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Abstract

Purpose Improvement of patient care is associated with increasing publication numbers in biomedical research. However,
such increasing numbers of publications make it challenging for physicians and scientists to screen and process the literature
of their respective fields. In this study, we present a comprehensive bibliometric analysis of the evolution of gastrointestinal
stromal tumor (GIST) research, analyzing the current state of the field and identifying key open questions going beyond the
recent advantages for future studies to assess.

Methods Using the Web of Science Core Collection, 5040 GIST-associated publications in the years 1984-2022 were
identified and analyzed regarding key bibliometric variables using the Bibliometrix R package and VOSviewer software.
Results GIST-associated publication numbers substantially increased over time, accentuated from year 2000 onwards, and
being characterized by multinational collaborations. The main topic clusters comprise surgical management, tyrosine kinase
inhibitor (TKI) development/treatment, diagnostic workup, and molecular pathophysiology. Within all main topic clusters,
a significant progress is reflected by the literature over the years. This progress ranges from conventional open surgical
techniques over minimally invasive, including robotic and endoscopic, resection techniques to increasing identification
of specific functional genetic aberrations sensitizing for newly developed TKIs being extensively investigated in clinical
studies and implemented in GIST treatment guidelines. However, especially in locally advanced, recurrent, and metastatic
disease stages, surgery-related questions and certain specific questions concerning (further-line) TKI treatment resistance
were infrequently addressed.

Conclusion Increasing GIST-related publication numbers reflect a continuous progress in the major topic clusters of the GIST
research field. Especially in advanced disease stages, questions related to the interplay between surgical approaches and TKI
treatment sensitivity should be addressed in future studies.
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Imatinib-resistance mediating additional mutations in KIT or
PDGFRA or mutations in other genes which might not sensi-
tize for imatinib therapy are observed in a lower frequency;
however, in such cases, therapy using other TKIs (such as
sunitinib, regorafenib, ripretinib, avapritinib, larotrectinib, or
entrectinib) might still be applicable depending on the muta-
tional spectrum of the respective individual tumor [1, 9-13].
Patients harboring TKI-sensitizing mutations with high risk
for relapse or patients in a primary metastatic setting receive
(adjuvant) TKI treatment [1, 2, 14]. Neo-adjuvant TKI treat-
ment might be considered in case of locally advanced dis-
ease to reduce tumor size and to remove the tumor with less
extensive surgery [9].

While localized low-risk GIST are often curable with com-
plete tumor resection, localized operable high-risk GIST with
3 years of adjuvant imatinib treatment after surgery show 5- and
10-year recurrence-free survival rates of 71.4% and 52.5% as
well as 5- and 10-year overall survival rates of 92.0% and 79.0%,
respectively [14]. Primary metastatic GIST under imatinib treat-
ment show estimated 10-year progression-free survival rates of
10% and 10-year overall survival rates of 20% [15].

Tremendously increasing research activity as represented
by increasing publication numbers in biomedical research
led to substantial improvements in patient care and outcome
over the recent years, but also confronts scientists with
the problem of integratively processing a vast number
of relevant published studies in their research fields.
Bibliometric analyses can help scientists to more precisely
define the present research state in a certain field and, even
more important, to identify open questions and important
topics that need to be addressed in future studies in order to
continue to make significant progress in the field.

However, although many achievements significantly
improving patient outcome have been made over the recent
years, many aspects of GIST treatment, especially in the
advanced/metastatic or recurrent disease setting, remain
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studies as indicated by number 350
of published articles (years
1984-2022)

400 -

300 A

250 A

200 -

150 A

Number of published articles

100 A

50

unclear. In this study, we present a comprehensive biblio-
metric analysis illustrating the developments and achieve-
ments in GIST research over the recent years, but also iden-
tifying unanswered questions that need to be addressed in
future studies to further improve GIST patient outcome. This
bibliometric analysis aims to provide a thorough and effi-
cient overview of the GIST field for the reader, especially
those that are new to the field, based on quantitative com-
prehensive publication-related data.

Methods

Scientific publications focusing on GIST were extracted
from the Clarivate Web of Science (WoS) Core Collec-
tion database using the title search term “Gastrointestinal
Stromal Tumor* OR GIST (Title)” on the 16th of March
2023. The search was limited to publications until the 31st
of December 2022. Only articles and reviews in English
were considered. Since the search term “GIST” reveals
several non-specific search results especially in the fields
of neurology and psychiatry/psychology as well as infor-
matic data processing (because of its meaning “main mes-
sage, quintessence, summary”’ in English language), WoS
Citations Topics Mesos regarding non-medical fields as
well as neurology- and psychiatry/psychology-associated
fields were excluded to increase specificity of the search
results. The specified search revealed 5040 publications.
Full associated bibliometric data was downloaded from
the WoS database and analyzed using the R package Bib-
liometrix [16] (v4.0.1, open-source software, Massimo
Aria and Corrado Cuccurullo, Universita degli Studi di
Napoli Federico II and Universita degli studi della Campa-
nia Luigi Vanvitelli, Italy) including the BiblioShiny [16]
interface (open-source software, Massimo Aria and Cor-
rado Cuccurullo, Universita degli Studi di Napoli Federico

Annual scientific productivity
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Fig.2 Scientific productivity regarding studies related to GIST per
country. a Country scientific production as determined by number of
author appearances by country affiliation. Red lines indicate collabo-
ration frequencies between countries. b Total number of articles pub-
lished per country. Country assignment was performed according to

IT and Universita degli studi della Campania Luigi Vanvi-
telli, Italy) in RStudio (v2022.07.1, build 554, Posit PBC,
Boston, USA).

For co-occurrence network analysis, VOSviewer (v1.6.18,
open-source software, Nees Jan van Eck and Ludo Waltman,
Leiden University, The Netherlands) software [17-19] was
used. For keyword analysis using the VOSviewer software,
author keywords and keywords-plus (the latter as defined by
the Web of Science database: words or phrases that frequently
appear in the titles of an article’s references, but do not appear
in the title of the article) were considered with a minimum
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the affiliation of the corresponding author. SCP, single country publi-
cations; MCP, multiple country publications. ¢ Total and average cita-
tion rates of articles per country. Country assignment was performed
according to the affiliation of the corresponding author

number of 30 occurrences. For analysis of co-occurring
terms in titles and abstracts using the VOSviewer software,
the binary counting method was used considering items with
a minimum of 20 item occurrences and, among those, items
included in the top 60% according to the calculated relevance
score.

For data visualization, the Bibliometrix/BiblioShiny
package [16] (v4.0.1, open-source software, Massimo Aria
and Corrado Cuccurullo, Universita degli Studi di Napoli
Federico II and Universita degli studi della Campania Luigi
Vanvitelli, Italy) in RStudio (v2022.07.1, build 554, Posit
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Table 1 Most relevant authors as indicated by the number of article
publications in the GIST field

Rank Author No. of articles
1 Heinrich MC 85
2 Blay JY 84
3 Hirota S 83
4 Fletcher JA 80
5 Nishida T 76
6 Demetri GD 75
7 Miettinen M 74
8 Pantaleo MA 69
9 Trent JC 66
10 von Mehren M 65

PBC, Boston, USA), GraphPad Prism (v9, Dotmatics, Bos-
ton, USA), VOSviewer [17-19] (v1.6.18, open-source soft-
ware, Nees Jan van Eck and Ludo Waltman, Leiden Univer-
sity, The Netherlands), and the web-interface Multiple List
Comparator from Molbiotools (open-source online-interface
software, https://molbiotools.com, as accessed on the 16th
of March 2023) were used.

Results
General scientific activity

In total, 5040 publications (only considering articles
and reviews) in English related to GIST were identified
in the time period 1984-2022. In 1984, the first GIST-
specific study was published. General information about
included studies are given in Supplementary Table 1. The
number of GIST-related publications per year constantly
increased over time with a prominent increase from year
2000 on (Fig. 1, Supplementary Table 1). The annual

growth rate is 6.61% with in average 29.62 citations per
publication.

Most productive countries and collaborations

In terms of scientific productivity per country regarding
GIST research, as measured by number of author appear-
ances per country affiliation, USA, China, Japan, Italy, and
Germany show the highest scientific productivity (Fig. 2a,
Supplementary Table 2). Most frequent collaborations were
formed between USA-Germany, USA-China, USA-Italy,
USA-Belgium, and USA-Finland (Fig. 2a, Supplemen-
tary Table 2). Regarding the number of total publications
in the GIST research field, highest total article numbers
show USA, China, Japan, Italy, and Korea, whereby country
assignment was determined according to the affiliation of
the corresponding author (Fig. 2b, Supplementary Table 2).
Concerning citation numbers of published articles, USA,
Japan, China, Germany, and Italy are the top countries in
terms of total citations, whereby Finland, Iceland, Sweden,
USA, and Belgium are the top countries in respect of aver-
age article citations (Fig. 2¢, Supplementary Table 2).

Most relevant authors/journals and their research
focus

Most productive authors in respect of total number of
published articles (without considering author position) in
the GIST field are Heinrich M. C., Blay J. Y., Hirota S.,
Fletcher J. A., and Nishida T. (Table 1, Supplementary
Table 3). Most cited publications (total citations and average
citations per year) are given in Table 2 and Supplementary
Table 3. The journals publishing most of the studies in the
GIST research field are shown in Table 3 and Supplementary
Table 3.

Table 2 Most relevant articles related to GIST by total citations and total citations per year

Rank Total citations Total citations per year

1 Hirota S, 1998, SCIENCE 3264 Demetri GD, 2002, NEW ENGL ] MED 146.05
2 Demetri GD, 2002, NEW ENGL J MED 3213 Hirota S, 1998, SCIENCE 125.54
3 Fletcher CDM, 2002, HUM PATHOL 2183 Fletcher CDM, 2002, HUM PATHOL 99.23
4 Dematteo RP, 2000, ANN SURG 1801 Heinrich MC, 2003, SCIENCE 84.14
5 Heinrich MC, 2003, SCIENCE 1767 Heinrich MC, 2003, J CLIN ONCOL 82.43
6 Heinrich MC, 2003, J CLIN ONCOL 1731 Dematteo RP, 2000, ANN SURG 75.04
7 Joensuu H, 2001, NEW ENGL J MED 1489 Miettinen M, 2006, SEMIN DIAGN PATHOL 70

8 Miettinen M, 2006, SEMIN DIAGN PATHOL 1260 Choi H, 2007, ] CLIN ONCOL 65.59
9 Miettinen M, 2001, VIRCHOWS ARCH 1245 Joensuu H, 2001, NEW ENGL J MED 64.74
10 Kindblom LG, 1998, AM J PATHOL 1203 Miettinen M, 2006, ARCH PATHOL LAB MED 55
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Table 3 Most relevant journals publishing GIST-related articles by
total number of GIST-related publications

Rank Journal No. of articles

1 World Journal of Gastroenterology 121
2 Clinical Cancer Research 84
3 Annals of Surgical Oncology 78
4 International Journal of Surgery Case Reports 77
5 World Journal of Surgical Oncology 62
6 Oncology Letters 61
7 American Journal of Surgical Pathology 60
8 Medicine 56
9 Hepato-gastroenterology 55
10 Human pathology 54

Most relevant keywords and terms

Among the most frequently occurring author keywords and
keywords-plus are terms such as “Imatinib,” “(C-)KIT,”
“PDGFRA,” “Sunitinib,” “Mutations,” “Diagnosis,” and
“Prognosis” (Table 4, Supplementary Table 4). Most promi-
nent keywords (including author keywords and keywords-plus)
were illustrated by a co-occurrence network analysis using the
VOSviewer software (Fig. 3a). Additionally, a co-occurrence
network analysis was conducted using terms occurring in titles
and abstracts of all included studies using the VOSviewer soft-
ware (Fig. 3b). In synopsis, both co-occurrence network analy-
ses show four major topic clusters which are associated with
surgical management and TKI treatment including develop-
ment/characterization of novel inhibitors, diagnostic workup,
and molecular pathophysiology of GIST (Fig. 3a, b). When
analyzing the most frequently occurring keywords over time
separately for the time spans 1984-2000 (105 publications),
2001-2010 (1418 publications), 2011-2016 (1631 publica-
tions), and 2017-2022 (1886 publications), trends regarding
all four major topic clusters as described above are evident: in
the topic cluster of surgical management over time, increas-
ingly minimally invasive approaches are represented in the

literature, starting from open surgery over laparoscopic sur-
gery to endoscopic resection techniques such as endoscopic
submucosal dissection or endoscopic full-thickness resection
(Fig. 3a, b, Supplementary Figure 1, Supplementary Table 4).
However, although thoroughly and increasingly dealing with
minimally invasive approaches, the explicit role of surgery
for multiple recurrences, extended multivisceral resections
in locally advanced disease, and resection of metastases,
especially depending on TKI-sensitivity of the tumor, is not
extensively represented in the literature (Fig. 3a, b, Supple-
mentary Figure 1, Supplementary Table 4). In the TKI cluster,
an increasing number of novel TKIs with respective clinical
trials are represented in the literature (Fig. 3a, b, Supplemen-
tary Figure 1, Supplementary Table 4). In the topic clusters of
molecular pathophysiology and diagnostic workup, increasing
identification of specific mutations in certain genes with vary-
ing pathophysiological roles were analyzed. With that, more
specific molecular diagnostic approaches to stratify patients
into more specific treatment groups of TKIs were developed
(Fig. 3a, b, Supplementary Figure 1, Supplementary Table 4).
However, although the topic clusters 2—4 thoroughly deal
with personalization of TKI therapy according to the muta-
tional profile of the tumor especially under conditions of
primary TKI therapy resistance, addressing the low percent-
age of remaining TKI-resistant GIST remains a main future
issue to be addressed in clinical studies yet being infrequently
addressed in the literature (Fig. 3a, b, Supplementary Figure 1,
Supplementary Table 4). Also, potential individualization of
treatment regimens of specific TKIs, as well as the potential
influence of genetic germline variants on TKI resistance is
not yet extensively represented in the literature and might be
addressed in future studies (Fig. 3a, b, Supplementary Fig-
ure 1, Supplementary Table 4). Since relatively favorable 5-
and 10-year overall survival rates are reached at least in a local
disease setting [14], and since progression-free survival rates
are lower than overall survival rates [14, 15] in the context of
increasing minimally invasive and tailored therapy approaches,
quality of life during and post GIST treatment comes into focus
and is not yet majorly reflected in the literature, especially

Table 4 Most frequently

. Rank  Author keywords No. of articles ~ Keywords-plus No. of articles

occurring author keywords and

keywordS-PluS in ‘GIST articles 1 IMATINIB 594 DIAGNOSIS 838

ooz bV

excluded) 3 PROGNOSIS 264 MUTATIONS 775
4 SURGERY 195 IMATINIB MESYLATE 652
5 IMATINIB MESYLATE 185 MANAGEMENT 630
6 IMMUNOHISTOCHEMISTRY 174 KIT 598
7 C-KIT 166 IMATINIB 545
8 SUNITINIB 159 MESYLATE 397
9 PDGFRA 158 EXPRESSION 389
10 STOMACH 135 PROGNOSTIC-FACTORS 388
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«Fig.3 Most prominent keywords (including author keywords and
keywords-plus) (a) and most prominent co-occurring terms in titles
and abstracts (b) as illustrated by co-occurrence network analysis.
TKI = Tyrosine kinase inhibitor

regarding surgery-related quality of life, being a further issue
to be addressed in future studies (Fig. 3a, b, Supplementary
Figure 1, Supplementary Table 4).

Discussion

The here-presented comprehensive bibliometric analysis
depicts the landscape of GIST-associated literature
throughout the past decades since GIST became an
independent topic in 1984. The increasing number of
publications associated with GIST from year 2000 onwards
might to some extent be related to a general increase of
publication numbers in the biomedical field [20, 21], but
also might be majorly determined by the FDA approval of
imatinib in 2001 with respective long-term follow-up studies
and consecutive development and clinical testing of further
TKIs [1, 2, 6-8, 10, 12, 14, 15]. Also increasing usage of
minimally invasive surgical techniques, including robotic and
endoscopic resection techniques, whose feasibility is also at
least in part related to the efficacy of TKI treatment, might
as well account for increasing publication numbers from the
year 2000 onwards [22-27].

Associated with the increasing GIST-related research
activity as represented by increasing number of GIST-related
publications, overall survival of GIST patients significantly
increased over time, especially with increasing availability
of specific TKIs [28]. However, using multimodal treatment,
patient outcome of localized low- and high-risk GIST is
relatively favorable by now [14], whereas primary metastatic
GIST still show estimated 10-year progression-free survival
rates of 10% and 10-year overall survival rates of 20% under
imatinib treatment [15], leaving room for improvement.

However, although significant achievements were made
in many aspects of GIST management, especially in such
advanced disease settings, many conditions are not yet
definitive. Regarding surgical therapy, the role of metastasis
or recurrence resection in TKI-sensitive GIST is not clear:
only a single prospective randomized trial was conducted
which was closed early due to poor accrual, suggesting a
benefit from residual disease surgery (2-year progression-
free survival 88.4% in the surgery plus imatinib arm vs
57.7% in the imatinib alone arm) although the results were
not statistically significant [29]. Data from retrospective
studies support these results reporting an oncological benefit
of resection for residual metastatic/recurrent and focally
progressive lesions under TKI treatment [1, 2, 30-32]. The
explicit role of surgery for multiple recurrences and extended

multivisceral resections in locally advanced disease has not
yet been sufficiently investigated in TKI-sensitive as well
as TKI-insensitive GIST [33-35]. Thus, especially in locally
advanced, recurrent, and metastatic disease stages, questions
related to the interplay between surgical approaches and TKI
treatment sensitivity need to be addressed in future studies.

TKI resistance, no matter if due to TKI-insensitive
mutational profile of the tumor (such as so-called wild-
type GIST harboring no KIT or PDGFRA mutation) or
acquired after/under TKI therapy, is a clinical challenge for
the therapy of advanced, recurrent, and metastatic GIST
[1, 2, 36, 37]. Additionally, TKI response might as well
depend on genetic germline polymorphisms influencing
therapy response and risk of disease progression under
TKI therapy [38]. Although imatinib alternatives in GIST
with a primarily imatinib-resistant molecular profile
(e.g., avapritinib treatment in PDGFRA D842V-mutant
GIST) and second, third, or fourth line TKIs in GIST with
primarily imatinib-sensitive molecular profile that developed
imatinib-resistance under imatinib-treatment (e.g., sunitinib,
regorafenib, or ripritinib) are meanwhile available and
effective depending on the specific respective mutational
tumor profile [1, 2, 39, 40], novel strategies for the low
percentage of residual resistant GIST need to be developed.
Additionally, personalization of treatment regimens
of specific TKIs appears to be important in improving
individualized GIST treatment [41].

However, since relatively favorable 5- and 10-year overall
survival rates are reached at least in local low- and high-risk
disease settings [14] and since increasingly minimally invasive
surgical therapies and tailored TKI treatments are applied [1,
2], quality of life during and post GIST treatment comes into
focus. Especially, since progression-free survival rates are lower
than overall survival rates [14, 15], assessment of quality of life
under and after therapy appears to be even more important.
Quality of life with respect to TKI treatment of GIST patients
has already been assessed in several studies [42—46], whereby
surgery-related quality of life, including surgery in an advanced
disease setting, needs to be determined in future studies.

Conclusion

In conclusion, by performing a comprehensive bibliometric
analysis illustrating the developments and achievements
in GIST research over the recent years, we show that
increasing GIST-related publication numbers reflect a
continuous progress in the major topic clusters of the GIST
research field. However, although many achievements
significantly improving patient outcome have been made
over the recent years, especially in advanced, recurrent,
and metastatic disease stages surgery-related questions
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and certain specific questions concerning (further-line)
TKI treatment resistance need to be addressed in future
studies. In this regard, especially the interplay between
surgical approaches and TKI treatment sensitivity should
be considered.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00423-024-03271-6.
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