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Abstract 

Background Low back pain is a major disorder that causes disability and is strongly associated with intervertebral 
disc degeneration (IDD). Because of the limitations of contemporary interventions, stem cell transplantation (SCT) 
has been increasingly used to regenerate degenerative discs. Nevertheless, analyses of high-impact papers in this field 
are rare. This study aimed to determine and analyze the 100 highest-cited documents on SCT in IDD.

Methods The 100 highest-cited documents were retrieved from the Web of Science (WoS) database. Descriptive sta-
tistics were calculated and correlation analysis was conducted to determine the relationship between WoS citations, 
the Altmetric Attention Score (AAS), and Dimensions citations.

Results The citation counts of the top 100 most cited papers ranged from 13 to 372. These studies were conducted 
in 17 countries and were published in 48 journals between 2003 and 2021. The top three contributing countries 
were the China (31), United States (22), and Japan (14). Bone marrow-derived stem cells were the most common type 
of stem cells (70.00%), followed by adipose-derived stem cells (13.75%), and nucleus pulposus-derived stem cells 
(7.50). Rabbit was the most studied species (41.25%), followed by rat (21.25%), human (13.75%), sheep (8.75%), dog 
(8.75%), and pig (6.25%). Tokai University School of Medicine (11) had the largest number of documents, followed 
by The University of Hong Kong (8), and Southeast University (4). Sakai D (10) was the most fruitful author, followed 
by Cheung KMC (6), Melrose J (3), Pettine K (3), Lotz JC (3), and Murphy MB (3). We observed a very high correlation 
between the WoS and Dimensions citations (p < 0.001, r = 0.994).

Conclusions This study highlights the highest impact works on SCT in IDD, thereby providing a deeper understand-
ing of the historical works related to SCT in IDD, as well as benefits for future studies in this field.
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Background
Low back pain (LBP) affects up to 84% of adults in their 
lifetime and is thought to be the most common vital mus-
culoskeletal disorder to cause hospital visits [1–3]. LBP 
is also the predominant reason for sick leave and sub-
sequent disability worldwide, representing an immense 
socioeconomic burden [4, 5]. The total cost of LBP in 
the United States is estimated to exceed $100 billion per 
year [6]. Intervertebral disc degeneration (IDD) is the 
predominant cause of LBP; however, for many patients, 
contemporary treatments for IDD aimed at alleviating 
symptoms or minimizing disability do not offer satisfac-
tory outcomes [5–7]. Neither surgical nor non-surgical 
interventions are capable of hindering the progress of 
IDD or reversing it to regain the functional discs [3, 7, 8]. 
Hence, new treatment strategies focused on curing IDD 
are required.

Increasing attention has been paid to stem cell (SC) 
therapy in IDD because of the limitations of the current 
invention options [7–12]. With the rapid development of 
stem cell transplantation (SCT), numerous studies have 
been published on IDD [9–12]. Several important studies 
may have great potential to promote the growth of SCT 
in IDD [8–11]. The tendency of a certain field is com-
monly reflected in high-impact works [13–17]; thus, the 
evaluation of such works can help researchers and clini-
cians to rapidly identify the most influential papers in a 
specific field to deepen their research or identify novel 
directions in light of classic studies [16–19]. Analyses of 
the highest-cited papers have been conducted in various 
fields but have not yet been applied to SCT in IDD [13–
30]. Therefore, the purpose of the present study was to 
determine and analyze the 100 highest-cited documents 
on SCT in IDD, allowing for a better understanding of 
the historical works as well as serving as a resource for 
future studies in this field.

Materials and methods
Retrieval strategy
The requirement for Institutional Review Board approval 
was waived because the study did not involve humans or 
animals. The Web of Science (WoS) database was used 
as the literature source, and the works were retrieved on 
January 10, 2023. A topic search was conducted using the 
following search strategy: (“stem cell” OR “progenitor 
cell” OR “stromal cell”) AND (“intervertebral disc” OR 
“intervertebral disk” OR “annulus fibrosus” OR “nucleus 
pulposus” OR “endplate”). The search was not limited 
by the publication time, article type, or language. The 
identified papers were listed in descending order based 
on WoS citations. We included all experimental in  vivo 
studies that evaluated intervertebral disc regenera-
tion after SCT in animal and human models, as well as 

review papers discussing in  vivo SCT for intervertebral 
disc regeneration. The included studies exploring multi-
ple cell types should have at least one group investigating 
SC. The studies only investigated general cell without SC 
were excluded. Studies only involving in vitro experiment 
were also excluded. Two authors independently screened 
the articles. In the case of disagreements regarding study 
selection between the two authors, a third author made 
the final decision. The 100 highest-cited papers on SCT 
in IDD were included in this study.

Data management
After the final list was determined, data extraction and 
analysis were performed independently by two authors. 
If no consensus reached, a third author was consulted to 
make the final decision. The extracted data included the 
title, year, citation count, journal, article type, country, 
institution, author, source species, and type of stem cells. 
WoS citations were collected from the citation count 
for each paper, which were listed in the WoS database. 
Citations per year (since publication) was calculated. 
The main authors, including the first and corresponding 
authors, were recorded. Each paper was further analyzed 
using the free Dimensions app database (www. Dimen 
sions. ai) following previous publications [14, 15]. The 
number of citations in the Dimensions database and the 
Altmetric Attention Score (AAS) for each paper were 
listed in the Dimensions free app [14, 15]. Dimensions 
citations and AAS of the top 100 papers were collected 
for further analysis. To analyze the relative capability of 
the research output between countries, the number of 
papers published in each country was standardized by 
population size and gross domestic product (GDP). The 
relationships among the number of papers, population, 
and GDP were analyzed. For each country, the latest data 
of population size and GDP for 2022 were obtained from 
the World Bank (www. world bank. org).

Statistical analysis
Descriptive statistics, including total counts, aver-
age counts, and percentages, were used to depict the 
extracted data. Correlation analysis was performed to 
detect the relationship between WoS citations, AAS, 
average AAS, and Dimensions citations. The correla-
tion coefficient of the Pearson’s test (r) < 0.3 was defined 
as poor, 0.3–0.5 as low, 0.5–0.7 as moderate, 0.7–0.9 as 
high, and > 0.9 as very high. Statistical significance was 
set at p < 0.05.

Results
Top 100 list
A total of 2293 records were initially identified in the 
WoS database. All the records were extracted and 

http://www.Dimensions.ai
http://www.Dimensions.ai
http://www.worldbank.org
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arranged in descending order based on the number of 
citations. After excluding 319 papers with 0 citations, 
1974 papers with at least 1 citation were obtained. Based 
on reviewing of the title, abstract, and citation rank, 100 
most cited papers were eligible of inclusion. The full 
texts of these papers were further reviewed. None of the 
papers were excluded. The 100 most cited papers on SCT 
in IDD were finally included (Table 1). The flowchart of 
study selection is depicted in Fig. 1.

The number of WoS citations per paper ranged from 13 
to 372. When sorted by citations per year (since publica-
tion), the three papers with the highest total WoS cita-
tions were ranked differently: the most cited paper with 
372 citations ranked fifth with 17.71 citations per year, 
the second most cited with 325 citations ranked fourth 
with 18.06 citations per year, and the third most cited 
with 324 citations ranked second with 24.92 citations 
per year (Table  2). Furthermore, according to citations 
per year (since publication), the top three papers with 
33.75, 24.92, and 23.50 citations per year ranked 6th (270 
citations), 3rd (324 citations), and 5th (282 citations) in 
total WoS citations respectively. The number of Dimen-
sions citations ranged from 14 to 343. The highest AAS 
recorded were 535, followed by 97 and 93. The top three 
papers according to AAS all originated from America and 
also ranked as the top three when sorted by citations per 
year, with scores of 66.88, 13.86, and 13.29 respectively. 
Additionally, 27% of the studies, totaling 27, did not have 
an AAS. All studies were published in English.

Year of publication
Figure 2 presents the annual distribution of the top 100 
studies, which were published between 2003 and 2021. 
The highest number of works were published in 2016, 
with 14 papers, followed by 2014 and 2019, each with 11 
papers.

Article type
The article types of the top 100 works are shown in Fig. 3. 
A total of 80 original studies were included. The aver-
age number of citations of these works was 77.51. The 
remaining 20 papers were reviews, with an average of 
65.30 citations.

Source journal
A total of 48 journals contributed to the 100 studies, 
with 19 journals publishing at least two of these studies 
(Table 3). The most frequently represented journals were 
Spine and The Spine Journal, each with 8 publications, 
followed by International Orthopaedics with 7, and the 
Journal of Orthopaedic Research with 6. Spine also had 
the highest total citations at 916, followed by Biomateri-
als with 776, and The Spine Journal with 490. Among the 

48 journals, Nature Reviews Rheumatology had the high-
est impact factor (33.7), followed by Nature Communica-
tions (16.6) and Advanced Drug Delivery Reviews (16.1). 
No significant correlation was found between the aver-
age number of WoS citations and the average AAS (r = 
−0.036, p = 0.882).

Country distribution
Table  4 presents the country affiliations of the top 100 
most-cited studies. Seventeen countries contributed to 
these influential papers. China led with 31 publications, 
followed by the United States with 22 and Japan with 14. 
In terms of total citations, Japan ranked first with 2,264 
citations, followed by the United States with 1,539, and 
China with 1,439. Ten countries published at least two 
papers each. No significant correlation was observed 
between the average number of WoS citations and the 
average AAS (r = 0.099, p = 0.705). When research out-
put was normalized by population, Australia ranked 
first (34.97), followed by Switzerland (34.49) and Ireland 
(19.89). Similarly, when normalized by GDP, Australia 
again ranked first (58.34), with Switzerland (36.91) and 
Sweden (31.88) following.

Institution of origin
The affiliated institutions that contributed two or more 
papers are listed in Table  5, with fifteen institutions 
included in the list. Tokai University School of Medicine, 
with 11 papers, had the leading publication record, fol-
lowed by The University of Hong Kong (8), and Southeast 
University (4). Tokai University School of Medicine had 
the highest total citations (1950), followed by the Univer-
sity of Hong Kong (550), and the University of Valladolid 
and CSIC (446). Regarding the average number of cita-
tions, the University of Valladolid and CSIC ranked first 
(233.00), followed by Tokai University School of Medi-
cine (177.27), and the University of California (140.67).

Main author
Table  6 lists the first and corresponding authors who 
contributed two or more papers. Sakai D led the list with 
10 papers, followed by Cheung KMC with 6, and Mel-
rose J, Pettine K, Lotz JC, and Murphy MB, each with 3 
papers. Sakai D also achieved the highest total number 
of citations (1,911), followed by Cheung KMC (451) and 
García-Sancho J (446). In terms of average citations per 
paper, García-Sancho J had the highest average (233.00), 
followed by Sakai D (191.10) and Lotz JC (140.67). When 
considering average citations per year (since publication), 
García-Sancho J again ranked highest (21.18), with Sakai 
D (12.59) and Vadalà G (12.44) following.
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Classification of species
Figure  4 presents the classification of the species used 
in the 80 original studies on SCT. A total of six species 
were represented across these studies. Rabbits were the 
most commonly studied species, appearing in 33 papers 
(41.25%), followed by rats in 17 studies (21.25%), humans 
in 11 studies (13.75%), and sheep and dogs in 7 studies 
each (8.75%). Pigs were the least represented, featured in 
5 studies (6.25%).

In the 11 clinical trials, sample sizes varied from 2 to 33 
participants. These trials explored various spinal condi-
tions, including low back pain, low back pain with radicu-
lar symptoms, lumbar discogenic pain, and lumbar spinal 
stenosis. The follow-up periods ranged from 1 to 6 years. 
Bone marrow-derived stem cells (BMSCs) were the most 
frequently employed in 7 trials, while adipose-derived 
stem cells (ADSCs) were used in 2 trials. Umbilical cord-
derived stem cells (UCSCs) and hematopoietic stem cells 
(HSCs) were each utilized in 1 trial.

Category of stem cells
Figure 5 illustrates the types of stem cells investigated in 
the 80 original studies. Among these, most studies (79) 
focused on a single type of stem cell, while one study 
explored four different types. In total, ten types of stem 
cells were examined, including BMSCs, ADSCs, nucleus 

pulposus-derived stem cells (NPSCs), UCSCs, induced 
pluripotent stem cells (iPSCs), cartilage endplate-derived 
stem cells (CESCs), annulus fibrosus-derived stem cells 
(AFSCs), HSCs, olfactory stem cells (OSCs), and syno-
vial stem cells (SSCs). BMSCs were the most frequently 
discussed, featured in 56 studies (70.00%), followed by 
ADSCs in 11 studies (13.75%), and NPSCs in 6 studies 
(7.50%).

Correlation analysis
The citation counts of the top 100 WoS works were 
very high correlated with their citations in Dimensions 
(r = 0.994, p < 0.001). Figure 6 shows a clear linear correla-
tion between WoS citations and Dimensions citations. In 
addition, a poor correlation was found between the num-
ber of citations of WoS and AAS (r = 0.000, p = 0.996) 
(Fig. 7).

Discussion
LBP has become the leading cause of disability world-
wide, severely influencing the quality of life of patients 
and placing a huge burden on both society and the econ-
omy [2, 3, 5, 6]. LBP is associated with IDD [9–11, 98], 
for which the current strategies are limited and cannot 
solve the root cause [11, 98]. Therefore, there is a cru-
cial need to develop new treatment options to retard 

Fig. 1 Flowchart detailing the selection process for the top 100 works on SCT in IDD
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IDD and restore disc functions [7, 8, 11, 12, 98]. The pro-
gress in SCT may provide potent strategies for treating 
IDD, while some of the most influential work may change 
clinical practice and motivate discussions, disputes, and 
further studies [8–10, 12, 98]. Although numerous pub-
lications analyzing the highest-cited works have been 
reported in many fields [13–30], there have been no such 
papers on SCT in IDD. Thus, this is the first study to 
determine and analyze the highest impact works on SCT 
in IDD.

The top 100 papers were published in English, demon-
strating that English is the most important and influen-
tial language in the scientific community [16, 20–22, 24, 
25]. Spine and Spine Journal published the largest num-
ber of works, followed by International Orthopaedics, 
and Journal of Orthopaedic Research, demonstrating that 
these journals have a strong influence on SCT in IDD. 
One reason for this observation may be that investiga-
tors tend to submit vital work to high-impact journals in 
their fields [20–25]. Another possibility is that investiga-
tors tend to cite papers published in important journals 

[13–19]. Moreover, journals with high impact factors, 
such as Nature Reviews Rheumatology, published at least 
one paper on stem cells in IDD. This finding suggests that 
some high-quality works on this topic could be accepted 
in high-impact journals [14, 16, 18, 19].

The 100 highest impact works were published by 
authors from 17 countries. The top three countries, 
including China, the United States, and Japan, pro-
duced 67 papers, accounting for about 70% of the top 
100 works. This indicates that high-impact work is still 
concentrated in a few countries, most of which are devel-
oped, with the exception of China. This finding demon-
strates that the economic status of a country is associated 
with the research output of high-impact works [13, 20, 
22, 24]. Therefore, there is a need to improve the quality 
of work in non-developed countries.

It is surprising that China is the most fruitful country 
for the publication of research relating to SCT in IDD. 
Indeed, the high scientific productivity of the United 
States has been proven in many fields [13, 17, 18, 21–25]. 
This may be attributed to the advantages of the United 

Fig. 2 Annual distribution of the top 100 works on SCT in IDD, showing that the peak publication year was 2016, followed by 2014 and 2019
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States in terms of a large number of researchers and suf-
ficient funds [13–22, 24, 25]. Our findings may indicate 
that China have played an increasingly important role 
in the field of SCT in IDD. However, when the research 
output was normalized by population or GDP, Australia, 
Switzerland, Sweden, and Ireland were more prolific. For 
each country, it may make more sense to adjust by the 

number of researchers and financial resources used on 
SCT in IDD, not the total population and GDP. However, 
it should be recognized that it is rather difficult to obtain 
these data from each country in the field of SCT in IDD. 
Nevertheless, when considering the population and eco-
nomic status of these countries, the findings may reflect 
their relatively high research output on SCT in IDD.

Fig. 3 Article types among the top 100 works, comprising 80 original research articles and 20 review articles

Table 3 Journals with two or more papers among the top 100 works

WoS Web of Science, AAS Altmetric Attention Score

Journal Title No. of Papers Total WoS 
Citations

Average WoS 
Citations

Average AAS Impact Factor

Spine 8 916 114.50 4.50 3.0

Spine Journal 8 490 61.25 8.38 4.5

International Orthopaedics 7 246 35.14 7.14 2.7

Journal of Orthopaedic Research 6 471 78.50 3.00 2.8

Biomaterials 4 776 194.00 4.00 14.0

Stem Cells and Development 4 176 44.00 3.00 4.0

Acta Biomaterialia 4 163 40.75 1.00 9.7

European Spine Journal 3 321 107.00 1.00 2.8

Tissue Engineering Part A 3 184 61.33 2.00 4.1

Journal of Translational Medicine 3 174 58.00 241.67 7.4

Stem Cells International 3 83 27.67 1.67 4.3

JOR Spine 3 79 26.33 19.00 3.7

International Journal of Molecular Sciences 3 62 20.67 2.33 5.6

Transplantation 2 446 223.00 26.00 6.2

Journal of Tissue Engineering and Regenerative Medicine 2 217 108.50 11.50 3.3

Stem Cells 2 173 86.50 7.00 5.2

Arthritis Research & Therapy 2 148 74.00 4.50 4.9

Stem Cell Research & Therapy 2 123 61.50 3.00 7.5

Journal of Neurosurgery: Spine 2 119 59.50 2.00 2.8
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Some institutions and authors have excellent records 
in the top 100 list. Sakai D from Tokai University 
School of Medicine ranks first with the highest total 
citations, indicating his significant influence in the field 

of SCT in IDD. Other notable authors such as Cheung 
KMC, Melrose J, Pettine K, Lotz JC, Murphy MB, Schol 
J, Vadalà G, and García-Sancho J also have impressive 
publication records. Our findings underscore the high 
quality of their work on SCT in IDD.

Table 4 Countries of the top 100 works

WoS Web of Science, AAS Altmetric Attention Score, GDP Gross Domestic Product
a Population and GDP of each country for the year 2022 were obtained from the World Bank (www. world bank. org)

Countrya No. of Papers Total
WoS Citations

Average WoS 
Citations

Average AAS No. per Billion 
Populations

No. per $ 
10,000 Billion 
GDP

China 31 1439 46.42 1.77 2.19 17.48

United States 22 1539 69.95 41.09 6.63 9.57

Japan 14 2264 161.71 8.64 11.14 28.35

Australia 9 294 32.67 1.89 34.97 58.34

South Korea 5 313 62.60 1.40 19.31 27.80

Italy 3 309 103.00 6.00 5.08 14.29

Switzerland 3 79 26.33 36.00 34.49 36.91

Spain 2 446 223.00 26.00 4.23 14.03

Sweden 2 178 89.00 4.50 19.20 31.88

Germany 2 65 32.50 1.00 2.41 4.74

Netherlands 1 74 74.00 3.00 5.70 9.82

Denmark 1 44 44.00 0.00 17.07 25.18

Singapore 1 42 42.00 0.00 18.34 25.19

Canada 1 34 34.00 6.00 2.61 5.02

Ireland 1 46 46.00 26.00 19.89 20.06

United Kingdom 1 270 270.00 7.00 1.49 3.14

France 1 71 71.00 2.00 1.48 3.40

Table 5 Institutions with two or more papers among the top 100 works

WoS Web of Science

Institutions No. of Papers Total WoS Citations Average 
WoS 
Citations

Tokai University School of Medicine 11 1950 177.27

The University of Hong Kong 8 550 68.75

Southeast University 4 105 26.25

Zhejiang University 3 138 46.00

University of California 3 422 140.67

Celling Biosciences 3 217 72.33

Kolling Institute 3 66 22.00

University of Valladolid and CSIC 2 446 223.00

Campus Bio-Medico University of Rome 2 266 133.00

Sahlgrenska Hospital 2 178 89.00

University of Ulsan 2 132 66.00

CHA University 2 123 61.50

Mayo Clinic 2 74 37.00

Monash University 2 59 29.50

Second Military Medical University 2 36 18.00

http://www.worldbank.org
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Table 6 First/corresponding authors with two or more papers of the top 100 works

WoS Web of Science

Authors As First Author As Corresponding 
Author

No. of Papers Total WoS 
Citations

Average WoS 
Citations

Average WoS Citations 
per Year (Since 
Publication)

Sakai D 7 9 10 1911 191.10 12.59

Cheung KMC 6 6 451 75.17 5.58

Melrose J 1 3 3 66 22.00 3.62

Pettine K 3 3 217 72.33 8.94

Lotz JC 3 3 422 140.67 8.33

Murphy MB 3 3 217 72.33 8.94

Schol J 1 2 2 111 55.50 9.04

Vadalà G 2 2 266 133.00 12.44

Leung VY 2 2 219 109.50 7.66

Henriksson HB 2 2 178 89.00 7.07

Yang H 2 2 144 72.00 6.31

Jeong JH 2 2 132 66.00 4.60

Feng G 2 2 88 44.00 4.60

Zhou X 2 2 82 41.00 6.83

Shu CC 2 2 40 20.00 3.01

García-Sancho J 2 2 446 223.00 21.18

Choi KH 2 2 132 66.00 4.60

Lee SH 2 2 123 61.50 8.34

Chen Q 2 2 108 54.00 6.88

Qu W 2 2 74 37.00 3.94

Wu XT 2 2 54 27.00 3.13

Fig. 4 Species examined in the original research studies. Six species were included, with rabbit being the most frequently studied (41.25%), 
followed by rat (21.25%), human (13.75%), sheep (8.75%), dog (8.75%), and pig (6.25%)
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Citations per year (since publication) is calculated as an 
indicator that evaluates the relative influence of a paper, 
irrespective of the time elapsed since its publication [24, 
25, 28, 30, 131]. We found that the top study based on 
citation per year (since publication) was a review on SCT 
in IDD. The second study, which investigated the trans-
plantation of mesenchymal stromal cells, is notable for its 
high citation per year (since publication), likely because 
it represents the first human clinical study investigating 
SCT for the treatment of disc degeneration disease [3]. 
The 3rd, 4th, and 5th highest cited papers are also from 
Sakai D, further evidencing his significant impact in SCT 
on IDD. Given their high citation per year (since publica-
tion), these studies are expected to maintain strong cita-
tion records in the future [23, 132].

In our comprehensive analysis of the top 100 papers on 
SCT in IDD, a detailed comparison of total WoS citations 
and citations per year since publication reveals a dynamic 
landscape of research impact [24, 25, 28, 30, 131]. Nota-
bly, while papers with the highest total WoS citations 
indicate long-standing contributions to the field, their 
annual citations suggest varying levels of ongoing influ-
ence [18, 22, 28, 132]. For instance, the most cited paper, 
with 372 total citations, ranks only fifth when evaluated 
by its annual citation rate of 17.71, highlighting strong 
historical impact but a relatively moderated contem-
porary influence. Conversely, papers with fewer total 

citations but higher citations per year, such as those with 
33.75, 24.92, and 23.50 citations per year, are emerg-
ing as significant recent contributors, emphasizing the 
importance of considering both longevity and immediacy 
in assessing research impact. Additionally, the integra-
tion of AAS alongside traditional citation metrics pro-
vides a layered understanding of research visibility and 
engagement [14, 15]. The highest recorded AAS was 535, 
indicative of substantial immediate attention and public 
engagement. Analyzing average AAS per year since pub-
lication offers further insight into the sustained impact 
of these studies over time. For instance, the top-ranked 
paper by AAS also shows a high annual engagement rate, 
suggesting ongoing discussions and relevance within the 
community long after publication. This dual perspective 
highlights not only the peak interest at the time of pub-
lication but also the enduring resonance of research in 
broader discussions, thereby enriching our understand-
ing of both immediate and lasting scholarly influence 
[14, 15, 133]. Such analysis is crucial for discerning which 
topics capture transient attention versus those that foster 
prolonged academic and public discourse, thus providing 
a more nuanced view of the dynamics within scientific 
communication [14, 15].

Animal models play a pivotal role in advancing 
research on IDD, particularly in evaluating the safety 
and efficacy of SCT [134, 135]. These models provide 

Fig. 5 Stem cell types discussed in the original research. Ten different types of stem cells were included, with BMSCs being the most frequently 
discussed (70.00%), followed by ADSCs (13.75%) and NPSCs (7.50%)
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researchers with valuable insights into the mechanisms 
of SCT and its potential therapeutic applications. Rab-
bits emerged as the most commonly used species in SCT 
research, appearing in 41.25% of the studies. Their rela-
tively larger disc dimensions, compared to smaller mod-
els like rats, make them ideal for facilitating SCT [136]. 
Additionally, the cost-effectiveness and availability of 
rabbits, compared to larger animals like sheep or pigs, 
contribute to their popularity in this area of research 
[136, 137]. Despite the advantages of animal models, 
translating these findings to human clinical applications 
remains challenging. Humans constituted only 13.75% of 
the studies, reflecting the complexity of advancing pre-
clinical data into clinical trials. Ethical concerns, safety 
considerations, and the inherent complexity of human 
spinal conditions create barriers to conducting large-
scale human trials [136, 137]. While larger animals such 
as sheep and pigs could provide closer physiological simi-
larities to humans, their high maintenance costs and lim-
ited availability reduce their use in SCT research [137].

In clinical trials, sample sizes were small, ranging from 
2 to 33 participants, reflecting the early stages of SCT 
research [136, 138]. The trials addressed various spinal 
conditions, including low back pain and lumbar spinal 
stenosis, demonstrating the potential versatility of SCT. 
Follow-up durations from 1 to 6 years allowed research-
ers to assess both short-term and long-term outcomes, 
providing valuable insights into the sustained efficacy of 
these therapies. BMSCs were the most frequently used, 
employed in 7 of the 11 trials, likely due to their estab-
lished regenerative potential and safety profile [11, 60]. 
Although alternative stem cell types are being explored, 
BMSCs remain the dominant choice, indicating a need 
for further research into the effectiveness of other cell 
sources. The results of the studies were largely positive, 
showing improvements in radiologic outcomes such as 
increased water content in the discs, improved Pfirrmann 
grading, and reduced disc bulge size as observed in MRI 
scans. Additionally, SCT was associated with improve-
ments in lumbar function, reduced pain, and enhanced 

Fig. 6 Scatter plot illustrating the correlation between WoS and Dimensions citations, demonstrating a very high linear correlation (r = 0.994, 
p < 0.001)
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quality of life for patients. Importantly, most studies 
reported minor or no adverse events, further supporting 
SCT’s potential as a safe and effective treatment for IDD 
[9, 60, 138]. However, despite these promising findings, 
limitations remain. The small sample sizes and lack of 
large-scale randomized controlled trials limit the gener-
alizability of the results [60, 138]. To confirm the safety 
and efficacy of SCT as a treatment for IDD, larger, well-
designed RCTs are needed. These future studies should 
focus on expanding the sample sizes and exploring the 
use of different stem cell sources to ensure the broader 
applicability of SCT in clinical settings.

Some of the studies included in our analysis inves-
tigated multiple cell types, not just SC. These studies 
highlight that certain cell types, such as articular chon-
drocytes [52], may offer advantages in treating IDD com-
pared to SC, as they are better suited to survive in the 
ischemic disc microenvironment [8, 11, 98]. We consider 
these findings highly significant for the field of SCT in 
IDD and have therefore included these studies in our top 
100 list. These insights could encourage researchers to 
modify SC to enhance their adaptation to the challenging 

disc environment or to explore new stem cell types with 
superior regenerative potential. In addition, BMSCs are 
the most widely used stem cell type, likely due to their 
excellent biological properties and ease of harvesting 
with minimal harm [3, 98]. However, as our understand-
ing of IDD deepens, increasing evidence suggests that 
the harsh microenvironment of degenerated discs lim-
its the efficacy of BMSCs [10, 98]. Consequently, there 
is growing interest in utilizing resident stem cells, such 
as (NPSCs, AFSCs, and CESCs, which demonstrate bet-
ter tolerance to disc conditions [9, 10]. We anticipate that 
research on resident stem cells in IDD will expand rapidly 
in the near future.

Traditional indicators of academic influence, largely 
comprising impact factors and citations, provide an 
important view of the quality of research [20, 21, 139]. 
Nevertheless, social media substantially alters the way 
in which knowledge is shared [14, 15, 133, 139]. World-
wide platforms such as X (formerly known as Twitter) 
and Facebook allow investigators to share their work with 
many more readers, many of whom will not be famil-
iar with the academic field and may not be reflected by 

Fig. 7 Scatter plot assessing the correlation between WoS citations and AAS, showing no significant correlation between the two metrics (r = 0.000, 
p = 0.996)
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traditional indicators [133, 139]. AAS is an indicator of 
the online sharing activities a paper has received [14, 
15]. In this study, the AAS of 27% of the included stud-
ies was zero, meaning that these studies had no online 
activities. Moreover, the citation counts of the top 100 
works in WoS were very high correlated with their cita-
tions in Dimensions (r = 0.994, p < 0.001). This result is 
similar to the findings for previous publications in other 
fields [14, 15]. This suggests that this new database could 
be an alternative to WoS and could compensate for the 
bias of Altmetric because of the rapid change in social 
media. Altmetrics can be used as a useful index to inves-
tigate the impact of work on society, but not as a reliable 
index of work quality [14, 15, 133, 139]. A poor correla-
tion was demonstrated between the number of citations 
in WoS and AAS (r = 0.000, p = 0.996), which is similar 
to the findings of similar publications [14, 15]. Therefore, 
the number of WoS citations is not directly comparable 
to the AAS values; this may be attributed to the fact that 
different databases cover different journals, which may 
affect the citations of articles [139]. However, different 
databases can be used to assess different aspects of the 
work.

In our analysis of SCT research in IDD, the AAS may 
indicate geographic discrepancies that potentially chal-
lenge its universality and fairness [133, 140]. Altmetric’s 
system, primarily monitoring Western-oriented plat-
forms like X (formerly known as Twitter) and Facebook, 
biases engagement metrics towards American content, 
while popular platforms in Europe and Asia such as 
LinkedIn and Sina Weibo are underrepresented due to 
recent policy changes and data stream closures [140]. 
This skew may distort perceptions of the impact and rel-
evance of research across different regions, potentially 
affecting academic recognition and funding decisions 
[131, 140]. To address these issues, it is essential for Alt-
metric to broaden its scope to include a more diverse 
array of data sources, ensuring that altmetrics provide 
a balanced view of global research impact [140]. As the 
academic and publishing communities become increas-
ingly aware of these biases, there is a pressing need for 
altmetrics to evolve to reflect the diverse nature of sci-
entific discourse more accurately, thereby enhancing the 
fairness and accuracy of research impact assessments and 
ensuring equitable recognition of scholarly contributions 
worldwide [131, 140].

This study has several limitations. First, although a 
comprehensive literature search has been performed, 
some papers may not be identified due to the intrinsic 
limitations of the search strategy. Second, the citation 
count is used as an indicator of the impact of a work, 
which may not be absolutely reliable. Indeed, as older 
works have more time to receive citations, influential 

papers published in recent years may have fewer cita-
tions, resulting in their exclusion from the top 100 list. 
Third, the number of citations is usually influenced 
by multiple factors, such as self-citation, and may not 
reflect the objective impact of the studies. Fourth, only 
the WoS database was retrieved to identify the top-cited 
publications. The high-impact works in other sources, 
such as books, websites, and other databases could not 
be included in this study. Fifth, our analysis was lim-
ited to first authors and corresponding authors, which 
is not without its shortcomings. This method may miss 
recognizing the important contributions of co-authors 
in collaborative studies, including those with shared 
first authorships. Sixth, reviewing the most highly cited 
papers in this field does not necessarily reveal how best 
stem cells might be used to affect disc repair. Seventh, 
our study employed a cross-sectional design with data 
collected at a single point in time. Consequently, it may 
not capture temporal changes in specific cell types, spe-
cies, journals, countries, citations, or AAS. It is impor-
tant to note that paper rankings could shift if the search 
is conducted at another time. Eight, our analysis incor-
porates AAS, which introduce another layer of temporal 
bias. These scores tend to favor recent publications due 
to their immediate visibility on social media platforms, 
potentially underrepresenting the historical impact 
of older research that predated the widespread use of 
these digital tools. Therefore, while AAS provide valu-
able insights into current public and scholarly engage-
ment, they should be interpreted with caution. Despite 
these constraints, our study establishes a foundational 
baseline for future analyses, enabling subsequent studies 
to track longitudinal changes in the field’s dynamics and 
the evolving impact of specific research outputs. This will 
allow for a more comprehensive understanding of how 
different factors influence research recognition over time.

Conclusions
For the first time, we provide an analytic study of the 100 
highest impact works on SCT in IDD, thereby providing 
a list of the most influential publications in this field. The 
current study should disseminate beneficial knowledge to 
researchers and clinicians, expand the understanding of 
the historical works regarding SCT in IDD, and be help-
ful in guiding further research on this topic.
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