Journal of the National Cancer Center 5 (2025) 156-166

Jouirnal of the
ancer

Contents lists available at ScienceDirect

Journal of the National Cancer Center

journal homepage: www.elsevier.com/locate/jncc

Full Length Article

The global progress and quality assessment of research on the association M)

Check for

between circulating tumor DNA and clinical prognosis: a systematic review |

Meng Zhang %', Xiaowei Chen>', Qingxin Zhou? Nana Guo“, Baoshan Cao®, Hongmei Zeng®,
Wangqing Chen’, Feng Sun %8+

1 Department of Epidemiology and Biostatistics, School of Public Health, Peking University, Beijing, China

2 Key Laboratory of Epidemiology of Major Diseases (Peking University), Ministry of Education, Beijing, China

3 Tianjin Centers for Disease Control and Prevention, Tianjin, China

4 Hebei Centers for Disease Control and Prevention, Shijiazhuang, China

5 Department of Medical Oncology and Radiation Sickness, Peking University Third Hospital, Beijing, China

6 National Central Cancer Registry, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and
Peking Union Medical College, Beijing, China

7 Office of Cancer Screening, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking
Union Medical College, Beijing, China

8 Xinjiang Medical University, Urumgi, China

ARTICLE INFO ABSTRACT

Keywords: Objective: Circulating tumor DNA (ctDNA) has shown potential as a prognostic biomarker in patients with solid
Circulating tumor DNA tumors. This study aimed to systematically summarize the global application of ctDNA in the prognostic man-
Solid tumor agement of solid tumor patients and to evaluate the quality of the current studies.

Prognosis

Overall survival Methods: PubMed, Web of Science, Embase, Cochrane Library, Scopus, and clinical trials.gov databases were

searched to collect cohort studies on ctDNA in the prognosis of solid tumor patients from January 2016 to May
2022. The language was limited to English. Information including general information, participants and cancer
characteristics, ctDNA and outcome information were extracted. The quality of the studies was assessed using
the Newcastle-Ottawa Scale checklist.

Results: A total of 214 studies were included in the final analysis, encompassing 21,076 patients. The number
of studies has increased annually from 2016 to 2022. The most common types of solid tumors studied were
colorectal cancer (27.10 %), lung cancer (20.09 %), pancreatic cancer (16.82 %), and breast cancer (14.02 %).
The top three journals by number of publications had an impact factor in 2023 greater than 10. Of the studies,
the median sample size was 69 (interquartile range: 41-111), 69.81 % had a sample size <100, 68.92 % had a
median/mean age >60 years, and 74.05 % were from developed countries. Multi-center studies accounted for
40.36 %. Additionally, 29.82 % of the studies had a bias risk score <6. Only 16.67 % of studies on liver cancer
had a bias risk score >6. The primary criteria not met by the studies included “Adequacy of follow-up of cohorts”
(33.33 %), “Assessment of outcome” (32.16 %) and “Representativeness of the exposed cohort” (27.49 %).

Conclusions: The prognostic value of ctDNA in patients with solid tumors is gaining increasing attention, leading
to a steady rise in the number of studies. However, many studies still suffer from small sample sizes and a lack
of representativeness. Furthermore, details regarding ctDNA detection methods and results reporting are often
insufficiently described. There is an urgent need to improve the quality of such research.

1. Introduction in cancer patients enables physicians to customize treatment, leading to
better outcomes. Circulating tumor DNA (ctDNA) refers to short DNA

The global burden of cancer remains a significant public health chal- sequences shed by tumor cells into the systemic circulation? and con-
lenge, with millions of new cases diagnosed annually and a substantial tains tumor-specific genetic and epigenetic abnormalities,® which can be
proportion of these resulting in mortality.! Tracking disease prognosis obtained through liquid biopsy. Over the past years, ctDNA has demon-
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strated great potential as a noninvasive biomarker in early diagnosis,
prognostic stratification, disease monitoring, and treatment response as-
sessment among patients with cancer, leading to better clinical decision-
making.*-°

Especially in terms of prognosis, patients with tumors who have de-
tectable ctDNA exhibit lower survival rates compared to those without
detectable ctDNA.®” Increased ctDNA concentrations are also associ-
ated with poorer clinical and radiological outcomes, which suggests
prognostic utility for ctDNA.8:° Additionally, the long-term manage-
ment of cancer prognosis often imposes a significant burden of frequent
medical visits, along with the corresponding transportation, time and
financial costs, which may affect patient compliance. Utilizing liquid
biopsy to obtain ctDNA for monitoring prognosis has the potential to
increase the convenience and improve the management of patients.!?
Compared to repeated imaging or other more complex methods, regu-
lar blood draws at a nearby site are more likely to enhance compliance,
pose relatively lower risks, and be more cost-effective. It also allows for
repeated sampling over time, providing a deeper understanding of pro-
gression and enabling real-time monitoring of cancer burden after treat-
ment,'! helping clinicians provide the best possible care. Furthermore,
not all cancer patients have equal access to new medical technologies
and optimal prognostic care, with disparities existing along racial and
income lines. Since liquid biopsy may be easily integrated into routine
healthcare, ctDNA analysis may help to alleviate many of the access
barriers faced by patients throughout the cancer care continuum, con-
tributing to mitigating health disparities.®

Due to the above reasons, ctDNA has been proven a promising prog-
nostic marker of predicting survival and relapse across a range of solid
tumors such as colorectal cancer,'? breast cancer,'® and pancreatic can-
cer.'* A meta-analysis included 23 studies with evaluable ctDNA in stage
I-1V colorectal cancer patients and results showed that ctDNA status af-
ter curative-intent surgery was a significant and independent predictor
of recurrence-free survival (RFS).'> Nader-Marta et al. found that ctDNA
detection was significantly associated with worse disease-free survival
(DFS) and overall survival (OS) in patients with operable breast can-
cer.'® Through early prognostic risk assessment, ctDNA testing can fa-
cilitate personalized treatment, allowing cancer patients with a low risk
of relapse to avoid adverse treatment effects and unnecessary costs.

Although evidence on the association between ctDNA and prognostic
outcomes in patients with solid tumors is rapidly increasing, there is
a disparity in the number of studies across different types of cancers.
Previous studies have focused on its potential in early-stage cancers and
specific tumor types,® often without a comprehensive synthesis of the
global application and publication status of these studies in different
solid tumor types. Additionally, a systematic evaluation and comparison
of the study populations and quality across different cancers have not
been conducted. Therefore, it is necessary to comprehensively review
and assess the current research of ctDNA for prognosis.

This study conducted a systematic review of global research on
ctDNA used for predicting prognosis of patients with all kinds of solid
tumors. Through this study, we analyzed the publication status, basic
characteristics, study populations, exposure and outcome information,
and assessed the quality of these studies. Furthermore, we compared
studies across different types of cancer. Our aim was to identify areas for
improvement in ctDNA prognostic research for various cancers, provid-
ing reference and direction for enhancing the quality of future studies.
The findings of this review could contribute to enhancing the relevance
and impact of ctDNA research in oncology, ultimately leading to better
clinical outcomes for cancer patients.

2. Materials and methods
2.1. Protocol and registration

This study was conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta Analyses (PRISMA) guidelines'’ to
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identify studies that assessed the association of ctDNA and clinical prog-
nostic outcomes in patients with solid tumors. The study protocol had
been prospectively registered on PROSPERO (CRD42022323474, CRD
42022331326, and CRD42022335695).

2.2. Search strategy

PubMed, Web of Science, Embase, Cochrane Library, Scopus, and the
clinical trials.gov database were searched from January 2016 to May
2022. The search strategy involved a combination of relevant keywords
and medical subject headings related to ctDNA (e.g., “ctDNA”, “circu-
lating tumor DNA”, and “minimal residual disease”) alongside specific
solid tumor types (e.g., “breast cancer”, “lung cancer”, “colorectal can-
cer”, etc.). Detailed search strategies for each platform are shown in
Supplementary material A. The search results were imported into End-
Note X8 and duplicates were removed automatically by the software.
Subsequently, the titles and abstracts were carefully examined based on
the predefined inclusion and exclusion criteria. Finally, potential eligi-
ble full-text researches were thoroughly reviewed.

2.3. Study selection

We included only studies where ctDNA was considered a binary vari-
able (positive or negative). The inclusion criteria were: (i) original ar-
ticles and conference abstracts about cohort studies (prospective or ret-
rospective); (ii) studies that reported patients with solid tumors; (iii)
documented collection and measurement of ctDNA; (iv) clinical prog-
nostic outcomes data were reported; and (v) studies written in English.

The exclusion criteria were: (i) studies with no available result (re-
views, editorials, comments, or studies with a sample size <5) or ongo-
ing studies without results; (ii) studies which only analyzed the asso-
ciation between elevated or reduced ctDNA quantitative levels or cell-
free DNA and prognostic outcomes; (iii) studies focusing on diagnosis
or screening outcomes; (iv) conference abstracts published before 2020.
Other details have been previously described in previous studies.'8>1°

2.4. Data extraction

The following information was extracted from the selected studies:
(i) general information: title, first author, publication year, type of study,
and journal; (ii) participants and cancer characteristics: country, num-
ber of centers, sample size, cancer stage, gender, median or mean age,
race, and follow-up duration; (iii) ctDNA information: ctDNA sequenc-
ing methods and time points of ctDNA collecting; (iv) study outcomes:
OS (defined as the time from surgery or treatment to death),”® RFS
(defined as the time from surgery or treatment to the time of recur-
rence or death),?! progression free survival (PFS, defined as the time
from surgery or treatment until first evidence of disease progression or
death),?? DFS (defined as the time from surgery or treatment until ev-
idence of disease recurrence).?”> When different outcomes had varying
follow-up durations, the longest follow-up duration was selected.

Both the study selection and data extraction were performed inde-
pendently and concurrently by two researchers. Any discrepancies were
resolved through discussion.

2.5. Quality assessment (Risk of bias)

The quality of the included cohort studies was assessed using the
Newcastle-Ottawa Scale (NOS) checklist,?> which consists of eight sec-
tions and rates studies on a scale of 0 to 9, indicating poor to high qual-
ity, respectively.

2.6. Statistical analysis

We described the categorical variables by count (percentage, ex-
cluding the number missing in the denominator). Continuous variables
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Fig. 1. Flow chart of records inclusion and ex-
[ Identification of studies via databases and registers ] clusion. ctDNA, circulating tumor DNA.
G
Records identified from
(n=11,750):
PubMed (n=1,908)
s Embase (n=4,641) . _
2 Cochrane Library (n=779) ~—————p{ Manual replenishment (n=4)
& Scopus (n=1,699)
= Web of Science (n=2,673)
9 Clinicaltrial.gov (n=43)
= WHO-ICTRP (n=7)
Records removed before screening
(n=3,429):
[ J > Automatic duplicate check (n=2,319)
Duplicate check by DOI (n=1,110)
Records screened (n=8,325) Records excluded (n=5,348):
Other cancers or diseases (n=94)
No available results (n=419)
Exposure is not ctDNA (n=864)
Diagnostic studies (n=91)
Screening studies (n=34)
Technology studies (n=1,000)
> Non-required outcome (n=1,202)
Animal trial, drug mechanism
studies (n=179)
o Case reports (n=218)
% v Reviews, protocols, etc (n=540)
§ ] Duplicates (n=642)
S Reports sought for retrieval Conference abstracts before 2020
(7] (n=2,977) (n=65)
»| Reports not retrieved (n=5)
v
Reports assessed for eligibility
(n=2,972) Reports excluded (n=2,758):
Not about solid tumors (n=85)
Exposure is a single mutation from
> CtDNA (n=301)
— Exposure is a non-binary variable or
— 4 non-blood derived ctDNA (n=990)
Studies included in review Diagnostic/screening/technology
(n=214) studies (n=222)
Reports of included studies Non-required outcome (n=523)
(n=214) Non-cohort studies (n=141)
Colorectal cancer: n=58 Reviews, protocols, etc (n=185)
s Lung cancer: n=43 Duplicates (n=123)
3 Pancreatic cancer: n=36 No available results (n=183)
S Breast cancer: n=30 Conference abstracts before 2020
= Melanoma: n=10 (n=5)
Esophageal/gastroesophage
al cancer: n=9
Liver cancer: n=8
Others: n=20
—
were described by mean (standard deviation) or median (interquar- 3. Results
tile range, IQR). 2 test or Kruskal-Wallis H test were used to com-
pare the proportions in different cancer subgroups. A two-tailed sig- 3.1. Literature search results
nificance level of 0.05 was used. All analyses were performed us-
ing SPSS 26.0 software. GraphPad Prism 8.4.2 was used for creating A total of 11,750 studies were searched, and 214 studies were in-
graphs. cluded in the final analysis (Fig. 1 and Supplementary material Table
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Table 1

The top 10 journals according to the number of publications included.

Rank Journal Count (%) Impact factor
1 Journal of Clinical Oncology 21 (9.81) 45.4
2 Clinical Cancer Research 20 (9.35) 11.5
3 Annals of Oncology 19 (8.88) 50.5
4 Cancer Research 8(3.74) 11.2
4 Frontiers in Oncology 8 (3.74) 4.7
6 British Journal of Cancer 7 (3.27) 8.8
7 International Journal of Cancer 6 (2.80) 6.4
7 Molecular Oncology 6 (2.80) 6.6
7 Cancers (Basel) 6 (2.80) 5.2
10 JAMA Oncology 5(2.349) 28.4
- Others 108 (50.47) -

B.1). Among these, 27.10 % studies were related to colorectal cancer
(including studies on colorectal liver metastases), 20.09 % to lung can-
cer, 16.82 % to pancreatic cancer, 14.02 % to breast cancer, 4.67 %
to melanoma, 4.21 % to esophageal/gastroesophageal cancer, 3.74 %
to liver cancer, and 9.35 % of other cancer types (including ovarian
cancer, renal cell carcinoma, bladder cancer, gastric cancer, anal squa-
mous cell carcinoma, neuroendocrine neoplasms, oropharyngeal squa-
mous cell carcinoma, osteosarcoma, etc.).

3.2. General information

79.91 % of the studies were original research, and 20.09 % were con-
ference abstracts. The included studies were published between 2016
and 2023 (Fig. 2), with a notable increase in the number of studies from
2019 onwards. Early publications were primarily focused on colorectal
cancer, lung cancer, pancreatic cancer, and breast cancer. Table 1 listed
the top 10 journals by the number of included studies, with Journal of
Clinical Oncology, Clinical Cancer Research, and Annals of Oncology rank-
ing first, second, and third, respectively, all with impact factors in 2023
exceeding 10.

3.3. Participants and cancer characteristics

Table 2 presents the distribution of countries among the total studies
and the studies grouping according to different cancer types. The most
common countries of origin for the study samples were China (23.78 %),
the United States of America (USA) (14.59 %), Japan (10.81 %), France
(9.19 %), Australia (5.95 %), and Denmark (5.95 %). Additionally,
40.00 % of the studies on melanoma involved populations from Aus-
tralia. The proportion of studies from different continents was 38.38 %
in Europe, 37.84 % in Asia, 15.68 % in Northern America, and 6.49 %
in Oceania, respectively. The difference in distribution of continents
among various cancer types was statistically significant (P = 0.009).
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Studies with population from developing countries only accounted for
25.41 %.

The total sample size across studies was 21,076 individuals (range:
8-1127) and the median sample size was 69 (IQR: 41-111). 14.15 %
of the studies had a sample size of <30, 55.66 % of the studies had a
sample size of 30-99, and 30.19 % had a sample size of >100 (Table 3).
There was no statistically significant difference in sample size distribu-
tion across different cancer types (P = 0.137). 68.92 % of the studies
had a median/mean age of >60 years, though over 65.00 % of studies
on breast cancer and liver cancer had a median/mean age of <60 years
old. Except for studies on breast cancer, lung cancer, and ovarian cancer,
male participants were more prevalent in other common cancer types
(Supplementary material Table B.2).

Multi-center studies accounted for 40.36 % of the research, while
studies on lung cancer, pancreatic cancer, esophageal/gastroesophageal
cancer, and liver cancer were predominantly single-center, with single-
center studies accounting for 56.25 %, 82.76 %, 100 %, and 100 %,
respectively. Only 21.62 % of the studies from China were multi-center,
which was lower than that of countries other than China (P = 0.011).
Compared to the other stages, the number of studies containing can-
cer patients with stage IV was the lowest, with only 43.51 %. Me-
dian/mean follow-up duration was reported in 138 studies, ranging from
3.7 months to 127.2 months, with 65.94 % of studies having a follow-up
time between 12 and 36 months.

3.4. ctDNA information and outcomes

As shown in Table 4, methods for ctDNA sequencing mainly included
next generation sequencing (58.54 %) and digital polymerase chain re-
action (25.85 %). 9.27 % of the studies used both methods. A detailed
analysis of exposure and outcome information showed that 20.28 % of
studies collected only one blood sample during the study period to an-
alyze the presence of ctDNA (Table 4). ctDNA collected from baseline
(before any treatment) and any time after surgery were most frequently
used for association analysis of prognostic outcomes, with 59.05 % and
51.90 % of studies using these time points, respectively. By reported
outcomes, 49.53 % of the studies used OS, with a higher proportion
in pancreatic cancer and melanoma studies, at 86.11 % and 70.00 %,
respectively. DFS/RFS was used in 51.87 % of the studies, with colorec-
tal cancer and liver cancer having higher usage rates at 75.86 % and
75.00 %, respectively. Additionally, 16.82 % of the studies reported both
OS and PFS, and 20.56 % reported both OS and DFS/RFS.

3.5. Quality assessment
We also evaluated the completeness of survival analysis presented

in 171 full-text studies and found that only 59.76 % reported the re-
spective OS/RFS/DFS/PFS in the ctDNA-positive and ctDNA-negative
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Table 2
Country distribution of included studies.
Characteristics Cancer type, n (%) P value
Total Colorectal cancer Lung cancer Pancreatic cancer Breast cancer Melanoma Esophageal/gastroesophageal cancer Liver cancer

Country (N = 185)* 0.086
China 44 (23.78) 11 (20.37) 13 (34.21) 6 (19.35) 6 (24.00) - 2(33.33) 5(83.33)
USA 27 (14.59) 6 (11.11) 7 (18.42) 5(16.13) 5 (20.00) 1 (10.00) 1 (16.67) -
Japan 20 (10.81) 4(7.41) - 8 (25.81) 2(8.00) - - -
France 17 (9.19) 4(7.41) 3(7.89) 3(9.68) 4 (16.00) 1 (10.00) - 1 (16.67)
Australia 11 (5.95) 6(11.11) - - - 4 (40.00) 1 (16.67) -
Denmark 11 (5.95) 8(14.81) - 1(3.23) - 1 (10.00) - -
Other countries” 50 (27.03) 13 (24.07) 14 (36.84) 7 (22.58) 7 (28.00) 3(30.00) 2(33.33) -
> 2 countries 5(2.70) 2(3.70) 1(2.63) 1(3.23) 1 (4.00) - - -

Continent (N = 185)*:¢ 0.009
Europe 71 (38.38) 24 (44.44) 14 (36.84) 10 (32.26) 11 (44.00) 5 (50.00) 2(33.33) 1 (16.67)
Asia 70 (37.84) 17 (31.48) 16 (42.11) 15 (48.39) 8 (32.00) - 2(33.33) 5(83.33)
Northern America 29 (15.68) 6 (11.11) 7 (18.42) 5(16.13) 6 (24.00) 1 (10.00) 1 (16.67) -
South America 1(0.54) - - - - - - -
Oceania 12 (6.49) 7 (12.96) - - - 4 (40.00) 1 (16.67) -
> 2 continents 2 (1.08) - 1(2.63) 1(3.23) - - - -

Type of country (N = 185)*¢ 0.051
Developing 47 (25.41) 11 (20.37) 14 (36.84) 7 (22.58) 6 (24.00) - 2(33.33) 5(83.33)
Developed 137 (74.05) 43 (79.63) 23 (60.53) 24 (77.42) 19 (76.00) 10 (100) 4 (66.67) 1 (16.67)
Both covered 1(0.54) - 1(2.63) - - - - -

a Only 185 studies reported the country from which the study population came.

b Other countries include UK, Netherlands, Germany, Spain, Italy, South Korea, Belgium, Austria, Sweden, Russia, Germany, Czech Republic, Norway, Singapore, Greece, Canada, Brazil, Israel, a total of 18 countries.
¢ One study of oropharyngeal squamous cell carcinoma was from South America. Two studies were conducted with populations from more than two continents, one of which was conducted with populations from
Oceania and Asia, and the other was from Asia, Europe, and Northern America.

4 Among the countries involved in this study, China, Russia and Brazil were considered as developing countries. USA, Japan, France, Denmark, Australia, UK, Netherlands, Germany, Spain, Italy, South Korea, Belgium,
Austria, Sweden, Germany, Czech Republic, Norway, Singapore, Greece, Canada, and Israel were considered as developed countries. “-” indicates no study published.

Abbreviations: UK, the United Kingdom; USA, the United States of America.
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Table 3

Basic characteristics of included studies.

Characteristics Cancer type, n (%) P value
Total Colorectal cancer Lung cancer Pancreatic cancer Breast cancer Melanoma Esophageal/gastroesophageal cancer Liver cancer
Sample size (N = 212)* 0.137
< 30 30 (14.15) 4 (6.90) 9 (20.93) 7 (20.00) 4 (13.79 %) 1 (10.00) 1(11.11) 1 (12.50)
30-49 46 (21.70) 13 (22.41) 9 (20.93) 5 (14.29) 9 (31.03 %) - 3(33.33) 4 (50.00)
50-99 72 (33.96) 18 (31.03) 13 (30.23) 9 (25.71) 9 (34.48 %) 6 (60.00) 5 (55.56) 3 (37.50)
100-199 49 (23.11) 17 (29.31) 8 (18.60) 12 (34.29) 7 (20.69 %) 3(30.00) - -
>200 15 (7.08) 6 (10.34) 4 (9.30) 2 (5.71) - - - -
Age, years (N = 148)* <0.001
<50 8 (5.41) - - - 7 (38.89) - - -
50-59 38 (25.68) 10 (21.74) 6 (20.69) 1(4.17) 10 (55.56) 3 (37.50) - 4 (66.67)
60-69 87 (58.78) 32 (69.57) 21 (72.41) 19 (79.17) 1 (5.56) 4 (50.00) 6 (85.71) 1 (16.67)
>70 15 (10.14) 4 (8.70) 2 (6.90) 4 (16.67) - 1 (12.50) 1(14.29) 1 (16.67)
Number of centers (N = 166)* <0.001
Multi 67 (40.36) 27 (60.00) 14 (43.75) 5(17.24) 13 (54.17) 4 (50.00) - -
Single 99 (59.64) 18 (40.00) 18 (56.25) 24 (82.76) 11 (45.83) 4 (50.00) 7 (100) 7 (100)
Cancer stages (N = 131)*
Stage I 73 (55.73) 14 (43.75) 20 (58.82) 9 (64.29) 8 (50.00) - 5(83.33) 7 (100) 0.002
Stage 11 96 (73.28) 25 (78.13) 23 (67.65) 10 (71.43) 15 (93.75) 1(11.11) 5 (83.33) 6 (85.71) 0.001
Stage III 111 (84.73) 29 (90.63) 28 (82.35) 12 (85.71) 13 (81.25) 7 (77.78) 6 (100) 4 (57.14) 0.384
Stage IV 57 (43.51) 10 (31.25) 13 (38.24) 11 (78.57) 3(18.75) 6 (66.67) 2(33.33) 1(14.29) 0.007
Follow-up time, months (N = 138)? 0.156
<12 15 (10.87) 2 (5.41) 2 (6.45) 5(22.73) 4(18.18) - - -
12-23 52 (37.68) 12 (32.43) 14 (45.16) 11 (50.00) 5(22.73) 3(37.50) 1 (16.67) 2 (100)
24-35 39 (28.26) 14 (37.84) 7 (22.58) 3(13.64) 4(18.18) 4 (50.00) 4 (66.67) -
> 36 32(23.19) 9 (24.32) 8 (25.81) 3(13.64) 9 (40.91) 1 (12.50) 1 (16.67) -

s

-” indicates no study published.

Only 212 studies reported sample size, 148 reported average/median age, 166 reported the number of centers included in the study, 131 reported cancer stages, and 138 reported average/median follow-up time.
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Table 4
ctDNA-related outcome information and bias risk score of included studies.
Characteristics Cancer type, n (%) P value
Total Colorectal cancer ~ Lung cancer  Pancreatic cancer  Breast cancer =~ Melanoma  Esophageal/gastroesophageal cancer  Liver cancer

032 noyz ‘D ‘Uayd X uvyz ‘W
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ctDNA sequencing method (N = 205)
NGS only
dPCR only
NGS and dPCR
Others
The number of times ctDNA was collected (N = 212)
1
>2
Time point of collecting ctDNA for association analysis (N = 210)
Baseline
During or after NAT and before surgery
Any time after surgery
During or after CRT and without surgery
Outcome (N = 214)
oS
PFS
DFS/RFS
Association analysis
Median OS/RFS/DFS/PFS (N = 164)
Events (N = 171)
HR/OR value (N = 171)
Confidence interval of HR/OR (N = 171)
Bias score (N = 171)
1-6
7-9

120 (58.54)
53 (25.85)
19 (9.27)
13 (6.34)

43 (20.28)
169 (79.72)

124 (59.05)
26 (12.38)
109 (51.90)
17 (8.10)

106 (49.53)
63 (29.44)
111 (51.87)

98 (59.76)

138 (80.70)
147 (85.96)
140 (81.87)

51 (29.82)
120 (70.18)

33 (58.93)
14 (25.00)
4(7.14)
5(8.93)

10 (17.24)
48 (82.76)

26 (44.83)
10 (17.24)
45 (77.59)
2(3.45)

15 (25.86)
4 (6.90)
44 (75.86)

15 (33.33)
48 (100)

43 (89.58)
42 (87.50)

15 (31.25)
33 (68.75)

32 (82.05)
2(5.13)
2 (5.13)
3(7.69)

3(7.14)
39 (92.86)

21 (50.00)
1(2.38)
18 (42.86)
7 (16.67)

20 (46.51)
19 (44.19)
17 (39.53)

23 (69.70)
26 (78.79)
26 (78.79)
24 (72.73)

8 (24.24)
25 (75.76)

11 (32.35)
15 (44.12)
6 (17.65)
2 (5.88)

13 (37.14)
22 (62.86)

28 (82.35)
2 (5.88)
11 (32.35)
3(8.82)

31 (86.11)
13 (36.11)
17 (47.22)

23 (82.14)
14 (48.28)
26 (89.66)
25 (86.21)

10 (34.48)
19 (65.52)

20 (68.97)
4 (13.79)
3(10.34)
2 (6.90)

6 (20.00)
24 (80.00)

22 (75.86)
10 (34.48)
11 (37.93)
2(6.90)

11 (36.67)
8 (26.67)
12 (40.00)

13 (59.09)
23 (92.00)
20 (80.00)
20 (80.00)

5(20.00)
20 (80.00)

1 (10.00)
9 (90.00)

3 (30.00)
7 (70.00)

6 (60.00)

4 (40.00)

7 (70.00)
6 (60.00)
2 (20.00)

10 (100)
10 (100)
10 (100)
10 (100)

3 (30.00)
7 (70.00)

6 (66.67)
2(22.22)
1(11.11)

2(22.22)
7 (77.78)

5 (55.56)
2(22.22)
4 (44.44)
1(11.11)

5 (55.56)
4 (44.44)
4 (44.44)

5(83.33)
4 (66.67)
5(83.33)
4 (66.67)

1(16.67)
5(83.33)

6 (75.00)
2 (25.00)

2 (25.00)
6 (75.00)

3(37.5)

5 (62.5)

5 (62.50)
2 (25.00)
6 (75.00)

4 (66.67)
5(83.33)
5(83.33)
3 (50.00)

5(83.33)
1 (16.67)

<0.001

0.070

0.005
0.001
<0.001
0.255

<0.001
<0.001
<0.001

<0.001
<0.001
0.583
0.109
0.099

Abbreviations: ctDNA, circulating tumor DNA; NGS, next generation sequencing; dPCR, digital polymerase chain reaction; NAT, neoadjuvant therapy; CRT, chemoradiotherapy; OS, overall survival; PFS, progression-free
survival; DFS, disease-free survival; RFS, recurrence-free survival; HR, hazard ratio; OR, odds ratio; “-”, no study published.
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Fig. 3. Risk of bias of included studies.
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Fig. 4. Detailed risk of bias of different solid tumors. (A) Total risk score. (B) Representativeness of the exposed cohort. (C) Selection of the non-exposed cohort. (D)
Ascertainment of exposure. (E) Demonstration that outcome of interest was not present at start of study. (F) Comparability of cohorts on the basis of the design or
analysis. (G) Assessment of outcome. (H) Was follow-up long enough for outcomes to occur? (I) Adequacy of follow up of cohorts.

groups (Table 4). Quality assessment of the full-text studies indicated
that 29.82 % had a bias risk score of <6, with 1.17 % scoring 1-3 and
28.65 % studies scoring 4-6. Only 16.67 % of studies on liver cancer
had a risk score >6 (Table 4). As shown in Fig. 3, the main items with
“no star” ratings in the bias assessment were “Representativeness of the
exposed cohort” (27.49 %), “Assessment of outcome” (32.16 %), and
“Adequacy of follow-up of cohorts” (33.33 %). The differences in scores
for the items “Ascertainment of exposure” (P < 0.001), “Comparabil-
ity of cohorts on the basis of the design or analysis” (P < 0.001), “Was
follow-up long enough for outcomes to occur?” (P = 0.001), and “Ade-
quacy of follow-up of cohorts” (P = 0.001), were statistically significant
among different types of solid tumors (Fig. 4). Compared to other solid
tumors, studies related to pancreatic cancer had a higher proportion
(51.72 %) of “no star” ratings for the item “Ascertainment of exposure”.

Breast cancer studies had a lower proportion (12.00 %) of “two stars”
ratings for the item “Comparability of cohorts on the basis of the de-
sign or analysis”. Liver cancer studies had a higher proportion of “n

star” ratings for the items “Was follow-up long enough for outcomes to
occur?” (66.67 %) and “Adequacy of follow-up of cohorts” (100.00 %).

4. Discussion

This systematic review included a total of 214 studies on the prog-
nostic value of ctDNA, with the majority focusing on colorectal cancer,
lung cancer, pancreatic cancer, and breast cancer. The number of studies
has increased rapidly since 2019, and the journals in which these studies
were published generally have relatively high impact factors, highlight-
ing the significant clinical importance of this type of research. How-
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ever, most of the current studies have small sample sizes and lack rep-
resentativeness, often focusing on older adults, males, and early-stage
patients, mainly from developed countries, and single-center cohorts,
with few long-term follow-ups. Additionally, some studies have insuffi-
ciently standardized reporting, particularly in definitions of exposures
and outcomes. Research on liver cancer, in particular, urgently needs to
improve its study quality.

This study found that the most extensively researched solid tumors
were colorectal cancer, lung cancer, pancreatic cancer, breast cancer,
and melanoma. Previous ctDNA reviews which did not restrict their fo-
cus to specific cancers have also primarily concentrated on these tu-
mors.?>#25 The number of studies on different cancers is closely related
to the incidence of these cancers. Global cancer statistics for the year
2022 showed that lung cancer was the most frequently diagnosed can-
cer (12.4 % of all cancers), followed by breast cancer (11.6 %) and col-
orectal cancer (9.6 %).2° The incidence of different cancer types varies
significantly across countries, influenced by factors such as environmen-
tal conditions, genetic predispositions, and lifestyle factors.?” The inci-
dence of various cancers shows significant regional variation, with the
highest rates of melanoma reported in regions such as Australasia due
to factors like higher exposure to ultraviolet radiation and many fair-
skinned populations of European descent, while lung cancer incidence
is disproportionately higher in Eastern Asia, influenced by factors such
as smoking prevalence and air pollution.?®-28:29 Qur review found that a
large proportion of melanoma studies were conducted in Australia. This
geographic variation in cancer prevalence is critical to understand the
global application of ctDNA, as it suggests that certain cancers are more
extensively studied in regions where they are more common, leading to
a concentration of research efforts in these areas.

Although the incidence of pancreatic cancer ranks only the 13th, the
number of related ctDNA prognostic studies ranks the third. This may
be due to the high frequency of gene mutations such as KRAS in pancre-
atic cancer and the presence of a vast vasculature around the vicinity
of the primary tumor and the liver metastases.!*-3? With KRAS muta-
tions found in nearly all pancreatic ductal adenocarcinoma patients, this
cancer type is considered the most RAS-addicted of all cancers.?! Ad-
ditionally, compared to other tumors, many pancreatic cancer patients
exhibit no obvious symptoms in the early stages and are often diagnosed
at an unresectable stage, which makes tumor tissue difficult to obtain,>?
while ctDNA can be conveniently acquired through non-invasive liquid
biopsy. These factors make pancreatic cancer a frequent focus for ctDNA
prognostic research.

The differences in outcomes and gender ratio of different tumors are
also related to the characteristics of the cancer. For instance, we found
that studies on pancreatic cancer primarily focused on OS, whereas re-
search related to colorectal cancer predominantly centered on DFS/RFS.
This is likely due to pancreatic cancer being one of the cancers with the
poorest prognosis, with a short survival time after diagnosis. Only 15 %-—
20 % of patients are eligible for surgical resection®>:3* and only about
12 % of patients are predicted to survive beyond 5 years.?> Therefore,
predicting OS for pancreatic cancer patients may be more appropriate
than assessing the risk of recurrence. In contrast, the 5-year relative sur-
vival rate for colorectal cancer patients is approximately 65 %,%° and
about 15 % and 30 % of stage II and III patients experience recurrence
after treatment, respectively.3” Early ctDNA detection could identify pa-
tients who may benefit from subsequent treatment, and help better al-
locate monitoring resources to these high-risk patients for recurrence.>®
The ability to prognosticate cancer using ctDNA offers significant clini-
cal benefits, enabling early identification and screening of high-risk pa-
tients for more aggressive treatments.>° This personalized approach im-
proves survival outcomes and reduces the burden of overtreatment.

This study found that the median/mean age of participants in most
cancers was predominantly over 60 years old. Jonathan et al. found that
individuals aged 60-69 years were more willing to participate in cancer
surveys compared to other age groups,*’ which is consistent with our
findings. Previous research has highlighted issues of underrepresenta-
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tion of elderly patients in cancer-related clinical trials.*! However, since
this systematic review only included cohort studies and ctDNA analysis
as a non-invasive test, there may not have been strict upper age lim-
its in the inclusion criteria. Nevertheless, with the increasing incidence
rates of early-onset cancer (cancers diagnosed in people <50 years) from
2010 to 2019,*? it is also important to understand the efficacy of ctDNA
in prognosis of non-elderly patients. Therefore, future research should
aim to enhance participation among this demographic to supplement
evidence pertaining to younger cancer patients. Furthermore, many in-
cluded studies have the problem of small sample sizes, lower proportion
of stage IV patients, a predominant focus on single-center settings, and
mainly from developed countries, leading to inadequate representative-
ness and affecting the generalizability, equity, and reliability of study
outcomes. This is also one of the directions for improvement.

This study also found that many articles lack reporting standards. It
is essential to provide detailed information on baseline characteristics
of participants, follow-up duration, the specific methods used for ctDNA
detection, limits of detection, the types of gene panels used, clear defini-
tions of outcomes, and complete results. Different methods can lead to
variations in ctDNA detection rates. Additionally, various studies have
different definitions of whether ctDNA is detectable (positive or nega-
tive), but many studies do not clearly specify this. These gaps in report-
ing can affect the reproducibility of results and their clinical application.

This study was the first to systematically summarize the global appli-
cation status of ctDNA in the prognosis of all solid tumors. We not only
extracted research details but also conducted quality assessment for all
original studies and compared the application of ctDNA and quality on
different cancers. This helps in targeting improvements to research qual-
ity.

However, this study has some limitations. First, to control the num-
ber of studies and heterogeneity, only cohort studies were included,
and the focus was solely on ctDNA obtained from blood, and studies
where exposure was a binary variable. The conversion of ctDNA from
positive to negative has been recognized as a significant prognostic in-
dicator.*>-4* However, as the transition between ctDNA positivity and
negativity is difficult to standardize across different studies, and the
number of included studies was already substantial, we didn’t further
include the conversion in our analysis. Secondly, this study is a quali-
tative analysis and did not examine the association between ctDNA and
various prognostic outcomes, but our studies of specific meta-analyses
for breast cancer have been published!8-1° and the results for other can-
cer types will be detailed in future articles. Additionally, there was con-
siderable heterogeneity among the included studies due to differences
in ctDNA classifications, such as the varying limits of detection among
different assays, which presents challenges in comparing study results,
particularly in late-stage cancers where the majority of patients will be
ctDNA-positive.*> Besides prognosis, the applications of ctDNA in early
diagnosis and treatment response are other exciting areas, but they are
beyond the scope of this review. Finally, we limited this review to stud-
ies published after 2016, following the US Food and Drug Administra-
tion’s first approval of liquid biopsy tests that year,*® and excluded ear-
lier studies. However, another review found that the majority of studies
were published after 2018, suggesting a small potential impact on our
findings.*”

5. Conclusions

In summary, studies on using ctDNA to predict the prognosis of pa-
tients with solid tumors hold significant research value and application
prospects, with increasingly gaining attention. However, its application
in less common solid tumors requires further exploration. Future stud-
ies should focus on increasing sample sizes and representativeness, in-
corporating more evidence from non-elderly patients and developing
countries, as well as providing detailed descriptions of ctDNA detection
methods and results in their reports. These steps will help improve the
quality of research in this area.
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