.3%) of
tumors were diffuse, and 78.3% were diagnosed in an advanced stage. Familial aggregation of GC
was present in 18/117 (15.4%) cases, and 5/117 (4.3%) met criteria for familial GC. MMR-IHC was
performed in 126/309 (40.7%) tumors: 4/126 (3.1%) had loss of expression in MLH1/PMS2, without
an associated germline mutation. Sixteen germline genetic analyses were performed, detecting a
pathogenic variant in four (25%) cases: one in BRCA2, one in TP53, and two in CDH1. Most EOGC
are diffuse and diagnosed in an advanced stage. In these patients, DNA MMR system deficiency is
uncommon. Although familial aggregation was observed in only 15% of cases, a germline mutation
was found in 25% of patients tested with clinical criteria. This demonstrates that EOGC has a marked
genetic heterogeneity, reinforcing the importance of an accurate genetic counseling and enhancing
the emerging use of multigene panels.
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1. Introduction

Gastric cancer (GC) is the fifth most common and the third most deadly cancer in
the world [1], representing a worldwide health problem [2]. The average age at diagnosis
is 60 years, only 7% occur before age 50 and 2% before age 40 [3]. The etiology of GC is
multifactorial, with Helicobacter pylori, diet factors, and tobacco being the main environ-
mental agents implicated in its pathogenesis [4]. Although most GC cases are sporadic, a
familial aggregation is observed in approximately 10% of cases, with an underlying genetic
cause identified in up to 5% of all GC [5]. Familial characteristics that suggest a hereditary
predisposition include the existence of several affected family members, an autosomal
dominant pattern of inheritance, disease presentation at young ages, and association with
other extra-gastric neoplasms [6].

In terms of these assumptions, there are mainly three clinical situations where familial
predisposition to GC may be found [7]. First, hereditary syndromes with higher risk
for GC, including two entities: gastric adenocarcinoma and proximal polyposis of the
stomach (GAPPS) [8], and the most common inherited GC syndrome, hereditary diffuse
gastric cancer (HDGC). It is characterized by two or more cases of GC at any age in first
or second relatives, with at least one confirmed diffuse gastric cancer (DGC); or personal
history of DGC before the age of 50; or personal or family history (first- or second-degree
relatives) of DGC and lobular breast cancer, with one being diagnosed before 70 years [9].
This syndrome is mainly caused by CDH1 germline mutations, which encode the tumor
suppressor protein E-cadherin. However, during the last years, another gene, CTNNA1,
has also been identified in HDGC families [10].

Other clinical situations are hereditary syndromes with higher risk for GC and other
tumors, including Lynch syndrome and, less commonly, familial adenomatous polyposis
(FAP), Peutz–Jeghers syndrome, juvenile polyposis, Li–Fraumeni syndrome, and Cowden
syndrome [11], with germline mutations in different genes. The last clinical situation is
familial intestinal gastric cancer (FIGC) characterized by familial aggregation of intestinal
GCs without an identified inherited cause. FIGC is defined as two or more cases of GC in
first-degree (FDR) or second-degree relatives (SDR), with at least one confirmed case of
intestinal histology in someone younger than 50 years, or three or more confirmed cases of
intestinal GC in FDR or SDR, regardless of age [12,13].

In spite of this, the genetic cause is not identified in a high percentage of GC pa-
tients [14,15]. This fact is especially important in early-onset gastric cancer cases (EOGC)
because 90% of these young patients do not have a family history, hampering identification
and early diagnosis [16]. The remaining 10% of EOGC cases that have a family history are
explained by the previously mentioned hereditary syndromes.

The definition of early onset gastric cancer (EOGC) varies across studies, but one
of the most accepted definitions includes those diagnosed at the age of 50 or younger.
Although the incidence of GC is declining globally, EOGC is increasing [17]. In fact, a
recent study has reported that nowadays EOGC comprises up to 30% of all cases of GC
in the United States [18]. EOGC has been associated with some clinical and pathological
characteristics, such as predomination of diffuse histology and infrequent association with
intestinal metaplasia [19,20]. Moreover, EOGC is usually diagnosed in an advanced stage,
associated with a high mortality. However, clinical and molecular features of EOGC have
been poorly described [16].

Identification of individuals at high risk of GC allows us to establish preventive
measures, early diagnosis, and personalized treatments; thus, we aimed to describe the
clinical, molecular, and genetic characteristics of EOGC (≤50 years) in order to identify
high-risk forms of GC.
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2. Materials and Methods

2.1. Study Population

Patients with GC diagnosed before 51 years old were retrospectively studied at four
centers in Spain between 1999 and 2018. The study was approved by the Institutional
Review Board (or Ethics Committee) of Hospital Clínic in Barcelona (register number
2015/0153, date of approval 22/04/2015).

Clinical and demographic data were evaluated through electronic clinical reports,
including environmental risks factors such as tobacco consumption, alcohol intake, and
Helicobacter pylori infection.

Personal and family history of GC and other tumors related with hereditary syndromes
(i.e., HDGC, Peutz–Jeghers syndrome, Lynch syndrome, familial adenomatous polyposis,
HBOC, juvenile polyposis, and Li–Fraumeni syndrome) were registered (including FDRs
and SDRs). Patients who met criteria of familial GC were also identified.

2.2. Tumor Characteristics

The tumor characteristics were analyzed by histological report. The location, di-
agnostic stage (TNM), histologic features (intestinal, diffuse, or mixed), and grade of
differentiation were considered.

Tumor mismatch repair (MMR) deficiency was evaluated by immunostaining in-
cluding analysis of MLH1, MSH2, MSH6, and PMS2 protein expression, as previously
described [21].

2.3. Germline Genetic Analysis

Germline genetic testing was performed on genomic DNA isolated from peripheral
blood leukocytes by both multiple ligation probe amplification analysis and direct sequenc-
ing. The analysis was performed through a commercial multigene panel (Trusight Cancer
v1, Illumina Inc., San Diego, CA, USA) involving the most frequent genes related to GC
germline predisposition (MLH1, MSH2, MSH6, PMS2, CDH1, EPCAM, BRCA1, BRCA2,
PALB2, TP53, APC, MUTYH, STK11, SMAD4/BMPR1A, PTEN).

The genetic test was performed in patients with available germline DNA who fulfilled
the diagnostic criteria of a hereditary syndrome related to GC at the time of diagnosis or
in whom the tumoral analysis of DNA mismatch repair proteins was altered (i.e., loss of
protein expression of MLH1, MSH2, MSH6, or PMS2) [13].

2.4. Statistical Analysis

All data were analyzed using the 22.0 SPSS software package (IBM SPSS Statistics for
Window, Version 22.0. Armonk, NY: IBM Corp.).

Baseline characteristics were described in percentages for categorical data, using
median, range, and interquartile range (IQR). When information was missing, the denomi-
nator was accordingly to patients with available data. Univariate binary logistic regression
was performed for selection of variables associated with the diagnosis of a hereditary can-
cer. For multivariable logistic regression analyses, only candidate variables with p-values
of ≤0.05 on univariate analysis were used in the final multivariate model. Odds ratios
(ORs) with 95% confidence intervals (CIs) were included to quantify the magnitude of
the association.

3. Results

3.1. General Characteristics

Three hundred and nine patients with EOGC were included. Clinico-pathological
features of patients included in the study are summarized in Table 1.
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Table 1. Clinical characteristics of the patients (N = 309).

EOGC

Age (years) at diagnosis; median (IQR) 44 (40–48)
Gender, number (%):

Man 191 (61.8)

Environmental risk factors; number (%)
Helicobacter pylori infection 24/82 (29.3)

Smokers 77/169 (45.6)
Moderate or high alcohol consumers 21/105 (20)

Personal history of extra-gastric cancer (n = 309); number (%)
Breast and/or ovarian 5 (1.6)

Lung 1 (0.3)
Thyroid 1 (0.3)

Hodgkin lymphoma 1 (0.3)
Cervix 1 (0.3)

Familial history of cancer (n = 117); number (%)
GC 18 (15.4)

Colorectal 8 (6.8)
Ovarian and/or breast 15 (12.8)

Others 39 (33.3)
Criteria of familial GC 5 (4.3)

IQR, interquartile range; EOGC, early onset gastric cancer; GC, gastric cancer.

The median age at diagnosis was 44 years old (IQR 40-48, range 33), with a predomi-
nance of men, with 191 (61.8%) cases. Related to environmental risk factors, 77/169 (45%)
were smokers and 21/105 (20%) had chronic alcohol consumption, whereas in 24/82 (29%)
cases, a Helicobacter pylori infection was detected. Most of the patients were from Spain;
however, 8/309 (2.6%) were from South America, 4/309 (1.3%) were from Asia, and 4/309
(1.3%) were South African.

Out of the 309 (2.9%) patients, 9 had previously developed other tumors, including
breast and/or ovarian in 5/309 (1.6%), lung in 1/309 (0.3%), cervix in 1/309 (0.3%), thyroid
in 1/309 (0.3%), and Hodgkin lymphoma in 1/309 (0.3%).

A total of 18/117 (15.4%) patients presented familial aggregation of GC (≥1 FDR or
SDR affected), and 5/117 (4.3%) met criteria for FIGC. A total of 67/117 (57.2%) patients
had family history of cancers related with a hereditary syndrome, mainly ovarian and/or
breast in 15/117 (12.8%), followed by colorectal cancer in 8/117 (6.8%) cases and other
types of tumors in 39/117 (34%). Detailed characteristics are described in Table 1.

3.2. Tumor Characteristics

The predominant tumor histology was diffuse, observed in 118/161 (73.3%) of the
cases, and the signet ring cell subtype was detected in 38/118 (32%). Among patients
with diffuse GC and H. pylori information available, in 8/45 (17.8%), the infection was
present. Among patients with intestinal GC subtype with H. pylori status available, 3/14
(21.4%) were infected. No statistically significant differences regarding H. pylori infection
and histology subtype were found (p = 0.09). According to the WHO classification (2019),
the degree of differentiation only applies to the intestinal GC, and thus within this subtype,
9/43 (39.1%) were poorly differentiated tumors. Regarding tumor location, the most
common sites were the body in 111/203 (55%) and antrum in 50/203 (25%). An advanced
stage (III/IV) at diagnosis was present in 166/212 (78.3%) cases, and only in 44/212 (20.8%)
was the diagnosis at an early stage (I/II).

In 122/205 (59.5%) cases, surgery with or without chemotherapy was performed;
67/205 (32.7%) patients were treated with chemotherapy (CT) +/− radiotherapy (RT)
alone, and 16/205 (7.8%) patients did not receive a specific oncological treatment.

The immunohistochemistry of DNA mismatch repair proteins (MMR-IHC) was per-
formed in 126 out of 309 (40.7%) tumors, and only 4/126 (3.1%) showed loss of protein
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expression, specifically MLH1/PMS2 (Figure 1). The tumor and MMR-IHC characteristics
are shown in Table 2 and Figure 2, respectively.

Figure 1. Immunohistochemistry of DNA mismatch repair proteins (MMR-IHC) in gastric cancer
tissue loss of protein expression of MLH1 and PMS2, and normal protein expression of MSH2
and MSH6.

Table 2. Characteristics of the tumors (N = 309).

EOGC

Gastric location (N = 203); number (%)
Cardias 3 (1.5)
Fundus 18 (8.9)

Body 111 (54.7)
Antrum 50 (24.6)

Extensive 21 (10.3)

Stage (N = 212); number (%)
I/II 44 (20.8)

III/IV 166 (78.3)

Histology (N = 161); number (%)
(a) Diffuse

Signet ring cell subset
118 (73.3)

38/118 (32.2)
(b) Intestinal 30 (18.6)

(c) Mixed 13 (8.1)

Tumor differentiation grade (N = 23/43) number (%) *
High grade (poorly differentiated) 9 (39.1)

Low-grade (well/moderately differentiated) 14 (60.9)

Treatment (N = 205) number (%)
Surgery 40 (19.5)

Surgery + chemotherapy 58 (31.2)
Chemotherapy 64 (28.3)

Surgery + chemotherapy + radiotherapy 24 (11.7)
Chemotherapy + radiotherapy 3 (1.5)

Palliative 16 (7.8)
EOGC, early onset gastric cancer. * According to the WHO classification (2019), the degree of differentiation only
applies to the intestinal type.
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Figure 2. Scheme followed summarizing the results of IHC-MMR and germline genetic testing.

Regarding survival, with a median follow up of 7.6 years (IQR 17-38), a 5-year survival
rate of 32.6% was observed, with a significant difference based on clinical stage (stage I–II
87% vs. stage III–IV 11.3%, p = 0.0001; Figure 3), and diffuse histology was associated with
worse prognosis (p = 0.019); no differences in gender, age, family history of GC, H. pylori
infection, smoking or alcohol consumption, tumor differentiation grade, or MMR-IHC
were detected.

Figure 3. Overall survival rate based on diagnostic stage (stage I–II vs. stage III–IV). There is a
significant difference in the 5-year survival rate: stage I-II 87% vs. stage III-IV 11.3%, p = 0.0001.
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3.3. Germline Genetic Analysis

Genetic analysis was performed in the 16 patients with available germline DNA out
of the 44 patients that fulfilled clinical criteria of germline testing. Among them, in 11/16
(68.7%) patients, the analysis was performed due to the fulfillment of criteria for HDGC, in
2/16 patients because they met criteria of HBOC; and in 3/16 cases, the genetic analysis
was performed on the basis of a somatic loss of expression of MLH1/PMS2 proteins at IHC.
In the remaining 28/44 patients, the analysis was not performed because the DNA was not
available.

A germline genetic mutation was identified in 4/16 (25%) cases, one at 49 years
old (with personal history of GC and breast cancer) and another three with GC younger
than 41 years old. The mutated genes detected were BRCA2 and TP53, and in two cases,
CDH1 (Table 3). Integrative Genomics Viewer was used for visualization of these variants;
Figure S1 shows an example of two of these variants. None of those patients had tumors
with loss of expression in DNA mismatch repair protein (MMR), and only one of them
reported family history of GC. Within four patients with an altered MMR-IHC, the germline
genetic analysis performed in three patients did not identify any pathogenic variant, and
in the remaining patient, the germline analysis could not be performed because he died
before the MMR-IHC was done.

Table 3. Characteristics in patients with hereditary syndromes.

Patient Age Gender
Tumor

Characteristics
H. pylori
Infection

Personal
History of

Other Tumors

Familial
History of

GC

Familial
History of

Other Tumors
MMR-IHC

Gene (Pathogenic
Variant)

1 49 Woman Intestinal hist. Stage II Not
available Breast No Ovarian and

breast
MMR+

(normal)

BRCA2
(c.3166C>T;
p.Gln1056 *;
nonsense)

2 38 Man

Diffuse hist.
Multifocal (plastic

linitis)
Stage IV

No No Yes No MMR+
(normal)

CDH1
(c.2164+5G>C;

splicing)

3 34 Man

Diffuse hist.
Multifocal (plastic

linitis)
Stage IV

No No No Breast and
colorectal

MMR+
(normal)

TP53
(c.365_366delTG;

p.Val122fs;
frameshift)

4 40 Man

Diffuse hist.
Multifocal (plastic

linitis)
Stage IV

No No Yes No MMR+
(normal)

CDH1
(c.187C>T; p.Arg63

*; nonsense)

hist., histology; GC, gastric cancer; MMR-IHC, immunohistochemistry of DNA mismatch repair proteins; MMR, tumor mismatch repair;
*, stop codon

3.4. Factors Associated with High Risk of Gastric Cancer

Personal characteristics as well as family history were analyzed in order to identify
risk factors of a hereditary GC syndrome (germline mutation identified). No statistically
significant factor associated with the presence of a germline mutation was identified.
However, family history of other neoplasms showed a trend towards statistical significance
with p = 0.057.

4. Discussion

It is well known that EOGC has clinical and pathological differences with older onset
GC [22], although their clinical and molecular characteristics have been poorly reported [16].
In the present study, we describe clinical, molecular, and genetic characteristics of 309 EOGC
patients. Our study shows that most of EOGC are histologically diffuse (73%, in comparison
with 32% in older patients), poorly differentiated, and diagnosed at an advanced stage,
supporting what has been previously described in other studies [18–20,23]. Moreover, as
the already reported trend of increasing rate in general population [24] of proximal GC
over the distal location, we observed in our study that more than half of the tumors were
located in the gastric body. This could be explained not only due to the diffuse histology,
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but also because the low incidence of Helicobacter pylori infection (less than 30%) and a high
proportion (almost 60%) of patients with positive oncological family history, suggesting a
different carcinogenesis process.

Although there are known characteristics of EOGC, there are some inconsistent data
between studies, i.e., some studies reported a female predominance [23], while in oth-
ers there was an increasing trend for males or without a significant difference between
genders [25,26]. In the present study, a male predominance was identified.

On the basis of different features, our study attempted to deepen in the clinical
and molecular characterization of EOGC with the ultimate goal of being able to identify
high-risk individuals and establish preventive measures, early diagnosis, and personal-
ized treatments.

Lynch syndrome (LS), one of the most common cancer hereditary syndromes, carries
a cumulative risk of GC of 11–19% [27,28]. However, DNA mismatch repair deficiency
is exceptional in GC [29]. In order to consider the diagnoses of possible LS, we analyzed
the MMR system deficiency, observing that loss of protein expression was an infrequent
event, and only 4/126 (3.1%) patients displayed it. The low incidence of MMR deficiency
in EOGC is probably related to the high proportion of diffuse tumors, wherein MSI is
less common [30] and also related to the fact that genomically stable tumors are usually
diagnosed at an earlier age [31]. Moreover, in cases with MMR deficiency, we did not
find a correlation with a germline mutation, suggesting a somatic loss origin due to
hypermethylation of the MLH1 promoter gene [32]. Thus, based upon our results, in
this subgroup of patients, systematically analysis of MMR deficiency to rule out Lynch
syndrome through IHC is likely not very useful.

Germline analysis was performed in 16 patients, representing 36% of patients who met
clinical criteria for genetic testing according with the current guideline at that moment of
the study (i.e., 2018–2019) [13]. Despite the fact that genetic testing could not be performed
in the whole cohort of patients (due to loss of follow up or death), we found a germline
mutation in 25% of tested patients. These mutations were located on BRCA2, CDH1, and
TP53 genes. Both patients with CDH1 germline mutations displayed familial history of
GC, while patients with BRCA2 and TP53 germline mutations showed familial history of
ovarian and breast cancer, and breast and colorectal cancer, respectively. Thus, although
familial aggregation of GC was present in only 15% of cases and the majority of patients
with a germline mutation did not have familial aggregation of GC, family history of other
tumors related with a hereditary syndrome was common. Therefore, this observation
reinforces that, although family history of GC is poorly predictive, a very accurate medical
personal and family history including any tumor type is mandatory in order to select the
appropriate candidates for genetic testing.

Analyzing other studies, Tedaldi et al. focused on 96 patients that fulfilled different
criteria such as HDGC criteria, suspected Lynch syndrome, familial aggregation, or pa-
tients with polyps and family history of GC. They sequenced 94 genes involved in cancer
predisposition, identifying eight different CDH1 pathogenic/likely patogenic mutations
in nine different patients with DGC and a mean age of almost 40 years. Although they
identified more variants in other genes, their carriers were patients with more than 50 years
old, and therefore they cannot be considered as an early onset cohort [33]. Moreover, a
Canadian cohort was studied using single-site and multi-gene panels. The authors identi-
fied mutations in CDH1 and BRCA2 in five and two patients with DGC before the age of 50,
respectively. Comparing with the present study, similar results were obtained, although the
TP53 gene was not identified in this cohort [34]. However, a study performed by Vogelaar
et al. did not identify any mutation neither in CDH1 nor in CTNNA1 in a cohort of 54 GC
EOGC patients [35].

The relevance of the diagnosis of a hereditary syndrome is the opportunity to establish
prevention and early diagnosis measures. For example, specifically in the context of CDH1
mutation carriers, most asymptomatic individuals do not have macroscopic lesions on
endoscopic examinations; however, intramucosal foci of gastric cancer, usually multiple,
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are observed in the surgical specimens. Therefore, it is recommended that one perform
prophylactic total gastrectomy in carriers of a pathogenic variant who are older than
20 years [36,37]. Annual endoscopic screening is reserved for individuals who do not
accept prophylactic gastrectomy, patients with a variant of uncertain significance, and
patients in whom the germline mutation has not been identified. This point is reflected in
our cohort, wherein the two patients with a CDH1 mutation were diagnosed at stage IV
(metastatic). In one case, two relatives were carriers of the mutation, with normal upper
gastroscopy but with multiple focuses of diffuse adenocarcinoma, both in early stages
(T1a and T1b, N0, M0). In the second patient, no additional CDH1 mutation carriers were
identified.

This study has some limitations, most of them because the data obtained were collected
retrospectively, which implies potential inclusion biases and the difficulty to obtain the
information of some variables: Epstein–Barr virus infection; associated gastritis; HER-2 or
PDL1 status; and, as mentioned previously, germline testing, which was only evaluated
in 16/44 (36%) of patients who met clinical criteria for genetic testing, and CTNNA1 was
not performed. Moreover, it is important to mention that H. pylori status was available
in only 82 cases, being positive in 24 of them (29%); however, no difference regarding H.
pylori prevalence among diffuse and intestinal histology was detected. In this context,
other studies have been focused on the role of H. pylori infection and EOGC development,
suggesting that it is important for tumor development [24], but to a lesser extent than in
older GC patients [38]. Moreover, Rugge, et al. confirmed that H. pylori infection was
significantly associated with both diffuse and intestinal histotypes [39]. In this sense, the
low prevalence of H. pylori in our cohort, and the lack of differences in H. pylori status
between histotypes, suggest that the implication of this infection in the carcinogenesis
process is less relevant in EOGC, although prospective and large cohorts are needed to
deepen in this observation.

The main strength of our study is that it describes not only clinical but also histological
and molecular data of a large cohort of more than 300 patients with EOGC, although we
are aware of the limitations associated to an observational and retrospective study.

5. Conclusions

Our results show that that most early onset GC cases are diagnosed in advanced
stage, have diffuse histology, and have infrequent DNA mismatch repair somatic deficiency.
Moreover, early onset GC has a marked genetic heterogeneity. Thus, it is essential to
consider familial history of tumors, not only GC, but also and more importantly other
tumors related with hereditary syndromes (such as colorectal, breast, and ovarian cancer),
in order to select adequate patients to perform a suitable genetic counseling and enhance
the emerging use of multigene panels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13133132/s1, Figure S1: Example of visualization using Integrative Genomics Viewer
of two of the germline variants identified. (a) CDH1 c.2164+5G>C (splicing variant); (b) TP53
c.365_366delTG (p.Val122fs; frameshift variant).
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Simple Summary: Neuroendocrine neoplasms are increasing in incidence at a remarkable rate mean-
ing more providers are encountering them in both adult and pediatric patients. This classification
of neoplasm encompasses a wide range of different malignancies with a variety of symptoms at
presentation and each treated differently. Additionally, over the past few years there has been a
change in classification of these neoplasms and a variety of changes and advances in how they are
treated. Given this and their rarity in pediatric patients, healthcare providers may not be familiar with
these changes. Our goal with this review was to provide an overview of all the most commonly en-
countered forms of neuroendocrine neoplasms in pediatric patients with up to date recommendations
so any healthcare provider can quickly and accurately acclimate themselves.

Abstract: Neuroendocrine neoplasms (NENs) encompass a variety of neuroendocrine tumors (NETs)
and neuroendocrine carcinomas (NECs) which can arise anywhere in the body. While relatively rare
in the pediatric population, the incidence of NENs has increased in the past few decades. These
neoplasms can be devastating if not diagnosed and treated early, however, symptoms are variable and
can be indolent for many years. There is a reported median of 10 years from the appearance of the first
symptoms to time of diagnosis. Considering some of these neoplasms have a mortality rate as high
as 90%, it is crucial healthcare providers are aware of NENs and remain vigilant. With better provider
education and easily accessible resources for information about these neoplasms, awareness can be
improved leading to earlier disease recognition and diagnosis. This manuscript aims to provide
an overview of both the most common NENs as well as the rarer NENs with high lethality in the
pediatric population. This review provides up to date evidence and recommendations, encompassing
recent changes in classification and advances in treatment modalities, including recently completed
and ongoing clinical trials.

Keywords: pediatric; neuroendocrine neoplasms; neuroendocrine tumors; neuroendocrine carcinomas

1. Introduction

Neuroendocrine neoplasms (NENs) originate from neuroendocrine cells which can be
found throughout the body. As such, NENs can develop anywhere neuroendocrine cells
are in the body, but are most commonly found in the lungs, pancreas, and gastrointestinal
tract [1]. The classification of NENs is inconsistent amongst organ system of origination.
The World Health Organization (WHO) has provided some clarity and more consistent
guidelines for the grading of NENs in their most updated reports and has been reflected
in the recent National Comprehensive Cancer Network (NCCN) guideline updates [2].
However, classification and grading for NENs remain organ specific to a certain degree.
Gastroenteropancreatic NENs are divided into two groups based on differentiation: neu-
roendocrine tumors (NETs) and neuroendocrine carcinomas (NECs). NECs are poorly
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differentiated tumors with mitotic rate greater than 20 mitoses per 2 mm2 and Ki-67 index
greater than 20%. NETs are well-differentiated lesions which encompass the remainder
of the NENs and are further divided into three grades: grade 1 (no necrosis, mitotic rate
less than 2 per 2 mm2, Ki-67 less than 3%), grade 2 (necrosis present or mitotic rate of
2–20 mitosis per 2 mm2, Ki-67 between 3–20%), and grade 3 (well differentiated with mitotic
rate of greater than 20 mitosis per 2 mm2 or Ki-67 greater than 20%) [3,4]. Many of the other
organ systems follow this same classification system. Contrarily, bronchopulmonary NENs,
while still separated based on mitotic rate and differentiation, are named differently and
irrespective of Ki-67 proliferation index (typical, atypical, and carcinoma) (Table 1) [3,5,6].
In 2018, the International Agency for Research on Cancer and a WHO expert consensus
meeting proposed a uniform classification scheme irrespective of site of origin to create
more consistency across organ systems [7]. While their proposed system to dichotomize all
NENs into either NET of NEC for every organ system has not been implemented, this may
represent the future direction with subsequent classification updates.

Separate but related to classification, the staging systems for some of the organ systems
have also changed over the past few years. The 8th edition of the American Joint Committee
on Cancer (AJCC) separated pancreatic NEN staging to reflect the difference in tumor
biology and prognosis between pancreatic NETs and pancreatic NEC. In this revision,
pancreatic NEC still fall under the staging system of other exocrine pancreatic tumors,
however, a new staging system was proposed for pancreatic NETs in accordance with their
more benign nature [8]. As the scientific community is better able to delineate the clinical
course and prognoses of NENs, their classification and staging systems continue to evolve.

Given the complexity and rarity within this disease in the pediatric population, health-
care providers may not be familiar with NENs. Our goal with this review was to provide
an overview of commonly encountered forms of NENs in pediatric patients with up to
date recommendations so any healthcare provider can quickly and accurately acclimate
themselves.

Table 1. Classification of neuroendocrine neoplasms adapted from the WHO classifications up
through 2022 as described previously [5,6].
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Terminology/Differentiation/

Location
Mitotic Rate
(per 2 mm2) Ki-67 (%)

Low

Grade 1, well-differentiated NET
(extra-thoracic) <2 <3

Typical Carcinoid
(Thoracic) <2 –

Intermediate

Grade 2, well-differentiated NET
(extra-thoracic) 2–20 3–20

Atypical Carcinoid
(Thoracic) 2–10 –

High
Grade 2, well-differentiated NET >20 >20

Poorly differentiated Carcinoma
(small cell and large cell)

>20
(thoracic > 10) >20

2. Epidemiology

NETs are more thoroughly characterized in the adult population with pediatric focused
research lacking due to its rarity in this population. Overall, the incidence of NENs has
grown by almost 7-fold from 1973 to 2012 [9]. Given the advances and more frequent use of
imaging, the incidence of pediatric NENs is suspected to have continued to increase since
2011, similar to the adult population, but an updated pediatric-specific epidemiological
study is lacking in the literature. Based on the National Cancer Institute’s Surveillance,
Epidemiology, and End Results (SEER) data, pediatric NENs are most-commonly found in
the gastrointestinal tract (i.e., appendix), lung (one of the most common primary lung neo-
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plasms in children) and breast, but have been reported in a variety of locations throughout
the body (Figure 1) [10–12]. However, the appendix has historically been thought of as the
overwhelmingly most common NEN in children, which has been demonstrated to account
for 80% of all pediatric NENs in other published studies [13].

Figure 1. Illustration of some of the common and less common neuroendocrine neoplasms encoun-
tered in the pediatric and adult populations (* most commonly originate from the adrenal glands;
paragangliomas are extra-adrenal).

3. Diagnosis

3.1. Presentation

NENs are notoriously indolent with vague initial symptoms that present a median
of almost ten years prior to diagnosis [14]. This is ubiquitous in both the adult and
pediatric population leading to delays in diagnosis in both. It is important to recognize
that patients diagnosed as young adults may have had symptoms for many years, in
which case they may have developed symptoms in adolescence and childhood. Given their
proclivity to go unnoticed for years, a substantial proportion of patients have metastatic
disease at presentation. Overall in children, 22% have regional spread, 10% have distant
disease, and 5% have an unknown primary site at time of diagnosis [12]. Similar to the
spectrum of diseases that are encompassed in pediatric NENs, metastatic rate ranges greatly
depending on the location of the primary lesion. Appendiceal NENs rarely ever metastasize
where as other gastroenteropancreatic NENs are metastatic at time of diagnosis in 50% of
children [15].

Symptoms of NENs, when they do manifest, are dependent on the location as well
as the functional secretory status of the tumor. Appendiceal NENs in children are typi-
cally non-secretory and diagnosed on pathology after resection for presumed appendicitis.
These children typically present rather acutely with only days of symptoms consistent with
appendicitis (e.g., abdominal pain, fever, and anorexia) [16–18]. Additionally, imaging,
whether it be ultrasound or CT, is usually consistent with acute appendicitis [19]. Similarly,
they can have an associated leukocytosis, elevated c-reactive protein, and/or thrombocy-
tosis. But, around half of the reported cases had no laboratory abnormalities [19]. Along
the natural course of treatment for presumed appendicitis, they undergo appendectomy
and pathology later reveals appendiceal NEN. Other extra-appendiceal gastrointestinal
NENs, can present with nondescript abdominal pain and/or diarrhea [15]. Bronchopul-
monary NENs are notorious for presenting as a cough with recurrent pneumonias that
then progress to wheezing and difficulty breathing [20–22]. These symptoms can go on
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incorrectly diagnosed as asthma given the similarity in symptoms and age of onset in the
pediatric population [11].

When functional, NENs have symptoms secondary to hormone hypersecretion. The
classically associated hypersecretion syndrome associated with NENs is carcinoid syn-
drome. Symptoms of carcinoid syndrome include diarrhea, difficulty breathing, and
flushing typically secondary to hypersecretion of serotonin [23]. Previously it was thought
that carcinoid syndrome only evolved from hepatic metastasis allowing for direct systemic
vascular injection of the hormones from the tumors [23]. However, carcinoid syndrome
and one of its more clinically detrimental complications, carcinoid heart disease, has been
reported in patients with no evidence of hepatic metastasis [24,25]. Although well docu-
mented in the adult population, there are few cases of carcinoid syndrome in the pediatric
literature [13,26,27]. In addition to carcinoid syndrome, some NENs are associated with
ectopic Cushing’s syndrome, a condition characterized by excess glucocorticoids from
hypersecretion of adrenocorticotropic hormone (ACTH). Symptoms include growth decel-
eration, truncal obesity, facial plethora, high blood pressure, and weight gain [28]. Despite
NENs being the most common cause of ectopic ACTH overproduction in the pediatric
population, occurrences remain infrequent [29]. Of the pediatric reported cases, most
ectopic ACTH-producing NENs are bronchial or pancreatic [22,30]. Pituitary adenomas are
the overall most-common source of ACTH overproduction (non-ectopic) in children and
have recently been reclassified as neuroendocrine neoplasms by the WHO [28,31,32].

The pancreas is the site of a multitude of different functional NENs. Gastrin produc-
tion results in Zollinger-Ellison syndrome which can present as severe, recurrent epigastric
pain and malabsorption from gastric and duodenal ulcers and diarrhea. NENs in the duo-
denum and the pancreas have been documented to produce gastrin [15,33]. In children, the
gastrin-producing NENs (gastrinoma) and insulin-producing NENs (insulinoma) are the
most common functional pancreatic NENs [15]. Similar to adults, insulinomas in children
present with hypoglycemic symptoms (i.e., sweating, light-headedness, confusion, palpita-
tions) [34,35]. Other functional pancreatic NENs have been described in the literature but
are exceedingly rare. VIPomas, defined by hypersecretion of vasoactive intestinal peptide
(VIP), present with severe dehydration and malabsorption from uncontrollable diarrhea,
but are much rarer in the pediatric population [36]. Somatostatinomas (hypersecretion
of somatostatin) may present in the pancreas or the duodenum but are rare even in the
adult population. There has only been sparsely documented occurrences in the pediatric
and young adult population [37,38]. Presenting symptoms of somatostatinoma include
abdominal pain, gastrointestinal bleeding, and jaundice [37]. With similar infrequency,
glucagonomas (pancreatic NEN with hypersecretion of glucagon) have very few docu-
mented cases in the literature in pediatric and young adult patients [39–41]. Necrolytic
migratory erythema, a classic skin rash associated with glucagonomas, is often a presenting
feature as well as diabetes and weight loss [42].

Pheochromocytomas and paragangliomas are catecholamine-secreting NENs and
responsible for less than 5% of pediatric patients with hypertension [43]. Up to 90% of
pediatric patients with a pheochromocytoma or paraganglioma present with hyperten-
sion [43]. Some children also experience headaches, palpitations, tremors, and flushing [44].
Pheochromocytomas and paragangliomas originate from the same cell type but differ in
that pheochromocytomas are of the adrenal gland and paragangliomas are extra-adrenal
tumors. Neuroblastomas, another neuroendocrine tumor frequently originating from the
adrenal gland but can also be found anywhere in the sympathetic nervous system, is
also associated with catecholamine secretion [45]. However, patients with neuroblastoma
typically present with an asymptomatic mass or symptoms secondary to the location of
the mass rather than symptoms of excess catecholamines [46]. This can include constipa-
tion from bowel compression, hypertension from renal artery compression, and scoliosis
with or without neurosensory and motor symptoms from spinal cord compression [47–50].
Neuroblastomas are heterogenous with courses ranging from benign to very aggressive.
Often discussed with neuroblastomas are ganglioneuromas and ganglioneuroblastomas,
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which are benign and mixed-form tumors, respectively. These tumors are cellularly similar
to neuroblastomas but are beyond the scope of this review [51].

Quite distinct from the previously mentioned NENs are Merkel Cell Carcinomas of
the skin. This is a very aggressive skin cancer with high mortality rate [52]. There are
documented cases in the pediatric population demonstrating variable presentations from
simple skin dysplasia to subcuticular masses [53]. There is evidence to suggest a more
aggressive nature in children as they are 3 times more likely to present with metastatic
disease compared to adults [54]. However, due to the extreme rarity in this population,
large scale studies to further examine these findings are lacking. This disease remains an
individually case reportable event.

3.2. Familial Syndromes

Some children are at a greater risk of developing certain neuroendocrine neoplasms
compared to the general pediatric population based on inherited genetic mutations. This
includes but is not limited to multiple endocrine neoplasia (MEN) 1, MEN2A, MEN2B,
familial medullary thyroid carcinoma (FMTC), Von-Hippel Lindau (vHL) syndrome, Neu-
rofibromatosis type 1 (NF-1), and hereditary paraganglioma-pheochromocytoma syndrome.
MEN1 results from a genetic mutation in the MEN1 gene which encodes the Menin pro-
tein [55]. Around 15% of patients with MEN1 are diagnosed in childhood and should be
screened for the associated malignancies. Children with MEN1 most frequently present
with pituitary (prolactin-secreting) and pancreatic (gastrinomas, insulinomas, and non-
functional) NENs, in addition to primary hyperparathyroidism which is not currently
classified as an NEN [56]. Children with MEN1 are not limited to NENs in these locations
as there have also been documented cases of MEN1 patients with thymic, bronchopul-
monary and adrenal NENs [56,57]. Given the heterogeneity in disease manifestation in this
genetic syndrome, clinical management is complex and patient specific [58].

Akin to MEN1, MEN2A and 2B are also inherited in an autosomal dominant pattern,
except they encompass the diseases that arise from a mutation in the RET gene [59]. There
is essentially a complete penetrance of medullary thyroid cancer in MEN2A and MEN2B
patients which may present as a thyroid nodule [59]. As such, children with MEN2A or 2B
are evaluated for a medullary thyroid cancer risk profile and may undergo prophylactic
thyroidectomy at or before 5 years old [60]. MEN2A and MEN2B patients are also at
increased risk for pheochromocytomas and should begin screening at 11–16 years old
depending on risk profile, determined by the specific RET mutation (Table 2) [2,60].

vHL results from a mutation in the VHL tumor suppressor gene which encodes the
VHL protein, a regulator of angiogenesis [61]. Among many other malignancies, children
with vHL are at an increased risk for pheochromocytomas, paragangliomas, and pancreatic
NENs [15,62,63]. Children with NF-1 (mutation of the NF1 gene) are also at an increased
risk for pheochromocytomas [43]. Pancreatic NENs are rare in NF-1 patients but have been
reported in young adults with NF-1 [37,64].
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Table 2. Screening recommendations in children with known familial syndromes at increased risk for
developing different NENs. Modified from the 2015 American Thyroid Association guidelines and
the 2021 NCCN Neuroendocrine and Adrenal Tumors guidelines [2,60]. (CT = computed tomography,
MRI = magnetic resonance imaging, EUS = endoscopic ultrasound, CEA = carcinoembryonic antigen).
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Syndrome NEN
NEN

Percent
Occurrence

Screening Recommendations

MEN 1

Pancreatic
(gastrinoma,
insulinoma)

20–80%

– chromogranin-A, pancreatic polypeptide, glucagon, VIP
annually starting at 8 years old
– fasting gastrin annually starting at 20 years old
– consider abdominal CT, MRI, or EUS every 3–5 years starting at
20 years old

Pituitary
Adenoma

(prolactinoma)
30–40%

– serum prolactin, IGF-1, fasting glucose and insulin annually
starting at 5 years old
– head MRI every 3–5 years starting at 5 years old

MEN 2A/2B

Medullary
Thyroid
Cancer

≥98%

Highest Risk

Prophylactic thyroidectomy at or before 1 year
old with physical exam, neck ultrasound,
serum calcitonin/CEA every 6 months for
1 year and annually thereafter
(*serum calcitonin confounding in infants as
normally elevated)

High Risk

Physical exam, neck ultrasound, serum
calcitonin annually starting at 3 years old;
Prophylactic thyroidectomy at or before
5 years old based on serum calcitonin followed
by physical exam, neck ultrasound, serum
calcitonin, and CEA every 6 months for 1 year
and annually thereafter

Moderate Risk

Physical exam, serum calcitonin every
6 months for 1 year and annually thereafter if
calcitonin remains normal; prophylactic
thyroidectomy when calcitonin levels elevated

Pheochromocytoma ≥50%

Highest/
High Risk

Free plasma
metanephrines/normetanephrines or 24 h
urine fractionated metanephrines annually
starting at 11 years old. Adrenal imaging with
CT/MRI if elevated

Moderate Risk

Free plasma
metanephrines/normetanephrines or 24 h
urine fractionated metanephrines annually
starting at 16 years old. Adrenal imaging with
CT/MRI if elevated

Von-Hippel
Lindau

Pheochromocytoma 10–20% – Blood pressure at all medical visits starting at 2 years old
– Free plasma metanephrines/normetanephrines or 24 h urine
fractionated metanephrines annually starting at 5 years old
– abdominal MRI or CT with and without IV contrast every
2 years starting at 15 years old

Paraganglioma 10–20%

Pancreatic 5–17%

3.3. Biochemical Work Up

Overall, NENs encompass a wide array of diseases and can manifest anytime in
childhood and adulthood with a diverse symptom profile. Clinicians should be thoughtful
in evaluating children with abnormally persistent symptoms, no matter how vague, as
potential for an NEN. A clinical suspicion for an NEN warrants a biochemical diagnostic
work-up and, if indicated, imaging. Many NENs are not diagnosed until histologically
proven on a pathology sample. There are different markers that distinguish NENs from
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other types of tumors. Immunohistochemical staining for chromogranin-A (Cg-A) and
synaptophysin are used for diagnosis of NEN, but some NENs express different granins
than Cg-A potentiating misdiagnosis [3]. Cg-A can also be detected in plasma and serum
but some authors have noted issue with low sensitivity (67–93%) and specificity (85%–96%)
depending on the diagnostic method employed [65]. Similar issues with low sensitivity but
higher specificity has been noted in using neuron-specific enolase for NEN diagnosis [66].
Considering the pitfalls with the currently utilized biochemical tests, there is need for better
and more reliable biomarkers. At time of this publication there is an ongoing prospective
multi-center trial investigating human circulating progastrin (hPG80) as a biomarker for
the monitoring of NENs (NTC04750954). hPG80 has been demonstrated to be elevated
in the plasma of patients with a variety of low- and high-grade NENs when compared to
healthy controls [67]. However, its wide-spread use is pending validation.

There are a variety of different peptides that can be detected in the blood or urine
of patients who present with functional tumors. Urinary 5-Hydroxyindolacetic Acid (5-
HIAA) is a metabolite of serotonin which is helpful in the diagnosis of serotonin-producing
tumors with higher sensitivity for midgut NENs compared to others [66]. 5-HIAA has high
specificity, but serum serotonin and Cg-A can be used in conjunction for diagnosis [68].
Recently, a post-hoc analysis in the CLARINET study showed that 5-HIAA may have use in
the diagnosis and monitoring of patients with nonfunctional NENs [69]. However, this has
not been adopted into practice guidelines. For medullary thyroid cancer, serum calcitonin
measurements are useful in disease detection as well as recurrence screening [60]. The
functional pancreatic NENs can also be diagnosed with biochemical work up. Fasting
gastrin levels and secretin stimulation tests can be used in the diagnosis of gastrinomas [70].
Classically, it has been advised to stop a proton-pump inhibitor prior to the stimulation test
as it confounds the results. However, recent literature suggests this may be unnecessary [71].
Interestingly, the use of proton-pump inhibitors has also been shown to falsely elevate
Cg-A levels, confounding that diagnostic test as well [72]. Over 95% of insulinomas can
be diagnosed by serial plasma glucose and insulin levels during a 72 h fast showing
hyperinsulinemic hypoglycemia [73]. Similarly, somatostatin can be measured to aid in
the diagnosis of somatostatinoma and VIP can be measured in the plasma to diagnose a
VIPoma in conjunction with hypokalemia and achlorhydria [74,75]. Functional pituitary
NENs can be detected by elevated levels of growth hormone, ACTH, IGF1, or prolactin [31].

3.4. Imaging

There are several imaging modalities useful for the diagnosis of NENs. With the
increased use of cross-sectional imaging, more and more NENs are incidentally found on
computed tomography (CT) and magnetic resonance imaging (MRI) [76]. While this trend
has been noted as the etiology of the increased incidence of NENs in the adult population,
the same argument does not hold true in the pediatric population where frequent imaging
is less likely to occur in accordance with limiting exposure to radiation (i.e., CT). However,
when an NEN is suspected in a child or adolescent, undergoing the appropriate diagnostic
imaging is important in establishing a timely diagnosis.

Imaging modalities, used alone or in combination with each other, include CT, MRI,
positron emission tomography (PET), meta-iodobenzylguanidine (MIBG) scintigraphy,
and somatostatin receptor (SSR) scintigraphy. For pituitary NENs, MRI is preferred to
distinguish a pituitary lesion from surrounding soft-tissue lesions, whereas CT and the
functional imaging studies are of less widespread use but may be appropriate for a se-
lect subset of patients with pituitary NENs [77]. In general, CT and MRI alone can help
distinguish between well and poorly differentiated NENs based on enhancement, there
remains other, more sensitive imaging modalities for the detection and diagnosis of NENs.
MIBG is over 90% sensitive for the diagnosis of neuroblastomas, pheochromocytomas,
and paragangliomas, but less sensitive in the detection of other NENs (e.g., pancreatic,
midgut, non-catecholamine producing tumors) [78,79]. SSR scintigraphy uses a radiola-
beled somatostatin analogue (111In-octreotide) to detect NENS by exploiting the elevated
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expression of somatostatin receptors on the majority of NEN tumor cells. However, SSR-
PET/CT and SSR-PET/MRI have improved diagnostic quality compared to scintigraphy
alone [80]. In pediatrics, SSR-PET is the imaging modality of choice given its decreased
radiation dose and faster study time without compromising diagnostic sensitivity [81]. 68-
Gallium-DOTATATE/DOTATOC/DOTANOC are the most commonly used SSR analogues
used for diagnostic purposes today [79]. 64-Copper-DOTATATE is another radiolabeled
SSR analogue FDA approved for use in the diagnosis of NENs which has been shown to be
better at detecting NENs when compared to gallium [82]. In general, SSR-PET is limited in
its ability to detect NENs that do not express high levels of somatostatin receptors as well
as its ability to distinguish small NENs from surrounding tissue with elevated somatostatin
receptors (i.e., pituitary NENs, inflammatory reactions) [77,83]. The benefit of functional
imaging with MIBG or SSR-PET is the tumors detectable with these imaging modalities
may benefit from therapeutic targeted radioisotope treatments (discussed further in the
treatment section below). Additionally, some of these imaging modalities have the ability to
distinguish NENs based on differentiation. Well-differentiated NENs demonstrate greater
uptake with 68-Gallium-DOTA-peptide PET/CT, whereas poorly-differentiated NENs have
low uptake. The reverse is observed with use of 18F-fluorodeoxyglucose (FDG)-PET/CT, an
imaging modality which measures glucose metabolism. This phenomenon is well described
in gastroenteropancreatic NENs, and has shown to be beneficial in assisting in classifying
lesions in tandem with mitotic rate and Ki-67 [84]. In general, the diagnosis of a NEN in a
pediatric patient typically involves a combination of these imaging modalities directed by
clinical and biochemical work up [2].

3.5. Biopsy

Biopsy can be useful in the diagnosis and characterization of certain NENs. Biopsy can
be used in bronchopulmonary NENs if anatomically accessible but may not be sufficient
to distinguish between typical and atypical tumors [85,86]. When anatomically accessible,
endoscopic ultrasound with fine needle aspiration can be used in gastric, proximal small
bowel, and pancreatic NENs [87]. Biopsy does not have reliable sensitivity in pancreatic
lesions less than 2 cm and also may mischaracterize neoplasms as Ki-67 indices can vary
throughout the tumor itself [88,89]. Biopsy is helpful in the diagnosis of hepatic metastasis
and may be necessary if the primary lesion is unknown [90]. Contrarily, biopsy of small
bowel NENs are not typically feasible and are not performed but instead are diagnosed
through the biopsy of hepatic metastases or surgical excision of the primary lesion [91].
Biopsy of suspected pheochromocytomas and paragangliomas are unique for NENs as it is
actively not recommended to biopsy these lesions for diagnosis unless absolutely necessary.
This is due to their increased risk of bleeding from hypervascularity, tumor seeding, and
hypertensive crisis. If biopsy is necessary, it should only be done so once the patient is
satisfactorily α-blocked to reduce the risk of hypertensive crisis [92].

As with any procedure, risk and benefit must be weighed prior to proceeding. If the
biochemical and imaging work up is equivocal, biopsy can be beneficial in establishing a
diagnosis. However, there are reports of inducing carcinoid crisis and even death from
performing biopsies of NENs, but this is very rare [93–95]. Thus, biopsy may not be
advisable if the diagnosis is already established and the results from which will not affect
treatment planning. In the spirit of personalized medicine, the emergence of a “liquid
biopsy” is gaining traction in the evaluation of malignancies. Liquid biopsies have the
advantage over the typical biopsy techniques as they are less invasive, faster, and can collect
more than sufficient volume of specimen for multiple analyses [96]. The NETest analyzes
blood samples for circulating neuroendocrine genomic analytes (i.e., mRNA) and has
been used in the evaluation of pheochromocytomas, paragangliomas, bronchopulmonary,
gastrointestinal, and pancreatic NENs [97–100]. In the prospective study, NETest had a
99% accuracy in diagnosing NENs [100]. Some have also shown its benefit in predicting
response to therapy and assessing for residual disease [101,102]. The role of this study in
the pediatric population is uncertain.
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4. How to Treat

4.1. Surgery

While complete surgical resection is the ideal treatment for most NENs, careful ob-
servation is appropriate for certain subsets of NENs. Infants less than 6 months old with
small neuroblastomas can safely be observed as these tumors in this age group can sponta-
neously regress [103]. While not associated with regression, asymptomatic, non-functional
pancreatic NENs less than 2 cm in size can also be observed [104,105]. Some have argued
there is an unacceptable risk of disease progression and metastasis with observation [106].
As children have a longer amount of time to potentially develop progression of disease, it
may be beneficial to excise these small tumors, but this remains controversial.

Technique for surgical excision is dependent on the location and grade/stage of the
disease. Appendiceal NENs are often diagnosed on pathology after appendectomy for
presumed appendicitis in children. With guidelines extrapolated from adult observations,
it has classically been advised that appendiceal NENs greater than 2 cm should undergo
right hemicolectomy due to risk of metastasis with special consideration for radical surgery
in other tumors with high-risk features (e.g., high mitotic rate, high Ki-67 proliferation
index, incomplete resection, lymph node involvement, and tumor at the base of the ap-
pendix) [107,108]. Yet, there are multiple studies in pediatric patients showing no survival
advantage nor difference in disease progression for children undergoing simple appen-
dectomy versus right hemicolectomy [109–113]. Thus, making the argument that radical
surgery may not be beneficial in this population.

There is an emphasis on early detection for all NENs as complete surgical resection
is curative in early locoregional disease [2,114]. This includes partial pneumonectomy
(e.g., sleeve resections and bronchoplasty) for bronchopulmonary NENs and partial pan-
createctomy (e.g., pancreaticoduodenectomy and distal pancreatectomy) for pancreatic
NENs [115]. Even in local disease, surgery for an NEN can be complicated by severe
reactions that can occur during surgical resection and anesthesia. Carcinoid crisis causes
drastic and sudden hemodynamic instability from the sudden release of vasoactive pep-
tides [116]. The risk of carcinoid crisis during procedures and surgical resection is not
negligible as it has a reported incidence of 19%, with greater likelihood in patients with
hepatic metastases [116]. While rapid administration of intravenous octreotide is the treat-
ment for carcinoid crisis, recent studies have shown the prophylactic use of octreotide does
not decrease the risk of developing perioperative/periprocedural carcinoid crisis [116–118].
Similar to carcinoid crisis, hypertensive crisis can occur in the perioperative/periprocedural
time in patients with pheochromocytomas and paragangliomas due to sudden release of
catecholamines [119]. Hypertensive crisis has been reported in children [120,121]. As such,
children with catecholamine secreting tumors should undergo α-blockade with phenoxy-
benzamine or doxazosin followed by β-blockade prior to any procedures/operations [122].
Similar to adults, children should be sufficiently α-blocked prior to administration of
β-blockers to prevent unopposed α-stimulation [123].

There are a variety of treatment options for metastatic NEN, but unfortunately none
are curative like complete surgical resection. In patients with resectable primary lesion and
metastatic disease (i.e., hepatic metastases), complete surgical resection of both with cytore-
ductive surgery is recommended [124]. In the setting of unresectable metastatic disease
with resectable primary tumor, debulking by excision of the primary tumor is associated
with increased 5-year survival in midgut NEN adult patients [125]. Hepatic metastases can
also be managed with transarterial embolization (bland, radiation, or chemotherapeutic),
selective internal radiation, or ablation [124,126]. Radiation and radiopharmaceuticals may
be effective for primary and metastatic disease depending on the tumor characteristics
detailed in the next section. Overall, given the diversity of disease processes encompassed
under the classification of NEN, all pediatric patients with NENs should be discussed with
a multi-disciplinary team with expertise in the management of pediatric NENs prior to
surgical/procedural intervention.
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4.2. Radiation Therapy

Radiation therapy and therapeutic radiopharmaceuticals are typically reserved for the
treatment of unresectable or residual NENs, or patients not medically appropriate for sur-
gical intervention [127,128]. External beam radiotherapy and/or stereotactic radiosurgery
are used in aggressive, residual, and unresectable pituitary NENs, medullary thyroid
carcinoma, middle ear NENs, thymic NENs, bronchopulmonary NENs, and gastroen-
teropancreatic NENs [60,129–134]. It is rare to use radiation therapy as a single therapeutic
agent for any NEN but instead used in multimodal treatment plans.

Patients with norepinephrine and somatostatin receptor avid tumors detected with
the functional imaging discussed above can be treated with similarly structured thera-
peutic radiopharmaceuticals. Nonresectable neuroblastomas, pheochromocytomas, and
paragangliomas with elevated MIBG uptake are often treated with 131I-MIBG alone or
in combination with chemotherapeutics [135–137]. A therapy still in evolution that offers
improved outcomes over 131I-MIBG, is peptide receptor radionuclide therapy (PRRT).
PRRT uses radiolabeled somatostatin analogues to deliver radiation therapy directly to
the tumor. It is suitable for the treatment of NENs which overexpress somatostatin re-
ceptors [138]. Two different radiopeptides, 90Y-DOTATOC and 177Lu-DOTATATE, are in
use today. PRRT has shown increased overall survival, progression free survival, event
free survival, and response to treatment when compared to 131I-MIBG in the treatment
of advanced pheochromocytomas and paragangliomas [139]. PRRT has also been used
in MIBG refractory neuroblastoma [140–142]. The NETTER-1 trial showed that 177Lu-
DOTATATE improved both progression free survival and quality of life [143]. At this time,
177Lu-DOTATATE is not FDA approved for use in children and is only used in clinical trials
on a case-by-case basis. Prior to the use of either 131I-MIBG or PRRT, functional imaging
proving the tumor’s avidity for these radiotherapeutics should be confirmed. Additionally,
the NETest may be of use in predicting PRRT response and monitoring disease status
during treatment [101,144].

As it stands, these therapies remain a palliative option for the treatment of advanced
NENs. It is important to recognize these therapies do have potential adverse effects. Similar
to operations and procedures, PRRT can induce carcinoid crisis and MIBG therapy can
induce hypertensive crisis in NEN patients [145–148]. Although, these occurrences are
documented in adults and it is unclear what the true risk is for pediatric patients.

4.3. Medical Management

Similarly, to how somatostatin analogues are beneficial in imaging and radiotherapy,
they can also be used in treatment and symptom control. Octreotide and lanreotide are
somatostatin analogues which have long been used to control carcinoid symptoms and
reduce disease progression in patients with NENs [149–151]. The CLARINET trial demon-
strated significant improvement in progression free-survival of 65.1% at 24 months in NEN
patients treated with lanreotide versus only 33.0% in the placebo group [151]. The PROMID
trial found octreotide was beneficial in prolonging time to tumor progression [152,153].
There are multiple studies evaluating these agents and others for disease control and
symptom management, including the TELESTAR study which found telotristat ethyl im-
proved carcinoid syndrome diarrhea and reduced urinary 5-HIAA levels in patients not
well controlled with somatostatin analogues [154]. However, response is dependent on
somatostatin receptor status of the tumor and PRRT has been shown to be more effective
than somatostatin analogues alone in the treatment of adult NEN patients [143].

Many of the treatment options available to pediatric NEN patients is extrapolated from
what works in adults [155]. Various chemotherapeutics (cyclophosphamide, vincristine,
dacarbazine, temozolomide, capecitabine, etoposide, cisplatin/carboplatin, everolimus, and
mTOR inhibitors) have been used with varying success to treat advanced NENs [60,156–162].
The use of chemotherapeutics in pediatric patients must be decided on an individual basis
with consideration of inclusion in clinical trials suited to the location and molecular profile of
the tumor.
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4.4. Clinical Trials

Due to the rarity of NENs in the pediatric population and the wide variety of organ
systems they can originate from, there are few clinical trials that have been conducted or
are being conducted specifically in this population beyond those focused on radiophar-
maceuticals. In general, pediatric patients with NENs have and continue to be treated in
solid tumor clinical trials that involve both pediatric and adult populations typically geared
toward other solid malignancies. In a form of concordance with the movement towards
personalized medicine, many of these patients are included in clinical trials if they have
refractory or relapsed disease with certain genetic mutation profiles that can be targeted
with the investigational chemotherapeutics (e.g., MDM2, MDMX, RET, BCL-2, and many
others) [163]. Current ongoing therapeutic clinical trials focused on NENs are investigating
the clinical efficacy and safety of 177Lu-DOTATATE in children with gastroenteropancre-
atic NENs, paragangliomas, and neuroblastomas (NCT04711135, NCT03966651) [164–166].
Prior Phase I and II clinical trials with 90Y-DOTATOC and 177Lu-DOTATATE in chil-
dren with solid tumors have shown minimal dose-limiting toxicities with a good safety
profile indicating their safety in this population [167,168]. As these ongoing clinical trial
progress to completion, the treatment paradigm of pediatric NENs are expected to change
accordingly. In the interim, a pediatric patient with refractory, recurrent, and/or retained
neuroendocrine disease should be considered for inclusion in a clinical trial.

5. Long-Term Outcomes

Overall, pediatric cancer patients are living longer with more cancer survivors living
well into adulthood [169]. Although many childhood cancers survival rates have seen large
improvements over the past few decades, only a very modest improvement in survival
has been seen in some pediatric NEN patients. For instance, from 1975 to 2006, 5-year
survival for neuroblastomas increased nearly 30 percent whereas over the same period,
5-year survival only increased by 1 percent for other pediatric NEN patients. Overall,
pediatric NEN patients do have a better survival compared to adults, but survival varies
widely based on site of the primary lesion [6]. Survival for appendiceal NEN is observed to
be 100% whereas foregut NEN survival is only 26%, and even worse for those of unknown
primary (10.5% observed survival rate) [12]. Given this significant heterogeneity in survival
outcomes and the individual rarity for each tumor location, it is not surprising that clinical
trials and studies do not capture pediatric NENs as an individual entity like they do for
other pediatric malignancies (i.e., leukemias, lymphomas, etc.).

Similar to the wide margin of survival for all pediatric NENs, rate of recurrence is
equally tumor and organ specific. Of the multitude of studies on pediatric appendiceal
NENs, most report no observed recurrences in their patient populations [109]. One study
out of Poland has documented a recurrence after surgical resection (which was subsequently
surgically removed, with no further evidence of recurrence on follow-up) [170]. In contrast,
other extra-appendiceal gastrointestinal NETs, although rarer than appendiceal NETs in
children, have a greater risk of recurrence [13]. Within the adult and pediatric population,
recurrence of middle ear NEN is quoted to be 22% [171]. There are multiple small case series
and retrospective reviews on bronchial NENs in mixed pediatric and adult populations
where no recurrences were detected and others finding a recurrence rate of 2–27% depend-
ing on histological subtype (atypical 7.9 times more likely to recur than typical) [13,22,172].
The recurrence rate for medullary thyroid cancer even after total thyroidectomy is 9–12% in
children but varies greatly in timing of thyroidectomy and genetic predisposition [60,173].
Children with MEN 2 mutations who undergo prophylactic thyroidectomy at younger
ages have lower risk of recurrent or persistent disease [173]. Hence the recommendation
for prophylactic thyroidectomy at or before 5 years old in children with high risk MEN2
mutations [60]. Recurrence of NENs can occur even 50 years after initial diagnosis making
life-long surveillance a necessity for childhood NEN survivors [174].

The North American and British Childhood Cancer Survivor Studies (CCSS and
BCCSS) have been instrumental in defining the long-term outcomes for a number of pe-
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diatric malignancies, but unfortunately NENs have not been characterized through this
study [175,176]. Thus, the long-term outcomes of survivors of pediatric NENs as they live
into adulthood are relatively unknown. Through the childhood cancer survivor studies, it
was found that childhood cancer survivors develop more chronic health conditions (cardiac,
musculoskeletal, neurologic, endocrine, and gastrointestinal) and are at higher risk of devel-
oping a subsequent malignancy compared to the general population [169,177]. Childhood
cancer survivors also face social and economic disadvantages in life as they are less likely
to graduate college and less likely to have full-time employment [178,179]. Almost 15%
of childhood cancer survivors develop posttraumatic stress symptoms that can impede
quality of life [180]. Many of these risks differ based on the primary malignancy, however
the treatment modalities employed during childhood also confer risk of developing these
outcomes in adulthood. Although these studies do not pertain to pediatric NEN patients
in particular, it is unlikely pediatric NEN patients are exempt from these trends as the
treatment modalities are similar to other childhood malignancies. These patients should be
monitored appropriately for outcomes of the like well into adulthood.

6. Challenges and Opportunities

Like most rare diseases, relatively low incidence has been a significant deterrent to
advancements in clinical drug development in NENs. Many clinical trials are often termi-
nated early due to lack of enrollment. NEN translational research also suffers from lack of
easily accessible high quality pre-clinical models. Last but not the least, dichotomization of
NENs among various site-specific disease groups has led to a lack of common terminology,
classification, and management framework. While we acknowledge the above mentioned
challenges, we are also optimistic about the road ahead. The several fold increase in the
incidence of NENs has garnered attention of not only the pharmaceutical industry but
also the National Cancer Institute (NCI) and has resulted in a significant upsurge in in-
terventional therapeutic clinical trials [181]. Consensus is being generated to homogenize
terminology and classification of various subsets of NENs. Our understanding of the
molecular underpinning of NENs has substantially improved in the last decade and molec-
ular characterization of NENs is not only being considered to classify the morphologic
subtypes of NENs but will also pave the way for relevant precision medicine clinical trials
in the future.

7. Conclusions

NENs can present in a variety of ways with outcomes which range from benign to
very aggressive. It is crucial healthcare providers of all levels in all specialties be aware of
how NENs can present given the potential for high morbidity in delayed diagnoses. As our
understanding of this disease continues to progress, the management of NENs continues
to evolve. This review provides an overview of all the commonly encountered forms of
NENs in pediatric patients with up to date recommendations so any healthcare provider
can quickly and accurately acclimate themselves.
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Simple Summary: Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal
neoplasms of the gastrointestinal tract. GISTs mainly develop in older adults, and the median age of
diagnosis is 60–65 years. The incidence of GISTs in young adult patients, defined as adults before
40, is less than 10%. The frequency and type of molecular abnormalities in this group of patients
are different from those in older patients. In this publication, we focus on the specificity of GISTs
in young people and the principles of therapeutic management and management of the side effects
of treatment.

Abstract: Gastrointestinal stromal tumors (GISTs) originate from Cajal’s cells and are the most
common mesenchymal neoplasms of the gastrointestinal tract. GISTs in young adults, i.e., patients
before the age of 40, are rare and differ from those in older patients and GISTs in children in terms of
the molecular and clinical features, including the location and type of mutations. They often harbor
other molecular abnormalities than KIT and PDGFRA mutations (wild-type GISTs). The general
principles of therapeutic management in young patients are the same as in the elderly. Considering
some differences in molecular abnormalities, molecular testing should be the standard procedure to
allow appropriate systemic therapy if needed. The optimal treatment strategy should be established
by a multidisciplinary team experienced in sarcoma treatment. The impact of treatment on the quality
of life and daily activities, including the impact on work, pregnancy, and fertility, in this patient
population should be especially taken into consideration.

Keywords: gastrointestinal tumors; GIST; young adult; TKI; tyrosine kinase inhibitor; wild-type; KIT;
PDGFRA; NF1; SDHB; SDH-competent; SDH-deficient

1. Introduction

Gastrointestinal stromal tumors (GISTs) usually develop in older people, and the
median age of diagnosis is 60–65 years. GISTs rarely develop in younger patients. In
children, GISTs often occur in girls, are located in the stomach, and generally do not have
KIT/PDGFR mutations. The typical phenotypic and genotypic patterns in young adults
aged 18 to 40 years are unknown. Less than 10% of GISTs are diagnosed in young people,
i.e., before 40, and less than 1% of GISTs are diagnosed below 21 [1]. This disease in
this population must be appropriately managed to optimize the efficacy and tolerability,
primarily due to the long-expected survival and active participation in social and family
life and the disease’s impact on work, psychological aspects, and fertility. Young adulthood
is a period of significant physical and psychosocial change, including continuing education,
gaining financial independence, entering romantic relationships, starting a family, and
raising children [2]. The disease and its treatment can interfere with daily activities and
make it difficult to carry out daily activities. The treatment strategy should be defined by a
multidisciplinary team experienced in soft tissue sarcomas, comprising an oncological sur-
geon, medical oncologist, pathologist, radiologist, gastroenterologist, and nuclear medicine
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specialists. Surgical treatment with R0 resection (negative margins), if possible, remains the
mainstay of GIST management.

In some cases, preoperative therapy may be introduced. High- and intermediate-risk
GISTs require adjuvant therapy [3]. For metastatic disease, targeted therapies are available,
but surgery may also be used in some cases. Due to the molecular characteristics of young
adult GISTs, specific considerations regarding appropriate therapy are needed to introduce
the optimal treatment in young individuals with GISTs.

2. Epidemiology

GISTs are the most common mesenchymal neoplasms of the gastrointestinal tract. The
incidence has been increasing during the last decades and, in most published studies, is
reported at 10–15 new cases/per 100,000 per year [4–7].

3. Biology and Molecular Biology

The most common location of GISTs is the stomach (~60%). Less often, they are located
in other parts of the gastrointestinal tract: about 30% of GISTs are detected in the jejunum
and ileum, 5% in the duodenum, 5% in the rectum, and <1% in the esophagus [1]. Most
GISTs are detected due to symptoms, but some are diagnosed as incidental findings during
surgery or autopsy. The median size of GISTs ranges from 2.7 to 8.9 cm [5]. An example of
advanced wild-type GIST originating in the stomach in young adult women treated for
18 years is shown in Figure 1.

 

Figure 1. Advanced wild-type GIST originating in the stomach in young adult women treated for
18 years.

Two typical histological patterns of GIST are known. One is the spindle cell (60–70%)
pattern and the second is epithelioid (30–40%). In some cases, a combination of both
patterns in variable proportions occurs. GISTs stain positive for KIT (CD117, 95%) and
DOG1 (almost exclusively characteristic for GIST). DOG1 expression is independent of the
KIT status. About 5% of GISTs are CD117 negative, mainly in patients with the PDGFRA
mutation [8].

Abraham et al. studied 150 esophagogastric resections for esophageal or esophagogas-
tric junction carcinomas, and they found incidental GISTs in 15 of 150 (10%) patients [9].
All detected GISTs had a spindle cell morphology and were positive for CD117 and CD34.
A study conducted in Germany showed a 25% incidence of small GISTs in the stomach in
autopsies [10]. The majority of GISTs are sporadic and solitary, and about 80% of GISTs
harbor activating mutations in the KIT or PDGFRA genes. These genes are responsible
for the upregulation of crucial signaling pathways, including MAPK and PI3K-AKT. Up
to 20% of CD117 (+) GISTs do not harbor KIT and PDGFRA mutations, i.e., are wild-type
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GISTs [11]. PDGFRA-mutant tumors are primarily located in the stomach, mesentery, and
omentum. GISTs with KIT exon 9 mutations primarily develop in the small intestine [12].
Most GISTs in children are wild type.

GISTs in young adults differ from pediatric GISTs and are not similar to typical
GISTs in older patients. The data about the biology of GISTs in young adults is limited.
IJzerman et al. published data from the Dutch GIST Registry for young adults aged 18 to
40 years and compared this data with data from older patients (>40). Of 1010 patients,
52 patients were ≤40 years. The authors found statistically significant differences between
young and older GIST patients regarding the localization, mutational status, and presenta-
tion. The tumors were primarily located in the stomach (46%) and small intestine (46%).
KIT mutations were diagnosed in 69% of patients and PDGFRA in 6%. In total, 25% of
patients did not harbor KIT and PDGFRA mutations. Among them, 8% had SDH-deficient
disease, 4% associated with NF1, 2% with ETV6-NTRK3 gene fusion, and 10% were wild
type. Young patients with GISTs were more often diagnosed in an emergency setting
(18% vs. 9%). The overall 5-year survival rate was 85% [13].

Kang et al. analyzed 22 cases of GISTs in children and young adults up to 30 years of
age. Of the 20 GISTs in young adults, 60% were located outside the stomach, and KIT or
PDGFRA gene mutations were identified in 78% of the 18 cases. Ninety patients underwent
R0 resection. One patient with a GIST located in the small intestine and with the KIT exon
11 deletion mutation had recurrent disease and was treated with imatinib with partial
response. At diagnosis, one patient with multiple GISTs located in the stomach and with
perigastric lymph node metastases developed multiple distant metastases and died after
7.3 years [14].

GISTs in young adults may have GIST features of child or adult GISTs. Prakars et al.
analyzed the clinicopathologic and molecular features of 15 cases of GISTs in children and
young adults (<30 years old). They included 15 patients with GIST, 5 children and 10 adults.
Half of the 10 GISTs in young adults occurred in the small intestine and had a spindle cell
morphology. In one case, lymph node metastasis was found. KIT mutations were identified
in seven cases, four in exon 11 and three in exon 9. Recurrence was observed in seven
patients [15].

Advances in molecular biology have allowed recognition that GISTs without KIT/PDGFRA
mutations are usually deficient in succinyl dehydrogenase (SDH) due to silencing the
epigenetic SDHC gene, and/or they have mutations in NF1 and BRAF V600E, or NTRK
gene rearrangement [16,17].

SDH mutations are more frequent in younger patients, especially in GISTs arising
from the stomach. SDH-deficient GISTs make up 5% to 7.5% of all GISTs. The GIST with
SDH mutations tends to metastasize, may metastasize to lymph nodes (which is unusual
in typical GISTs), less frequently metastasize to the liver, usually grow slowly, and are
often resistant to imatinib. In histological examination, these tumors are characterized by
a multinodular growth pattern with epithelioid cells, which are multifocal. Additionally,
it was found that SDH-deficient GISTs overexpress insulin-like growth factor receptors
(IGF1R) [18]. Testing for germline mutations in SDH should be considered in young adults
with GISTs wild type for KIT/PDGFRA mutations.

Some clinical syndromes are associated with GISTs, and these cases are usually di-
agnosed in young adults. One of them is the Carney’s triad, which is usually a sporadic
association of pulmonary chondroma, GISTs, and paraganglioma. GISTs in Carney’s
triad differ clinically, pathologically, and behaviorally from sporadic GISTs. Zhang et al.
studied the clinical and pathologic features of the gastric neoplasm in 104 patients with
Carney’s triad. They found that GISTs in Carney’s triad mainly affect young (mean age 22)
women (88%), are often multifocal with higher epithelioid cell predominance, more often
metastasize to lymph nodes, and often relapse. Their behavior is unpredictable [19]. The
usual presentation was gastric bleeding. The second one, Carney-Stratakis syndrome,
is a combination of familial paraganglioma and GISTs and is usually inherited and not
associated with pulmonary chondroma. It is difficult to distinguish between Carney’s
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triad and Carney-Stratakis syndrome due to the rarity of the components, and molecular
testing may be helpful. GISTs in Carney-Stratakis syndrome and Carney’s triad may be
SDH-deficient GISTs. Carney’s triad is usually caused by a specific pattern of methylation
of the SDHC gene and may be due to germline mosaicism of the responsible genetic defect.
Carney-Stratakis syndrome is instead caused by inactivating germline mutations in genes
encoding for the SDH subunits [18].

In addition, type 1 neurofibromatosis (NF1), resulting from a loss-of-function mu-
tation in the NF1 gene, may be related to multifocal GIST, predominantly located in
the jejunum or ileum, with the frequent presentation of gastrointestinal bleeding and
anemia [20].

Based on the information above, primary resistance to imatinib is more common in
GISTs in young populations due to the presence of mutations that prevent the molecule
from binding to its KIT- and PDGFRA-binding sites. Wild-type GISTs are commonly
insensitive to standard therapies, including imatinib [21–23]. About 10–15% of patients
develop primary and early resistance during the first six months of therapy. The other most
common genetic abnormality associated with primary resistance to imatinib is the D842V
mutation, which relies on substitution of aspartic acid in codon 842 of PDGFRA into valine.
Moreover, GISTs with mutations in exon 9 show a lower response rate and progression-free
survival to imatinib than the most common exon 11 mutations when imatinib is used at a
dose of 400 mg/day. In such cases, imatinib used at a dose of 800 mg/day is associated
with better progression-free survival.

In addition to primary resistance, secondary resistance to imatinib may occur. The
disease progresses in approximately 40–50% of patients during the first 2–3 years of imatinib
therapy. This secondary resistance may be due to the accumulation of secondary point
mutations in different regions of the KIT and PDGFRA genes [24]. It may also be due to
the fibroblast growth factor (FGF) and the FGF receptor (FGFR) [25]. It has been shown
that crosstalk between KIT and FGFR can promote imatinib resistance by reactivating the
MAPK signaling pathway. Imatinib resistance may be promoted by crosstalk between KIT
and FGFR due to the reactivation of the MAPK signaling pathway.

Hostein et al. analyzed a series of 321 GISTs for BRAF mutations and B-raf expression.
They analyzed 251 GISTs with KIT or PDGFRA mutations and 70 wild-type GISTs. Among
GISTs with KIT and PDGFRA mutations, no V600E mutation was detected. In wild-type
GISTs, nine cases were positive for V600E mutation. GISTs with BRAF mutations were
mainly localized in the small intestine and the stomach. No statistical difference in tumor
location and other histologic and clinical features, including age, was found between WT
GISTs with or without BRAF mutations. Three patients with BRAF mutations were high
risk, three intermediate, two low, and in one case, the risk was not determined. They
assessed BRAF expression in 37 GISTs (8 wild-type BRAF V600E-positive, 9 wild-type
BRAF-negative, and 20 KIT- or PDGRFA-positive. BRAF expression was present in all cases.
About 13% of KIT and PDGFRA wild-type GISTs are BRAF mutated [26].

Brenca et al. identified one fusion gene, ETV6-NTRK3, in one case of GIST among
five KIT/PDGFRA/BRAF mutation-negative SDH-proficient tumors [27]. Shi et al. per-
formed genetic comprehensive genomic profiling for coding regions in about 300 cancer-
related genes of 186 GISTs to identify their somatic alterations. They found 24 GISTs
without KIT, PDGFRA, and RAS mutations. Twelve did not harbor SDH alternations. The
median age of patients with wild-type tumors was 44.4 years. The authors identified the
most common mutated genes: ARID1B, ATR, FGFR1, LTK, PARK2, SUFU, and ZNF217. In
two GISTs, FGFR1 gene fusions were detected (FGFR1–HOOK3, FGFR1–TACC1), and one
ETV6–NTRK3 fusion that responded to TRK inhibition [28].

The summary of the main characteristics of GISTs in young people is presented in
Table 1.
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Table 1. Summary of the main characteristics of GISTs in young people.

Characteristics

clinical

• are rare
• more often develop in the stomach and small intestine
• are more often diagnosed in emergency settings
• the primary resistance to imatinib is more common
• GISTs with SDH mutations tend to metastasize, including lymph

nodes, less frequently metastasize to the liver, usually grow
slowly, and are often resistant to imatinib

• may be related to hereditary syndromes, such as Carney’s triad or
neurofibromatosis type 1

pathological • may have GIST features of children or adults GIST

molecular • more frequent wild type, more frequent mutations related to
resistance to imatinib, including SDH mutations

4. Treatment

4.1. Surgery and Perioperative Therapy

The young adult population is a particular group of patients. Their lifestyle, lack of
routinely used screening tests, delays in presentation, lower incidence of neoplasms, and,
therefore, less frequent association of symptoms with suspected neoplasms may delay
diagnosis and treatment.

The data on the treatment of GISTs in young patients is limited. As with all pa-
tients with GISTs, the main goal of GIST treatment is the surgical removal of tumors with
histologically negative margins (R0). Molecular testing is recommended.

It was shown, based on the National Cancer Institute’s Surveillance, Epidemiology,
and End Results (SEER) database analysis of patients with GISTs, that surgical treatment
in people below 40 is performed more often (84.7% vs. 78.4%, p = 0.003), and is related
to better outcomes in terms of GIST-specific survival (GSS) and overall survival (OS) in
comparison to patients ≥40, including patients with metastases. This retrospective cohort
study included 392 young patients (13–39) and 5373 older adult patients diagnosed from
January 2001 until December 2013, with follow-up until December 2015. Young patients
were more often diagnosed with small intestine GISTs than older patients (35.5% vs. 27.3%,
p = 0.008). In the young patient subgroup with GISTs located in the stomach and small
intestine, the small intestine location was associated with improved OS (91.1% vs. 77.2%,
p = 0.01%), and GSS (91.8% vs. 78.0%, p = 0.008) and were more often treated surgically
(84.7% vs. 78.4%, p = 0.003). In general, surgical treatment improved the prognosis in
young patients with GISTs. Management without surgery was associated with a more than
two-fold increased risk of death from GISTs [29].

Extended anatomic resections and complex multivisceral resections should be avoided
whenever possible. In low-risk GISTs located in unfavorable locations, the R1 resection
may be acceptable, and the decision should be made with the patient [30]. Usually, for R1
resection, routine re-excision is not recommended on a routine basis, and the microscopic
margin status should not be taken when deciding on adjuvant therapy. If extended surgery
is required, imatinib neoadjuvant therapy should be considered in GISTs with imatinib-
sensitive mutations.

For GISTs insensitive to imatinib, i.e., GISTs with PDGFRA exon 18 mutations (includ-
ing the D842V mutation), neoadjuvant avapritinib may be considered. Before neoadjuvant
therapy, a biopsy should be performed to confirm the diagnosis and molecular testing.
Imatinib can be continued in a preoperative setting until the maximum response, with
close response assessment to avoid missing the resistance and progression. Imatinib should
be continued in an adjuvant setting after surgery. Patients after preoperative avapritinib
should undergo observation after surgery [30]. Patients with PDGFRA mutations and

109



Cancers 2022, 14, 2831

wild-type GIST after curative surgery have a lower risk of recurrence than patients with
KIT mutations [3,30].

In patients who were treated systemically perioperatively, imatinib can be stopped
right before surgery and restarted as soon as the patient can tolerate oral medications.
Avapritinib should be stopped at least one week prior to surgery.

During the surgery, every effort should be made not to disturb the tumor pseudocap-
sule. One of the adverse prognostic factors is tumor rupture.

In some circumstances, a laparoscopic (favorable anatomic locations, small tumors)
or endoscopic (small tumors in the upper or lower GI tract) approach may be considered.
Based on a meta-analysis of 19 studies, including 1060 patients with GISTs, it was shown
that there is no difference between laparoscopy and laparotomy regarding long-term
outcomes. Laparoscopy was associated with less blood loss, lower complication rates, and
shorter hospitalization [31].

The incidence of nodal metastases is low, and lymphadenectomy is usually not re-
quired. Lymphadenectomy must be considered in patients with known SDH-deficient
GISTs or translocation-associated GISTs and pathologically enlarged nodes. For SDH-
deficient GISTs with multifocal disease, extensive surgery associated with significant
morbidities, such as total gastrectomy, is not recommended to reduce the risk of recurrence
in the stomach [3]. In GIST patients with SDH deficiency or known SDH mutations, the risk
of paraganglioma is increased, and diagnostic tests should be considered prior to surgery.
Patients with SDH mutations are at risk of paraganglioma, and they should be tested using
24-h urine collection prior to the surgery [3].

The available data indicate that perioperative imatinib should be used for three years
(including preoperative therapy). As per NCCN guidelines, adjuvant imatinib is preferred
for patients with a significant risk of recurrence, i.e., intermediate or high risk. The ESMO
guidelines recommend adjuvant therapy for high-risk patients, and for patients with
intermediate risk, the decision should be individualized, and the decision-making process
may include genotyping for KIT mutations [3,30].

Three years of therapy improved the relapse-free survival (RFS 65.6% vs. 47.9%) and
overall survival (OS, 5-year OS: 92% vs. 81.7%, 10-year OS: 79% vs. 65.3%) in comparison
to the one-year therapy [32,33]. The phase II PERSIST-5 study has shown that five years
of adjuvant imatinib therapy was associated with little risk of recurrence in patients after
resection of intermediate- or high-risk GISTs [34]. The 5-year recurrence-free survival was
90%, and the 5-year overall survival was 95%; 49% of patients did not complete therapy,
with the time from treatment discontinuation to relapse ranging from 7 to 24 months [35].
The ESMO guidelines recommend perioperative therapy with imatinib for three years [30].

Patients with PDGFRA D842V-mutated GISTs should not be treated with adjuvant
therapy due to the lack of imatinib efficacy and other systemic options in adjuvant set-
tings [30]. Adjuvant treatment, including imatinib, is not recommended in NF1-related and
SDH expression-negative, BRAF-mutated, or NTRK-rearranged GISTs [30].

GIST staging is usually based on the American Joint Committee on Cancer (AJCC)
TNM classification system 8th edition from 2017 [3].

The risk assessment uses tumor features such as the primary mitotic count, tumor size,
and tumor site, and standard risk classification does not include mutational status [36,37].

4.2. Treatment of Unresectable/Metastatic GISTs

In unresectable and metastatic settings, systemic therapy with targeted therapies is
the mainstay of disease management. GISTs are generally resistant to chemotherapy and
radiation therapy.

Medical therapy in young adults should be simplified to adjust to daily activities,
whenever possible. The visits and consultations should be flexible to enable young adults
to continue therapy without impacting school or work and daily activities. The patients
should be well educated about the disease, prognosis, treatment options, and additional
support, including mental health specialist and psychological counseling. It should also
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include counseling about fertility impairment and preservation before treatment initiation
and its impact on sexual health. Smokers should be referred to a smoking cessation program.
Patients should also be educated on dietary recommendations and possible changes related
to cancer treatment [38].

Imatinib is the standard of care in the first line of unresectable and metastatic GISTs. It
was the first drug introduced into clinical practice in GISTs. It is a KIT and PDGFRA tyrosine
kinase inhibitor. Before discovering imatinib, the median OS of patients with unresectable
or metastatic disease was 12–15 months. Based on prospective clinical trials, imatinib
improved OS to approximately five years. The median PFS was 2–3 years. Complete
responses were rarely observed in 5–7% of patients, but partial responses were observed
in 40% of patients, and disease stabilization in 36% [39–41]. These data were confirmed in
clinical practice [39,42]. Imatinib is used at a daily dose of 400 mg, and the daily dose may
be increased in case of disease progression to 800 mg [43]. The best responses to imatinib
occur in GISTs with mutations in KIT in exon 11. GISTs with exon 9 KIT mutations and
GISTs without KIT mutations, and GISTs with specific mutations in the PDGFRA gene,
especially D842V, are less or insensitive to imatinib.

For adult patients with unresectable or metastatic GIST harboring the PDGFRA D842V
mutation, which is resistant to imatinib, avapritinib has been approved for first-line therapy
based on phase I NAVIGATOR study results. Avapritinib is a type 1 kinase inhibitor that
has demonstrated activity on the PDGFRA D842V and KIT D816V mutants associated with
resistance to imatinib, sunitinib, and regorafenib. The USA approved the drug to treat
unresectable or metastatic GIST patients harboring PDGFRA exon 18 mutations, including
the PDGFRA D842V mutation. In Europe, this drug has been approved for PDGFRA D842V
GISTs. In patients with GISTs with the PDGFRA D842V mutation treated with different
doses, the objective response rate (ORR) was 88%, with CR in 9% of patients, PR in 79%,
and SD in 13%. The ORR among 38 patients with the PDGFRA D842V mutation treated
with avapritinib 300 or 400 mg was 95%, with CR in 13% of patients and PR in 82%. The
median PFS was 24 months. Median OS was not reached, and the duration of response was
22 months [44,45].

In the phase III VOYAGER study, avapritinib was compared to regorafenib in patients
with unresectable or metastatic GIST previously treated with imatinib and one or two other
tyrosine kinase inhibitors (TKIs). The primary endpoint of an improvement in PFS was not
met. PFS was 4.2 months in the avapritinib arm and 5.6 months in the regorafenib arm [46].

Patients who progress or are intolerant to imatinib may be treated with sunitinib in
the second-line therapy. Sunitinib is a multitargeted TKI that targets KIT receptor tyrosine
kinase, PDGFR, VEGFR, and FLT3. This is the only TKI approved for GIST therapy in the
second line. Up to 40% of patients on sunitinib, especially with the exon 9 KIT mutation,
may achieve long-term responses, with the time to progression 6–8 months (median).
In a phase III, randomized, placebo-controlled, double-blind study, the progression-free
survival was 22.9 vs. 6.0 weeks in the placebo arm. PFS and OS were longer in patients
with a primary KIT exon 9 mutation or wild-type KIT/PDGRFA. The recommended dose of
sunitinib is 50 mg taken orally once daily for 4 consecutive weeks, followed by a 2-week
rest period (schedule 4/2). Dose modifications in 12.5 mg steps may be applied for toxicity
management based on individual safety and tolerability. An option is a continuous dosing
regimen with a dose of 37.5 mg daily without interruption [47–50].

Regorafenib is another oral inhibitor that potently blocks multiple protein kinases,
including kinases involved in tumor angiogenesis (VEGFR1, -2, -3, TIE2), oncogenesis
(KIT, RET, RAF-1, BRAF, BRAFV600E), metastasis (VEGFR3, PDGFR, FGFR), and tumor
immunity (CSF1R) [51]. The drug is approved for treatment of adult patients with GISTs
who have been previously treated with other anticancer medicines (imatinib and sunitinib).
The recommended dose is 160 mg taken orally once daily for the first 21 days of each 28-day
cycle. Regorafenib was assessed in a multicenter phase II study [52] and phase III GRID
trial [53]. In the previously pretreated population, the mean PFS in the regorafenib group
was more than five times longer than in the placebo group.
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Ripretinib is a TKI that inhibits KIT proto-oncogene receptor tyrosine kinase and
PDGFRA kinase, including wild-type, primary, and secondary mutations, and inhibits
other kinases in vitro such as PDGFRB, TIE2, VEGFR2, and BRAF. Ripretinib was assessed,
in comparison to a placebo, in the phase II INVICTUS study in patients with disease
progression on at least imatinib, sunitinib, and regorafenib or who had documented in-
tolerance to any of these medications despite dose modifications. Ripretinib, as a fourth
or further treatment line, significantly improved median PFS compared with the placebo
(6.3 vs. 1.0 months; HR 0.15; 95% CI 0.09–0.25; p < 0.0001). Median OS was 15.1 and
6.6 months in the ripretinib and placebo arms, respectively (HR 0.36; 95% CI 0.21–0.62) [54].

Ripretinib has also been assessed compared to sunitinib in the phase III INTRIGUE
study in patients with advanced GIST after treatment with imatinib. PFS was not statisti-
cally different between the ripretinib and sunitinib arms, and median OS was not reached
in either arm [55].

A summary of the efficacy of drugs approved for treatment of unresectable and
metastatic GISTs is provided in Table 2.

Table 2. Summary of the efficacy of drugs approved for treatment of unresectable and metastatic GISTs.

Authors and Type of Study Drug mPFS mOS ORR (%)

Blanke et al. phase III randomized trial
2008 (NCT00009906) [56]

imatinib 400 mg vs.
imatinib 800 mg 18 vs. 20 months 55 vs. 51 months 43 vs. 41

Demetri et al. phase III randomized trial
2006 (NCT00075218) sunitinib vs. placebo 22.9 vs. 6.0 weeks 72.7 vs. 64.9 weeks 6.6 vs. 0

Demetri et al. [53] phase III randomized
trial 2013 (NCT01271712) regorafenib vs. placebo 4.8 vs. 0.9 months HR 0.77; p = 0.199 75.9 vs. 34.8

Jean-Yves Blay et al. phase III randomized
trial 2020 (NCT03353753) [54] ripretinib 6.3 vs. 1.0 months 15.1 vs. 6.6 months 9

Jones et al. [45] phase I (NCT025085320)
avapritinib (data for

patients with PDGFRA
D842V mutation)

NR; PFS at 3 months 100%;
6 months 94%, 12 months 81%

NR; estimated OS at
6 months 100%, 12 months

91%, 24 months 81%
88

mPFS—median progression-free survival; mOS—median overall survival; ORR—objective response rate; NR—not
reached; HR—hazard ratio; PDGFRA platelet-derived growth factor receptor A.

Pazopanib, an orally administered, potent multi-target tyrosine kinase inhibitor (TKI)
of VEGFR1, VEGFR2, VEGFR3, PDGFRA, PDGFRB, and c-KIT, was assessed in the phase II
PAZOGIST study in patients with GIST (n = 81) with failure on imatinib and sunitinib. The
4-month PFS rate in central assessment was significantly higher in the pazopanib group
(44.3%) compared to the control group (17.6%). Based on the investigator’s assessment, the
median PFS was 3.4 months in the pazopanib arm and 2.3 months in the placebo group [57].

Sunitinib, regorafenib, and pazopanib may be more effective in GISTs with SDH muta-
tions and SDH-deficient GISTs. The multicenter series of pediatric/young adult patients
with advanced KIT/PDGFRA WT GISTs treated with sunitinib (potent antiangiogenic in-
hibitor) confirmed some clinical benefits of sunitinib in this population [58]. These data
were similar to the series of Janeway et al. in pediatric GIST patients. A longer time to
progression on sunitinib compared to prior imatinib therapy was observed [59].

Sorafenib, a multikinase inhibitor with activity against KIT and PDGFRA and several
other kinases, was assessed in two single-arm phase II clinical trials in patients with GISTs
after progression during therapy with imatinib and sunitinib. Median PFS in both trials
was about 5 months, and OS was 9.7 and 11.6 months, respectively [60,61].

Patients with GIST with NTRK rearrangement may be sensitive to the neurotrophic
tyrosine receptor kinase (NTRK) inhibitors larotrectinib and entrectinib. The efficacy of
NTRK inhibitors was shown in clinical trials in patients with solid tumors [30,62,63].

Patients with GISTs with BRAF mutations may benefit from BRAF inhibitors (including
the anti-BRAF plus anti-MEK combination) [30]. Falchook et al. showed the activity of
the BRAF inhibitor dabrafenib in non-melanoma solid tumors in a phase II study [64].
They also showed dabrafenib’s antitumor activity in GIST patients with the V600E BRAF
mutation [65].
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Other molecules that may be effective in some GISTs include nilotinib, ponatinib,
dasatinib, cabozantinib, and crenolanib.

Nilotinib, a selective and potent TKI targeting BCR-ABL, c-KIT, PDGFR, and other
kinases, is effective in patients who failed both imatinib and sunitinib due to disease
progression or intolerance. In the study conducted by Montemurro et al. (n = 52), 10% of
patients responded to nilotinib, and 37% achieved disease stabilization. Median PFS was
12 weeks, and median OS was 34 weeks [66]. In the post hoc subset analyses in the phase
III study, nilotinib provided significantly longer median OS in patients pretreated with
imatinib and sunitinib [67].

Ponatinib is a potent pan BCR-ABL inhibitor, which demonstrated activity against
RET, FLT3, and KIT and members of the FGFR, PDGFR, and VEGFR families of kinases [68].
This drug has shown activity against the KIT exon 17 D816-mutant kinases [69]. In a phase
II single-arm study (n = 42), the clinical benefit rate in patients with KIT exon 11 mutations
at 16 weeks was 37% [70]. In the POETIG study, another phase II trial that used ponatinib
at a reduced dose, the clinical benefit rate was 35%, and the median PFS was 86 days [71].

Dasatinib, a potent inhibitor of BCR-ABL, KIT, and SRC family kinases, was assessed
in a phase II study in patients with GIST resistant to imatinib. The median PFS and OS were
2 and 19 months, respectively, and the median PFS in wild-type GISTs was 8.4 months [72].
As per current NCCN guidelines, dasatinib may be used for patients with PDGFRA exon
18 mutations insensitive to imatinib, including PDGFRA D842V mutations [3].

Cabozantinib, a multitargeted TKI targeting KIT, VEGFR-2, MET, and AXL, was
assessed in patients with metastatic GIST after treatment with imatinib and sunitinib in the
phase II CaboGIST study. The median PFS at 12 weeks was 60%. DCR was 82%, with PR in
14% and SD in 68% of patients. The median PFS was 5.5 months, and the median OS was
18.2 months [73].

Crenolanib is a TKI with activity against PDGFR and FLT3 with nanomolar activity
against PDGFRA D842V mutant GIST. Crenolanib was used in a phase II study and is
currently being assessed in a randomized, double-blinded, placebo-controlled phase III
trial in advanced and metastatic PDGFRA D842V mutant GIST (CrenoGIST) [74–76].

Some molecular data indicate that O6-methylguanine-DNA methyltransferase (MGMT)
promoter methylation is prevalent in SDH-deficient GISTs, suggesting sensitivity to alkylat-
ing agents. Yebra et al. presented data during the 2020 Annual Meeting of Connective Tissue
Oncology Society, which demonstrated the therapeutic vulnerability of SDH-deficient GISTs
to the DNA alkylating agent, temozolomide, and a 40% rate of objective responses among
five patients treated with this drug. The disease control rate was 100% [77,78]. A phase II
study (NCT03556384) is ongoing. Further preclinical and clinical research on SDH-deficient
GISTs is needed.

For patients with metastatic GISTs with mutations resistant to imatinib, sunitinib,
regorafenib, ripretinib, and avapritinib, referral to a clinical trial is recommended [3].

In patients with limited progression, when standard and investigational therapies
fail, re-challenge with a TKI that was previously tolerated and effective for symptom
palliation may be considered. Patients who progressed on TKI may experience tumor
growth acceleration after TKI discontinuation. In a phase III RIGHT study (n = 81), after a
median follow-up of 5.2 months, the median PFS was 1.8 months in the imatinib group and
0.9 months in the placebo arm (HR 0.46, 95% CI 0.27–0.78; p = 0.005) [79].

Surgery may be performed in unresectable and metastatic disease, such as limited
disease progression in GIST refractory to imatinib, symptomatic bleeding or obstruction,
locally advanced or previously unresectable disease, or low-volume metastatic disease
after response to imatinib. Imatinib can be stopped just before surgery and restarted as
soon as the patient tolerates oral medications. If the patient is treated with other TKIs than
imatinib, such as regorafenib, sunitinib, avapritinib, or ripretinib, the medication should
be stopped at least one week prior to surgery and can be restarted based on the clinical
assessment [3]. Based on the National Cancer Institute’s Surveillance, Epidemiology, and
End Results (SEER) database analysis of patients with GISTs, operative management in
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young adults with metastases was associated with improved OS (69.5% vs. 53.7%, p = 0.04)
and GSS (71.5% vs. 56.7%, p = 0.03) [29]. The Figure 2 shows CT scans young woman with
GIST with KIT exon 9 deletion mutation arising from the small intestine, after treatment
with TKIs, who undergo surgical resection of residual lesion in abdominal cavity.

 

B A 

Figure 2. CT scan before (A) and after (B) resection of residual metastatic lesion in the abdominal
cavity in young women with GIST with KIT exon 9 deletion mutation arising from the small intestine,
after treatment with TKIs.

For patients with SDH mutations and SDH deficiency and patients with NF1 mutations,
genetic counseling should be advised [3].

5. Treatment Tolerability

There are no specific data on the tolerability of drugs used in the treatment of GIST
in young adults. Young adults often have overall better organ function than older adults
and have fewer comorbidities, take fewer medications, and, therefore, are at lower risk
of drug–drug interactions. They may tolerate treatment better than older people. For
very young adults, puberty is also a time of significant physical activity and increased
physiological changes in body composition, protein binding, and organ function, all of
which can affect drug metabolism [38]. Due to the lack of detailed information on the
treatment tolerability of individual drugs used in patients with GISTs, the overall data on
the toxicity of therapy are summarized below. The most common toxicities of the most
frequently used medications are summarized in Table 3.
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5.1. Imatinib

Drug–drug interactions, compliance, and the genetic variability of metabolizing or
drug-resistant enzymes impact the drug concentrations and, as a result, the efficacy and
tolerability of imatinib. In adults treated with imatinib, no significant age-related phar-
macokinetic differences were observed [80]. The imatinib-related adverse events (TRAE,
treatment-related adverse event), hematological and non-hematological, are well known.
The most common adverse events (AEs) include fluid retention and edemas (particu-
larly periorbital), abdominal pain, diarrhea, nausea, vomiting, fatigue, rash, and muscle
cramps in the fingers and feet. SAEs, such as liver function test abnormalities, lung toxicity,
gastrointestinal bleeding, and hematological AEs, have been reported rarely [3].

Side effects may improve with prolonged therapy and can usually be managed with
appropriate supportive treatment, but some patients need to discontinue or reduce the
dose of the drug. In some studies, imatinib discontinuation has been associated with
rapid disease progression. The NCCN GIST guidelines recommend continuing imatinib
treatment at a reduced dose if an adverse effect recurs after discontinuation [3]. In the
PERSIST-5 study with 5 years of adjuvant imatinib, only 51% completed 5 years of imatinib
therapy, and 16% discontinued therapy due to adverse events [35]. If grade 3 neutropenia
or thrombocytopenia occurs, the drug should be discontinued until improvement to at least
grade 1 (neutrophils > 1.5 × 109/L; platelets > 75 × 109/L) is achieved. Administration of
the drug may be resumed at the dose used prior to the adverse event. If the event recurs,
the drug should be discontinued and resumed at a lower dose [43]. Cases of acute liver
damage (acute hepatitis) have been reported. Liver function should be monitored regularly
in patients treated with imatinib. In such cases, prednisolone appears to be useful [80]. The
minimum recommended dose of 400 mg of imatinib per day should be used in patients
with hepatic impairment. Patients should be aware of this potential complication and know
the factors that may increase the risk, such as drug–drug interactions and the effect of
certain foods, including alcohol. An increase in the bilirubin concentration to >3 × ULN or
an increase in liver transaminases to >5 × ULN requires discontinuation of the drug until
bilirubin levels return to <1.5 × ULN and transaminase levels <2.5 × ULN. The patient
may continue therapy in reduced doses (from 400 to 300 mg daily, from 600 to 400 mg daily,
or from 800 to 600 mg daily) [81]. During treatment with imatinib, other drugs, including
protease inhibitors, azole antifungals, selected macrolides, CYP3A4 substrates with a
narrow therapeutic window, warfarin, and other coumarin derivatives, should be taken
with caution. The patients should avoid the consumption of grapefruit and grapefruit juice
and avoid the potent inhibitors of CYP3A. Caffeine may increase the activity of imatinib,
and, therefore, caffeine-containing products should not be consumed during treatment
with imatinib [81]. Agents that induce CYP3A4, such as carbamazepine, dexamethasone,
phenobarbital, phenytoin, rifampicin, and Hypericum perforatum, which may reduce
exposure to imatinib and make it less effective, should be avoided [43].

5.2. Sunitinib

In 2011, Hutson et al. [82] published the pooled data of 1059 patients who received
sunitinib 50 mg/day on an approved regimen of 4 weeks every 2 weeks (n = 689) or a
continuous dose of 37.5 mg once daily (n = 370). A total of 857 (81%) patients were aged
<70 years, and 202 (19%) were aged ≥70 years. The median age for the <70 years group
was 57 (range 24–69). Treatment tolerability was similar in both groups. Most treatment-
related adverse reactions occurred with a similar frequency in both age groups. Adverse
effects that occurred significantly less frequently in younger patients were decreased
appetite/weight loss, cough, fatigue, edema, and anemia. An AE that occurred more
frequently in younger patients was hand-foot syndrome [82]. Hematologic AEs reported
during treatment with sunitinib include anemia, thrombocytopenia, and neutropenia. The
most commonly reported gastrointestinal AEs were diarrhea, nausea/vomiting, abdominal
pain, dyspepsia, and oral ulceration. Treatment of gastrointestinal AEs depends on the
severity and includes antiemetic and antidiarrheal drugs [83]. In case of grade 3 diarrhea,
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sunitinib should be interrupted until improvement to grade 1, and treatment should
be resumed at a reduced dose [83,84]. AEs associated with sunitinib treatment often
lead to a dose reduction or temporary interruption [84]. The specific AE that may occur
during therapy with sunitinib is hypothyroidism, which often does not require treatment
discontinuation, and thyroid hormone replacement therapy is sufficient [83,84]. In patients
scheduled to undergo major surgery, temporary discontinuation of sunitinib treatment is
recommended due to the impaired wound healing observed during sunitinib treatment [83].
Another AE reported by patients is oral mucositis. In the case of grade 3 and 4 mucositis,
it is recommended to temporarily stop therapy and reinstitute it with a dose reduction
after improvement [84,85]. The next AE often reported by patients treated with sunitinib
is hypertension, which should be treated appropriately with antihypertensives. If severe
hypertension cannot be controlled with available medications, it may be necessary to
discontinue sunitinib treatment temporarily. Treatment may be resumed once hypertension
is adequately controlled [83,84]. Cardiac events such as heart failure, myocarditis, decreased
left ventricular ejection fraction, cardiomyopathy, and myocardial infarction have also been
reported with sunitinib treatment. Treatment with sunitinib should be discontinued if
clinical signs or symptoms of heart failure appear [83]. HFS is another AE reported by
patients treated with sunitinib, and is most frequently reported as grade 1–2 in 13% and
grade 3–4 in 4% of sunitinib-treated patients [86,87]. In order to prevent the occurrence of
HFS, patients should be advised to use moisturizing creams from the beginning of sunitinib
treatment [84]. Grade 3–4 skin rash is relatively rare but may require temporary interruption
or a dose reduction. Treatment, including the use of topical steroids, is recommended.
Grade 1–2 skin rash occurs in 14% of sunitinib-treated patients. Skin discoloration has
been observed in 30% of sunitinib-treated patients, and alopecia is also an AE reported by
sunitinib-treated patients [86,87].

5.3. Regorafenib

The safety and efficacy of regorafenib in the treatment of GIST were evaluated in the
Phase III GRID trial, where 98% of patients reported AEs of any grade and 72% of patients
required dose modification [88]. Treatment termination due to AEs affected 40% of patients
treated with regorafenib [53]. These data are similar to a phase II trial of regorafenib
in GIST, where 82% of patients required dose modification [52], and to the results of a
retrospective analysis of data from 50 GIST patients treated with regorafenib presented
by Chamberlain et al. [88]. The most frequent grade 3–4 AEs were HFS and fatigue. The
general tolerability profile of regorafenib is quite similar to sorafenib. HFSR (hand-foot
skin reactions), hypertension, diarrhea, and fatigue are the most commonly reported AEs
observed in clinical trials with both drugs [89]. Treatment of HFSR may include oral or
topical analgesics and cool compresses on the skin in grade 1, and topical therapy and oral
steroids and/or anesthetics are recommended in grade 2 and 3. Fatigue should be managed
by deficiency corrections (vitamin D3, anemia), lifestyle changes (physical exercise, sleep
hygiene), nutritional support, or regorafenib dose modification [89].

5.4. Avapritinib

In a phase III clinical study with avapritinib in GISTs with exon 18 PDGFRA mutation,
the most common AEs reported in at least 10% of patients were edema, nausea, vomiting,
decreased appetite, fatigue/asthenia, and cognitive impairment. SAEs reported in this
study included anemia (9%), abdominal pain (3%), pleural frostbite (3%), sepsis (3%),
gastrointestinal hemorrhage (2%), acute kidney injury (2%), vomiting (2%), pneumonia
(1%), and tumor hemorrhage (1%). AEs with fatal outcomes were reported in 3.4% of
patients. In total, 49% of patients required dose modifications (reduction or treatment
discontinuation). In total, 48% of participants treated with avapritinib experienced grade
1–3 cognitive impairment [90].
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5.5. Ripretinib

The tolerability of ripretinib was assessed in the phase III INVICTUS study. The
most common TEAEs reported in this study in the ripretinib group were alopecia, nausea,
diarrhea, fatigue, myalgia, and HFS. The most common treatment-related grade 3 and
4 events were hypertension, fatigue, hypophosphatemia, and increased lipase. Treatment-
related SAEs were observed in 9% of patients who received ripretinib and included anemia,
heart failure, dyspnea, gastroesophageal reflux disease, and death of unknown cause.
TRAEs leading to dose reductions and treatment discontinuation occurred in 6% and 5% of
participants. The safety profile of ripretinib was acceptable [54].

5.6. Sorafenib

The most common adverse reactions reported in the phase II study conducted by the
Korean GIST Study Group were: HFS, skin rash, abdominal pain, and diarrhea; these were
grade 1 and 2 adverse reactions, and most of them were reversible. Ten patients required
a dose reduction or treatment discontinuation due to intolerance. The most common ad-
verse reactions resulting in dose reductions were: HFS, rash, hypertension, and diarrhea.
No toxicity-related deaths were reported. No toxicity-related deaths were observed [60].
Similar grade 3–4 adverse events were also observed in the phase II study published by
Kindler et al. [61], including HFS, hypertension, diarrhea, hypophosphatemia, gastroin-
testinal bleeding, gastrointestinal perforation, thrombosis, and intracranial hemorrhage,
and 61% of patients required dose reductions [61].

5.7. Pazopanib

In the PAZOGIST study, AEs with grades of at least 3 were observed in 72% of
participants in the pazopanib group vs. 17% in the control arm. The most frequently
reported AE was hypertension, reported by 38% of the participants. In total, 26% of the
patients reported treatment-related SAEs [57].

5.8. Dasatinib

The most common AEs of dasatinib observed in a prospective phase II study by Zhou
et al. were anemia, proteinuria, fatigue, neutropenia, and diarrhea. In total, 6.9% of the
participants discontinued dasatinib due to AEs before the first efficacy assessment, and
17.2% of the patients reported grade 1 gastrointestinal bleeding during treatment [91]. Fluid
retention events such as pleural effusion in all grades and grade 3 and 4 occurred in 13%
and 6%, respectively [92].

5.9. Cabozantinib

The most common TRAEs reported in the CaboGIST study were diarrhea, fatigue,
hypertension, stomatitis, weight loss, and HFS. Overall, tolerability was similar to that of
other TKIs and was controlled by dose modification and supportive care [73].

5.10. Ponatinib

The most common grade 3 and 4 AEs observed in the POETIG study were pain, hyper-
tension, an elevation of lipase or gamma-glutamyl transpeptidase levels, and fever. These
AEs occurred in 67% of patients [71]. In the phase II study published by Heinrich et al., rash,
constipation, fatigue, muscle pain, and headache occurred in at least 40% of patients [70].

5.11. Nilotinib

The safety of nilotinib was evaluated in a phase III study by Reichardt et al. The most
common AEs in the nilotinib treatment group were: abdominal pain, nausea, anorexia,
fatigue, weakness, and anemia. The most frequent grade 3 and 4 AEs were weakness,
increased lipase activity, abdominal pain, vomiting, increased alanine aminotransferase
activity, anorexia, anemia, headache, and myalgia. Many adverse reactions of nilotinib,
such as skin and subcutaneous tissue disorders, gastrointestinal disorders, musculoskeletal
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disorders, and general disorders, are mild and can recover without medical intervention.
Most of the above-listed grade 3 and 4 adverse events caused by nilotinib should be dealt
with by a dose adjustment or treatment interruption [93].

5.12. Crenolanib

The safety of crenolanib was evaluated in a phase II study. The most common grade 3
and 4 AEs included elevated liver function parameters and anemia [74].

6. Fertility and Pregnancy

An additional important topic related to GIST treatment in young people is the impact
on fertility and pregnancy. The potential effects of cancer treatments on pregnancy and a
patient’s future fertility constitute a significant concern. They may affect the quality of life
for patients treated due to cancer and cancer survivors.

Table 4 shows the effects of anticancer treatment for GISTs on fertility, pregnancy,
and lactation.

Data about the effects of anticancer treatment in GISTs on fertility, pregnancy, and lacta-
tion is limited. Wael et al. assessed the effect of imatinib on the placenta and implantation in
a mouse model. Significant changes that may determine fetal growth were observed. They
found changes in the epigenetic markers of essential genes imprinted in the placenta and a
reduction in the labyrinthine zone and blood vessels in the placenta. Moreover, an effect on
placental growth was observed in case of treatment discontinuation before pregnancy. This
research may indicate that imatinib has a long-term effect on pregnancy and implantation.
More extended drug withdrawal before pregnancy or additional monitoring for possible
placental failure should be considered [94].

Pye et al. retrospectively analyzed 180 women who became pregnant during treatment
with imatinib. They published data from 125 pregnancies: 71% of the women were exposed
during the first trimester of pregnancy, and 26% of the women were exposed throughout
the pregnancy. Of these 125 pregnancies, 28% resulted in termination of the pregnancy and
15% in spontaneous abortion. In total, 9.6% of the newborns had fetal abnormalities: hydro-
cephalus, craniosynostosis, hypoplastic lungs, renal agenesis, evisceration, and scoliosis.
Some fetal abnormalities were more frequent than expected in the normal population [95].
The possible effects of imatinib at the fetal–maternal and placental interface have not been
studied. Epigenetic changes may be hidden after the birth of a child who previously
appeared normal, which may have long-term health consequences [95,96].

The use of tyrosine kinase inhibitors (TKIs) during pregnancy is still uncommon.
Imatinib treatment affects sperm survival and activity, as described in a report that

included semen samples from 48 men treated with imatinib for CML [97].
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7. Conclusions

Gastrointestinal stromal tumors are rare in young adults. They may differ from the
disease diagnosed in patients above 40 regarding clinical and molecular characteristics.
They are more often diagnosed in the emergency setting and are more often wild type,
and more frequently harbor mutations other than KIT/PDGRFA. The general rules for
surgery and systemic therapy are the same as for patients above 40. However, all decisions
should include the social and family roles, expected lifetime, quality of life, and plans for
having children. Younger patients have fewer comorbidities, fewer contraindications, and
surgical and systemic treatment limitations. The treatment strategy should be defined and
implemented by the multidisciplinary team in the sites experienced in sarcomas. Molecular
testing should be done whenever possible, as the molecular profile may differ from patients
above 40 and may influence the choice of systemic therapy. Surgery optimization with
the possible use of preoperative treatment to reduce the extension of surgery needs to be
considered. Surgery may also be considered for some metastatic GISTs to improve the OS.
Participation in clinical trials, especially after the failure of approved systemic therapies,
should always be considered.
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World Evidence of Patient Outcome Following Treatment of Advanced Gastrointestinal Stromal Tumor (GIST) with Imatinib,
Sunitinib, and Sorafenib in Publicly Funded Health Care in Poland. Med. Sci. Monit. 2019, 25, 3846–3853. [CrossRef]

43. EMA Glivec. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/glivec (accessed on 4 June 2022).
44. Heinrich, M.C.; Jones, R.L.; von Mehren, M.; Schöffski, P.; Serrano, C.; Kang, Y.-K.; Cassier, P.A.; Mir, O.; Eskens, F.; Tap, W.D.; et al.

Avapritinib in Advanced PDGFRA D842V-Mutant Gastrointestinal Stromal Tumour (NAVIGATOR): A Multicentre, Open-Label,
Phase 1 Trial. Lancet Oncol. 2020, 21, 935–946. [CrossRef]

45. Jones, R.L.; Serrano, C.; von Mehren, M.; George, S.; Heinrich, M.; Kang, Y.-K.; Schoeffski, P.; Cassier, P.; Mir, O.; Chawla, S.P.; et al.
1621MO Long-Term Efficacy, Tolerability and Overall Survival in Patients (Pts) with Unresectable or Metastatic (U/M) PDGFRA
D842V-Mutant Gastrointestinal Stromal Tumour (GIST) Treated with Avapritinib: NAVIGATOR Phase I Trial Update. Ann. Oncol.
2020, 31, S973. [CrossRef]

46. Bauer, S.; George, S.; Kang, Y.-K.; Tap, W.D.; Zhou, T.; Picazio, N.; Boral, A.L.; Heinrich, M. VOYAGER: An Open-Label,
Randomised, Phase III Study of Avapritinib vs Regorafenib in Patients (Pts) with Locally Advanced (Adv) Metastatic or
Unresectable Gastrointestinal Stromal Tumour (GIST). Ann. Oncol. 2018, 29, viii595. [CrossRef]

47. Demetri, G.D.; van Oosterom, A.T.; Garrett, C.R.; Blackstein, M.E.; Shah, M.H.; Verweij, J.; McArthur, G.; Judson, I.R.;
Heinrich, M.C.; Morgan, J.A.; et al. Efficacy and Safety of Sunitinib in Patients with Advanced Gastrointestinal Stromal Tumour
after Failure of Imatinib: A Randomised Controlled Trial. Lancet 2006, 368, 1329–1338. [CrossRef]

48. Reichardt, P.; Kang, Y.-K.; Rutkowski, P.; Schuette, J.; Rosen, L.S.; Seddon, B.; Yalcin, S.; Gelderblom, H.; Williams, C.C.;
Fumagalli, E.; et al. Clinical Outcomes of Patients with Advanced Gastrointestinal Stromal Tumors: Safety and Efficacy in a
Worldwide Treatment-Use Trial of Sunitinib. Cancer 2015, 121, 1405–1413. [CrossRef]

49. George, S.; Blay, J.Y.; Casali, P.G.; Le Cesne, A.; Stephenson, P.; Deprimo, S.E.; Harmon, C.S.; Law, C.N.J.; Morgan, J.A.;
Ray-Coquard, I.; et al. Clinical Evaluation of Continuous Daily Dosing of Sunitinib Malate in Patients with Advanced Gastroin-
testinal Stromal Tumour after Imatinib Failure. Eur. J. Cancer 2009, 45, 1959–1968. [CrossRef]

50. Heinrich, M.C.; Maki, R.G.; Corless, C.L.; Antonescu, C.R.; Harlow, A.; Griffith, D.; Town, A.; McKinley, A.; Ou, W.-B.; Fletcher,
J.A.; et al. Primary and Secondary Kinase Genotypes Correlate with the Biological and Clinical Activity of Sunitinib in Imatinib-
Resistant Gastrointestinal Stromal Tumor. J. Clin. Oncol. 2008, 26, 5352–5359. [CrossRef]

51. Stivarga. Summary of Product Characteristics. Available online: https://www.ema.europa.eu/en/documents/product-
information/stivarga-epar-product-information_en.pdf (accessed on 15 May 2022).

52. George, S.; Wang, Q.; Heinrich, M.C.; Corless, C.L.; Zhu, M.; Butrynski, J.E.; Morgan, J.A.; Wagner, A.J.; Choy, E.; Tap, W.D.; et al.
Efficacy and Safety of Regorafenib in Patients With Metastatic and/or Unresectable GI Stromal Tumor After Failure of Imatinib
and Sunitinib: A Multicenter Phase II Trial. J. Clin. Oncol. 2012, 30, 2401–2407. [CrossRef]

53. Demetri, G.D.; Reichardt, P.; Kang, Y.-K.; Blay, J.-Y.; Rutkowski, P.; Gelderblom, H.; Hohenberger, P.; Leahy, M.; von Mehren, M.;
Joensuu, H.; et al. Efficacy and Safety of Regorafenib for Advanced Gastrointestinal Stromal Tumours after Failure of Imatinib
and Sunitinib (GRID): An International, Multicentre, Randomised, Placebo-Controlled, Phase 3 Trial. Lancet 2013, 381, 295–302.
[CrossRef]

54. Blay, J.-Y.; Serrano, C.; Heinrich, M.C.; Zalcberg, J.; Bauer, S.; Gelderblom, H.; Schöffski, P.; Jones, R.L.; Attia, S.; D’Amato, G.; et al.
Ripretinib in Patients with Advanced Gastrointestinal Stromal Tumours (INVICTUS): A Double-Blind, Randomised, Placebo-
Controlled, Phase 3 Trial. Lancet Oncol. 2020, 21, 923–934. [CrossRef]

123



Cancers 2022, 14, 2831

55. Heinrich, M.C.; Jones, R.L.; Gelderblom, H.; George, S.; Schöffski, P.; von Mehren, M.; Zalcberg, J.R.; Kang, Y.-K.; Abdul Razak, A.R.;
Trent, J.C.; et al. INTRIGUE: A Phase III, Randomized, Open-Label Study to Evaluate the Efficacy and Safety of Ripretinib versus
Sunitinib in Patients with Advanced Gastrointestinal Stromal Tumor Previously Treated with Imatinib. J. Clin. Oncol. 2022,
40, 359881. [CrossRef]

56. Blanke, C.D.; Rankin, C.; Demetri, G.D.; Ryan, C.W.; von Mehren, M.; Benjamin, R.S.; Raymond, A.K.; Bramwell, V.H.C.;
Baker, L.H.; Maki, R.G.; et al. Phase III Randomized, Intergroup Trial Assessing Imatinib Mesylate at Two Dose Levels in Patients
with Unresectable or Metastatic Gastrointestinal Stromal Tumors Expressing the Kit Receptor Tyrosine Kinase: S0033. J. Clin.
Oncol. 2008, 26, 626–632. [CrossRef] [PubMed]

57. Mir, O.; Cropet, C.; Toulmonde, M.; Cesne, A.L.; Molimard, M.; Bompas, E.; Cassier, P.; Ray-Coquard, I.; Rios, M.; Adenis, A.; et al.
Pazopanib plus Best Supportive Care versus Best Supportive Care Alone in Advanced Gastrointestinal Stromal Tumours Resistant
to Imatinib and Sunitinib (PAZOGIST): A Randomised, Multicentre, Open-Label Phase 2 Trial. Lancet Oncol. 2016, 17, 632–641.
[CrossRef]

58. Rutkowski, P.; Magnan, H.; Chou, A.J.; Benson, C. Treatment of Gastrointestinal Stromal Tumours in Paediatric and Young Adult
Patients with Sunitinib: A Multicentre Case Series. BMC Cancer 2017, 17, 717. [CrossRef]

59. Schlemmer, M.; Heinrich, M.C.; Demetri, G.D. Sunitinib Treatment in Pediatric Patients with Advanced GIST Following Failure
of Imatinib. Pediatric Blood Cancer 2009, 52, 767–771.

60. Park, S.H.; Ryu, M.H.; Ryoo, B.Y.; Im, S.A.; Kwon, H.C.; Lee, S.S.; Park, S.R.; Kang, B.Y.; Kang, Y.K. Sorafenib in Patients with
Metastatic Gastrointestinal Stromal Tumors Who Failed Two or More Prior Tyrosine Kinase Inhibitors: A Phase II Study of Korean
Gastrointestinal Stromal Tumors Study Group. Investig. New Drugs 2012, 30, 2377–2383. [CrossRef]

61. Kindler, H.L.; Campbell, N.P.; Wroblewski, K.; Maki, R.G.; D’Adamo, D.R.; Chow, W.A.; Gandara, D.R.; Antonescu, C.;
Stadler, W.M.; Vokes, E.E. Sorafenib (SOR) in Patients (Pts) with Imatinib (IM) and Sunitinib (SU)-Resistant (RES) Gastrointestinal
Stromal Tumors (GIST): Final Results of a University of Chicago Phase II Consortium Trial. J. Clin. Oncol. 2011, 29, 10009.
[CrossRef]

62. Doebele, R.C.; Drilon, A.; Paz-Ares, L.; Siena, S.; Shaw, A.T.; Farago, A.F.; Blakely, C.M.; Seto, T.; Cho, B.C.; Tosi, D.; et al.
Entrectinib in Patients with Advanced or Metastatic NTRK Fusion-Positive Solid Tumours: Integrated Analysis of Three Phase
1–2 Trials. Lancet Oncol. 2020, 21, 271–282. [CrossRef]

63. Drilon, A.; Laetsch, T.W.; Kummar, S.; DuBois, S.G.; Lassen, U.N.; Demetri, G.D.; Nathenson, M.; Doebele, R.C.; Farago, A.F.;
Pappo, A.S.; et al. Efficacy of Larotrectinib in TRK Fusion-Positive Cancers in Adults and Children. N. Engl. J. Med. 2018, 378,
731–739. [CrossRef]

64. Falchook, G.S.; Long, G.V.; Kurzrock, R.; Kim, K.B.; Arkenau, T.H.; Brown, M.P.; Hamid, O.; Infante, J.R.; Millward, M.;
Pavlick, A.C.; et al. Dabrafenib in Patients with Melanoma, Untreated Brain Metastases, and Other Solid Tumours: A Phase 1
Dose-Escalation Trial. Lancet 2012, 379, 1893–1901. [CrossRef]

65. Falchook, G.S.; Trent, J.C.; Heinrich, M.C.; Beadling, C.; Patterson, J.; Bastida, C.C.; Blackman, S.C.; Kurzrock, R. BRAF Mutant
Gastrointestinal Stromal Tumor: First Report of Regression with BRAF Inhibitor Dabrafenib (GSK2118436) and Whole Exomic
Sequencing for Analysis of Acquired Resistance. Oncotarget 2013, 4, 310–315. [CrossRef]

66. Montemurro, M.; Schöffski, P.; Reichardt, P.; Gelderblom, H.; Schütte, J.; Hartmann, J.T.; von Moos, R.; Seddon, B.; Joensuu, H.;
Wendtner, C.M.; et al. Nilotinib in the Treatment of Advanced Gastrointestinal Stromal Tumours Resistant to Both Imatinib and
Sunitinib. Eur. J. Cancer 2009, 45, 2293–2297. [CrossRef] [PubMed]

67. Reichardt, P.; Blay, J.-Y.; Gelderblom, H.; Schlemmer, M.; Demetri, G.D.; Bui-Nguyen, B.; McArthur, G.A.; Yazji, S.; Hsu, Y.;
Galetic, I.; et al. Phase III Study of Nilotinib versus Best Supportive Care with or without a TKI in Patients with Gastrointestinal
Stromal Tumors Resistant to or Intolerant of Imatinib and Sunitinib. Ann. Oncol. 2012, 23, 1680–1687. [CrossRef] [PubMed]

68. Iclusig. Summary of Product Characteristics. Available online: https://www.ema.europa.eu/en/documents/product-
information/iclusig-epar-product-information_en.pdf (accessed on 3 May 2022).

69. Garner, A.P.; Gozgit, J.M.; Anjum, R.; Vodala, S.; Schrock, A.; Zhou, T.; Serrano, C.; Eilers, G.; Zhu, M.; Ketzer, J.; et al. Ponatinib
Inhibits Polyclonal Drug-Resistant KIT Oncoproteins and Shows Therapeutic Potential in Heavily Pretreated Gastrointestinal
Stromal Tumor (GIST) Patients. Clin. Cancer Res. 2014, 20, 5745–5755. [CrossRef]

70. Heinrich, M.C.; von Mehren, M.; Demetri, G.D.; Fletcher, J.A.; Sun, J.G.; Kerstein, D.; Conlan, M.G.; George, S. Ponatinib Efficacy
and Safety in Patients (Pts) with Advanced Gastrointestinal Stromal Tumors (GIST) after Tyrosine Kinase Inhibitor (TKI) Failure:
Results from a Phase 2 Study. J. Clin. Oncol. 2015, 33, 10535. [CrossRef]

71. Falkenhorst, J.; Hamacher, R.; Reichardt, P.; Ivanyi, P.; Kasper, B.; Hohenberger, P.; Hermes, B.; Kostbade, K.; Pink, D.;
Sülberg, H.; et al. Lower-Dosing Ponatinib in Pre-Treated GIST: Results of the POETIG Phase II Trial. J. Clin. Oncol. 2020,
38, 11536. [CrossRef]

72. Trent, J.C.; Wathen, K.; von Mehren, M.; Samuels, B.L.; Staddon, A.P.; Choy, E.; Butrynski, J.E.; Chugh, R.; Chow, W.A.;
Rushing, D.A.; et al. A Phase II Study of Dasatinib for Patients with Imatinib-Resistant Gastrointestinal Stromal Tumor (GIST).
J. Clin. Oncol. 2011, 29, 10006. [CrossRef]

73. Schöffski, P.; Mir, O.; Kasper, B.; Papai, Z.; Blay, J.-Y.; Italiano, A.; Benson, C.; Kopeckova, K.; Ali, N.; Dileo, P.; et al. Activity and
Safety of the Multi-Target Tyrosine Kinase Inhibitor Cabozantinib in Patients with Metastatic Gastrointestinal Stromal Tumour
after Treatment with Imatinib and Sunitinib: European Organisation for Research and Treatment of Cancer Phase II Trial 1317
“CaboGIST”. Eur. J. Cancer 2020, 134, 62–74. [CrossRef]

124



Cancers 2022, 14, 2831

74. Heinrich, M.C.; Griffith, D.; McKinley, A.; Patterson, J.; Presnell, A.; Ramachandran, A.; Debiec-Rychter, M. Crenolanib Inhibits
the Drug-Resistant PDGFRA D842V Mutation Associated with Imatinib-Resistant Gastrointestinal Stromal Tumors. Clin. Cancer
Res. 2012, 18, 4375–4384. [CrossRef]

75. von Mehren, M.; Tetzlaff, E.D.; Macaraeg, M.; Davis, J.; Agarwal, V.; Ramachandran, A.; Heinrich, M.C. Dose Escalating Study
of Crenolanib Besylate in Advanced GIST Patients with PDGFRA D842V Activating Mutations. J. Clin. Oncol. 2016, 34, 11010.
[CrossRef]

76. Blay, J.-Y.; Heinrich, M.C.; Hohenberger, P.; Casali, P.G.; Rutkowski, P.; Serrano-Garcia, C.; Jones, R.L.; Hall, K.S.; Eckardt, J.R.;
von Mehren, M. A Randomized, Double-Blind, Placebo-Controlled, Phase III Study of Crenolanib in Advanced or Metastatic
GIST Patients Bearing a D842V Mutation in PDGFRA: The CrenoGIST Study. J. Clin. Oncol. 2017, 35, TPS11080. [CrossRef]

77. Yebra, M. Human Succinate Dehydrogenase-Deficient Gastrointestinal Stromal Tumors Are Seinsitive to Temozolomide via
Induction of ER Stress and DNA Damage. In Proceedings of the CTOS, Virtual, 18–21 November 2020.

78. Yebra, M.; Bhargava, S.; Kumar, A.; Burgoyne, A.M.; Tang, C.-M.; Yoon, H.; Banerjee, S.; Aguilera, J.; Cordes, T.; Sheth, V.; et al.
Establishment of Patient-Derived Succinate Dehydrogenase-Deficient Gastrointestinal Stromal Tumor Models for Predicting
Therapeutic Response. Clin. Cancer Res. 2022, 28, 187–200. [CrossRef] [PubMed]

79. Kang, Y.-K.; Ryu, M.-H.; Yoo, C.; Ryoo, B.-Y.; Kim, H.J.; Lee, J.J.; Nam, B.-H.; Ramaiya, N.; Jagannathan, J.; Demetri, G.D.
Resumption of Imatinib to Control Metastatic or Unresectable Gastrointestinal Stromal Tumours after Failure of Imatinib and
Sunitinib (RIGHT): A Randomised, Placebo-Controlled, Phase 3 Trial. Lancet Oncol. 2013, 14, 1175–1182. [CrossRef]

80. Tonyali, O.; Coskun, U.; Yildiz, R.; Karakan, T.; Demirci, U.; Akyurek, N.; Benekli, M.; Buyukberber, S. Imatinib Mesylate-Induced
Acute Liver Failure in a Patient with Gastrointestinal Stromal Tumors. Med. Oncol. 2010, 27, 768–773. [CrossRef] [PubMed]

81. Teng, J.F.T.; Mabasa, V.H.; Ensom, M.H.H. The Role of Therapeutic Drug Monitoring of Imatinib in Patients with Chronic Myeloid
Leukemia and Metastatic or Unresectable Gastrointestinal Stromal Tumors. Ther. Drug Monit. 2012, 34, 85–97. [CrossRef]

82. Hutson, T.E.; Bukowski, R.M.; Rini, B.I.; Gore, M.E.; Larkin, J.M.G.; Figlin, R.A.; Barrios, C.H.; Escudier, B.; Lin, X.; Fly, K.D.; et al.
A Pooled Analysis of the Efficacy and Safety of Sunitinib in Elderly Patients (Pts) with Metastatic Renal Cell Carcinoma (MRCC).
J. Clin. Oncol. 2011, 29, 4604. [CrossRef]

83. Sutent. Summary of Product Characteristics. Available online: https://www.ema.europa.eu/en/documents/product-
information/sutent-epar-product-information_en.pdf (accessed on 5 May 2022).

84. Sehdev, S. Sunitinib Toxicity Management—A Practical Approach. Can. Urol. Assoc. J. 2016, 10, S248–S251. [CrossRef]
85. Valle, J.W.; Faivre, S.; Hubner, R.A.; Grande, E.; Raymond, E. Practical Management of Sunitinib Toxicities in the Treatment of

Pancreatic Neuroendocrine Tumors. Cancer Treat. Rev. 2014, 40, 1230–1238. [CrossRef]
86. Adams, V.R.; Leggas, M. Sunitinib Malate for the Treatment of Metastatic Renal Cell Carcinoma and Gastrointestinal Stromal

Tumors. Clin. Ther. 2007, 29, 1338–1353. [CrossRef]
87. Strumberg, D.; Clark, J.W.; Awada, A.; Moore, M.J.; Richly, H.; Hendlisz, A.; Hirte, H.W.; Eder, J.P.; Lenz, H.-J.; Schwartz, B. Safety,

Pharmacokinetics, and Preliminary Antitumor Activity of Sorafenib: A Review of Four Phase I Trials in Patients with Advanced
Refractory Solid Tumors. Oncologist 2007, 12, 426–437. [CrossRef]

88. Chamberlain, F.; Farag, S.; Williams-Sharkey, C.; Collingwood, C.; Chen, L.; Mansukhani, S.; Engelmann, B.; Al-Muderis, O.;
Chauhan, D.; Thway, K.; et al. Toxicity Management of Regorafenib in Patients with Gastro-Intestinal Stromal Tumour (GIST) in a
Tertiary Cancer Centre. Clin. Sarcoma Res. 2020, 10, 1. [CrossRef]

89. Krishnamoorthy, S.K.; Relias, V.; Sebastian, S.; Jayaraman, V.; Saif, M.W. Management of Regorafenib-Related Toxicities: A Review.
Ther. Adv. Gastroenterol. 2015, 8, 285–297. [CrossRef] [PubMed]

90. Maggo, S.; Dubey, A.P.; Dhull, P.; Singh, N.K. Avapritinib: Novel Hope for Patients with Metastatic Gist with PDGFRA Exon
18 Mutation. Int. J. Basic Clin. Pharmacol. 2020, 9, 1175–1179. [CrossRef]

91. Zhou, Y.; Zhang, X.; Wu, X.; Zhou, Y.; Zhang, B.; Liu, X.; Wu, X.; Li, Y.; Shen, L.; Li, J. A Prospective Multicenter Phase II Study
on the Efficacy and Safety of Dasatinib in the Treatment of Metastatic Gastrointestinal Stromal Tumors Failed by Imatinib and
Sunitinib and Analysis of NGS in Peripheral Blood. Cancer Med. 2020, 9, 6225–6233. [CrossRef] [PubMed]

92. Cortes, J.; Kim, D.-W.; Raffoux, E.; Martinelli, G.; Ritchie, E.; Roy, L.; Coutre, S.; Corm, S.; Hamerschlak, N.; Tang, J.-L.; et al.
Efficacy and Safety of Dasatinib in Imatinib-Resistant or -Intolerant Patients with Chronic Myeloid Leukemia in Blast Phase.
Leukemia 2008, 22, 2176–2183. [CrossRef] [PubMed]

93. Wang, Z.; Jiang, L.; Yan, H.; Xu, Z.; Luo, P. Adverse Events Associated with Nilotinib in Chronic Myeloid Leukemia: Mechanisms
and Management Strategies. Expert Rev. Clin. Pharmacol. 2021, 14, 445–456. [CrossRef]

94. Salem, W.; Li, K.; Krapp, C.; Ingles, S.A.; Bartolomei, M.S.; Chung, K.; Paulson, R.J.; Nowak, R.A.; McGinnis, L.K. Imatinib
Treatments Have Long-Term Impact on Placentation and Embryo Survival. Sci. Rep. 2019, 9, 2535. [CrossRef]

95. Pye, S.M.; Cortes, J.; Ault, P.; Hatfield, A.; Kantarjian, H.; Pilot, R.; Rosti, G.; Apperley, J.F. The Effects of Imatinib on Pregnancy
Outcome. Blood 2008, 111, 5505–5508. [CrossRef]

96. Hensley, M.L.; Ford, J.M. Imatinib Treatment: Specific Issues Related to Safety, Fertility, and Pregnancy. Semin. Hematol. 2003, 40,
21–25. [CrossRef]

97. Chang, X.; Zhou, L.; Chen, X.; Xu, B.; Cheng, Y.; Sun, S.; Fang, M.; Xiang, Y. Impact of Imatinib on the Fertility of Male Patients
with Chronic Myelogenous Leukaemia in the Chronic Phase. Target. Oncol. 2017, 12, 827–832. [CrossRef]

125



Cancers 2022, 14, 2831

98. Qinlock. Summary of Product Characteristics. Available online: https://www.ema.europa.eu/en/documents/product-
information/qinlock-epar-product-information_en.pdf (accessed on 10 May 2022).

99. Ayvakyt. Summary of Product Characteristics. Available online: https://www.ema.europa.eu/en/documents/product-
information/ayvakyt-epar-product-information_en.pdf (accessed on 10 May 2022).

126



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Cancers Editorial Office
E-mail: cancers@mdpi.com

www.mdpi.com/journal/cancers





Academic Open 

Access Publishing

www.mdpi.com ISBN 978-3-0365-7965-8


	A9R5knt8_183dx4x_5eg.pdf
	[Cancers] Young-Onset GI Cancer-V2.pdf
	A9R5knt8_183dx4x_5eg

