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ARTICLE INFO ABSTRACT
Keywords: Purpose: To assess the effectiveness of Amide Proton Transfer (APT) imaging in predicting the
Cervical cancer histopathological characteristics of cervical cancer.

Amide proton transfer

_ X Methods: A comprehensive literature search was conducted across multiple databases, covering
Systematic review

studies until December 27, 2023. The meta-analysis was performed using Stata 15 and Review
Manager 5.4 software. Key metrics analyzed included pooled sensitivity, specificity, positive
likelihood ratio, negative likelihood ratio, diagnostic odds ratio (DOR), and summary receiver
operating characteristic curves. The analysis focused on differentiating cervical cancer types,
squamous carcinoma differentiation, and lymph node involvement. Meta-regression was
employed to investigate heterogeneity.

Results: Thirteen studies involving 868 patients were included in the meta-analysis. For differ-
entiating adenocarcinoma from squamous carcinoma, the pooled sensitivity was 0.82 (95%CI:
0.71-0.90), specificity was 0.65 (95%CI: 0.48-0.79), and DOR was 9 (95%CI: 1.6-3.5). When
distinguishing poorly differentiated from moderately/well-differentiated squamous carcinoma,
the sensitivity was 0.74 (95%CI: 0.66-0.81), specificity was 0.83 (95%CI: 0.75-0.89), and DOR
was 14 (95%CI: 8-23). For identifying lymph node involvement, the sensitivity was 0.87 (95%CI:
0.78-0.92), specificity was 0.66 (95%CI: 0.59-0.73), and DOR was 13 (95%CI: 7-26). No pub-
lication bias was detected.

Conclusions: APT imaging demonstrates high sensitivity and specificity in distinguishing between
cervical cancer types, grading squamous carcinoma, and detecting lymph node involvement. It
can be considered a reliable technique for predicting the pathological features of cervical cancer
in clinical practice.

1. Introduction

Cervical cancer is among the most common malignant neoplasms affecting women globally. In 2020, an estimated 604,000 new
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cases were diagnosed, with 342,000 deaths attributed to the disease worldwide [1,2], making it a significant threat to women’s health
and lives across the globe. Prevention and early screening are crucial for reducing the incidence and mortality of cervical cancer [3].
However, once cervical cancer is diagnosed, a tailored treatment strategy is required. For early-stage cervical cancer, radical surgery is
the preferred treatment. Studies have shown that laparoscopic radical hysterectomy (LRH) has similar overall survival (OS) rates to
traditional radical open hysterectomy [4] and lower intraoperative estimated blood loss for LRH [5]. For locally advanced cervical
cancer (IB2-IIB), a meta-analysis by Marchetti C. et al. [6] found that chemoradiotherapy (CRT) was associated with similar OS rates as
neoadjuvant chemotherapy followed by surgery and lower severe acute toxicity of CRT. In addition, drug therapies such as immu-
notherapy and targeted therapy have demonstrated promise in treating cervical cancer [7]. A phase 3 clinical trial by Domenica
Lorusso. et al. [8] showed that pembrolizumab in combination with CRT significantly improved the OS of patients with locally
advanced cervical cancer. The treatment outcome of cervical cancer is not only related to the stage and treatment method, but also
closely related to the pathological characteristics of cervical cancer (histological type, degree of differentiation and pelvic lymph node
metastasis), because these characteristics reflecting the biological behavior of cancer affect tumor clinical stage and the choice of
treatment [9]. Research indicates that patients with cervical adenocarcinoma have a 5-year survival rate that is roughly 10 %-20 %
lower than those with cervical squamous cell carcinoma [10]. Poorly differentiated squamous cell carcinoma of the cervix is associated
with a less favorable prognosis and reduced survival compared to well-differentiated cervical squamous cell carcinoma. Currently,
pathological diagnosis remains the gold standard for diagnosing cervical cancer. However, both surgical resection of gross specimens
and cervical biopsies carry the risk of sampling errors, influenced by factors such as lesion size, tumor heterogeneity, and the operator’s
expertise [11].

Magnetic Resonance Imaging (MRI) plays a crucial role in the diagnosis, differentiation, staging, and assessment of treatment
response in cervical cancer [12], and it has become the preferred method for evaluating the disease [13]. Amide Proton Transfer (APT)
imaging, a functional MRI technique based on Chemical Exchange Saturation Transfer (CEST), offers insight into the amide protons of
proteins and peptides in human tissues. This allows APT imaging to reflect the distribution of mobile proteins and peptides within
tumors at the cellular and molecular levels [14]. APT imaging has demonstrated its utility in assessing tumors across various
anatomical regions, including the head and neck [15], liver [16], prostate [17], breast [18], and rectum [19]. Takayama et al. [20]
pioneered the application of APT imaging for evaluating uterine lesions. Since this breakthrough, numerous studies have investigated
the application of APT imaging in assessing cervical cancer. He et al. [21] demonstrated that APT imaging produces high-quality
images in cervical cancer, with APT values of 2.745 + 0.065 for cervical cancer tissue and 1.853 + 0.059 for normal cervical
stroma, showing a statistically significant difference between the two (P < 0.05). APT imaging demonstrated a sensitivity of 84.62 %
and a specificity of 83.66 % in differentiating cervical cancer from normal cervical stroma, with an area under the ROC curve of 0.927.
Meng et al. [22] found that Asymmetric magnetization transfer rate (MTRasym) values were higher in cervical adenocarcinoma
compared to squamous cell carcinoma. Additionally, high-grade squamous cell carcinoma exhibited higher MTRasym values than
low-grade squamous cell carcinoma. MTRasym demonstrated a sensitivity of 60.0 % and a specificity of 82.5 % for differentiating
squamous cell carcinoma from adenocarcinoma, with an area under the receiver operating Characteristic (ROC) curve of 0.779. For
distinguishing high-grade from low-grade squamous cell carcinoma, MTR,sym showed a sensitivity of 68.8 % and a specificity of 83.3
%, with an area under the ROC curve of 0.756. These results suggest that APT imaging holds significant potential for the diagnosis and
differential diagnosis of cervical cancer.

Current studies on APT imaging for assessing cervical cancer are predominantly single-center investigations with limited sample
sizes. Consequently, there is substantial heterogeneity in the reported diagnostic performance parameters, such as sensitivity and
specificity [23,24]. This systematic review aims to critically evaluate the reliability of APT imaging in predicting the histopathological
characteristics of cervical cancer and to quantify its diagnostic value using meta-analytic techniques.

2. Methods

This assessment was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [25]. The evidence-based analysis was prospectively registered in PROSPERO (CRD42024504903). Two re-
searchers independently performed each step of the analysis. In case of disagreements, the researchers engaged in a discussion to reach
a consensus.

2.1. Search strategy

Systematic searches were conducted in the PubMed, Web of Science, Embase, Wanfang, and CNKI databases up to December 27,
2023. The search terms were structured using the Patient/Intervention/Comparator/Outcome (PICO) framework as follows: (P)
cervical cancer, cervical carcinoma, malignant cervical tumor; (I) amide proton transfer, APT, CEST. Categories within the PICO
framework were combined using “AND,” while variations within each category were combined using “OR.” Additionally, the reference
lists of included articles were reviewed to identify any further eligible studies.

2.2. Inclusion and exclusion criteria
The inclusion criteria covered peer-reviewed publications in Chinese and English, available through electronic databases, that met

the following conditions: utilization of biopsy or surgical pathology results as the gold standard; application of APT imaging as the
index test for evaluating the histopathological characteristics of cervical cancer tissues, including histological type, grade, and lymph
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Fig. 1. Flow diagram showing the process for selecting studies.

node involvement; ensuring that radiologists and pathologists were blinded to the results; and the ability to calculate true positives,
false positives, true negatives, and false negatives. Exclusion criteria included animal or laboratory studies, case reports, conference
abstracts, comments, and responses.

2.3. Literature screening and data extraction

Duplicate publications were removed using EndNote 21 software. The titles and abstracts of the remaining articles were carefully
reviewed to exclude reviews, conference abstracts, and individual case reports. A thorough evaluation of the screened articles was then
performed to eliminate studies that did not focus on the diagnostic performance of APT or lacked extractable data. This rigorous
selection process led to the final inclusion of eligible publications. Key information was meticulously extracted from each selected
study, including the author’s name, publication year, study location, study design, diagnostic method, histopathological type, degree
of differentiation, lymph node involvement, number of cases, MRI field strength, scanner model, echo time, repetition time, pulse
sequence, and diagnostic sensitivity and specificity. From these data, true positives, false positives, false negatives, and true negatives
were calculated based on the number of cases, sensitivity, and specificity.

2.4. Quality assessment

The Quality Assessment of Diagnostic Accuracy Studies —2 (QUADAS-2) tool was employed to evaluate the risk of bias and assess
the quality of the study [26], and results were presented using Review Manager 5.4 software. The QUADAS-2 quality assessment tool
was divided into four sections (case selection, index test, “gold standard”, flow and timing), encompassing 10 questions, and an
evaluation of the clinical applicability of the first three sections.

2.5. Meta-analysis

Meta-analysis was performed using Stata 15 (Stata Corp, College Station, TX) and Review Manager 5.4. Drawing the summary
receiver operating characteristic (SROC) curve was the optimal method for data merging; combined sensitivity, specificity, positive
likelihood ratio, negative likelihood ratio, and diagnostic odds ratio (DOR) were calculated, and the SROC curve was plotted to
calculate the area under curve (AUC). Heterogeneity among study results was analyzed using the chi-square test, and the extent of
heterogeneity was quantitatively determined. Deck’s funnel plot was used to detect the presence of publication bias. P < 0.05 was



Table 1

The basic information of literatures.

Author (years) Type of MRI D TE TR Pulse Power Scan time MIC  Totle CSCC  AC  Pathological Sampling
research (ms) (ms) Sequence (T4y] (ms) number Methods

Li Beibei (2018) Retro Philips Ingenia CX 3D 5.9 6294 TSE 2 5min46s yes 31 31 NA NA

Meng Nan (2019) Retro MR750, GE 3D 12 3000 EPI 2 NA yes 76 60 16 NA

Li Beibei (2019) Pros Philips Ingenia CX 3D 5.9 6294 TSE 2 5min46s yes 32 32 NA  Surgery

Meng Nan (2020) Retro MR?750, GE 2D 12 3000 EPI 2 2min36s NA 112 82 30 NA

Li Shujian (2023) Pros Philips Ingenia CX 3D 1000 3000 TSE 2 6min0s yes 88 72 16 NA

Meng Xing (2023) Retro Philips Ingenia CX 3D 7.8 5174 FSE NA 4 min 45s NA 52 52 NA  Surgery

Hou Mengyan Retro MR750, GE 2D NA 3000 EPI NA NA NA 52 52 NA  Surgery
(2021)

Meng nan (2019) Retro MR750, GE 2D NA 3000 EPI NA 2min 36 s NA 38 28 10 NA

Song Qingling Retro Philips Ingenia CX 3D 8 6400 FSE 2 5min3s yes 70 50 20 biopsy
(2022)

Huang Qiuhan Retro Magnetom Skyra, 3D 7.1 3100 EPI 2 3min20s yes 105 88 17 NA
(2023) Siemens

Xu Qihao (2023) Retro Philips Ingenia CX 3D 8 6400 FSE 2 5min53s yes 69 NA NA  Surgery

Zhang Mengdi Retro Philips Ingenia CX 3D NA 90 FSE 2 3minl0s yes 75 43 NA  Surgery
(2023)

Meng Xing (2022) Retro Philips Ingenia CX 3D 78 5174 FSE 2 4min45s yes 87 64 23 Surgery

Retro: Retrospective; Pros: Prospective; TSE: turbo spin echo; FSE: fast spin-echo; EPI:echo planar imaging; D:Dimensionality; MIC: MTRasym at 3.5 ppm + BO inhomogeneity correction; CSCC: cervical

squamous cell carcinoma; AC: adenocarcinoma; NA:have no data.
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Fig. 3. Risk of bias and applicability concerns summary.

considered statistically significant.
3. Results
3.1. Literature screening

The database search identified a total of 925 articles, of which 118 were duplicates and subsequently removed. After screening the
titles and abstracts, 21 full-text articles were assessed for eligibility. Ultimately, 13 studies were included in our quantitative analysis
[22-24,27-36] (Fig. 1).

In all the studies, pathological examination served as the gold standard for confirming cervical cancer. Regarding the methods of
obtaining pathological samples, six studies employed surgical procedures, one study used biopsy, and six studies did not specify the
sampling method.

3.2. Basic characteristics of the included literature

Of the 13 studies, 2 were prospective and 11 were retrospective, with a total of 868 participants. All included studies utilized 3.0 T
MRI scanners, with 8 studies using the Philips Ingenia CX, 4 studies using GE’s MR750, and 1 study using Siemens’ Magneton Skyra.
Additionally, 3 studies employed 2D scanning, while 10 studies used 3D scanning. All study populations were Chinese. Five studies
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Fig. 4. Forest plot of sensitivity and specificity for assessment of Cervical squamous cell carcinoma and adenocarcinoma.

[22,23,27,28,32] aimed to differentiate between squamous carcinoma and adenocarcinoma of the cervix. Nine studies [22-24,28,29,
31-33,36] focused on distinguishing low-grade from moderate-to-high-grade squamous cell carcinoma. Additionally, four studies [28,
30,34,35] endeavored to identify lymph node invasion (Table 1).

3.3. Quality assessment

The overall methodological quality of the 13 studies assessing the pathological features of cervical cancer using APT was considered
moderate. In terms of patient selection, 30.8 % (4/13) of the studies were rated as unclear due to a lack of information on whether
patients were recruited consecutively or randomly. As for the reference standard, all studies (100 %) used pathological examination as
the sole gold standard. The results of the risk of bias assessment are shown in Figs. 2 and 3.

3.4. Differentiation diagnosis between cervical adenocarcinoma and squamous cell carcinoma

Five studies, involving a total of 401 patients, aimed to differentiate squamous cell carcinoma from adenocarcinoma of the cervix.
The pooled sensitivity was 0.82 (95 % CI: 0.71-0.90), specificity was 0.65 (95 % CI: 0.48-0.79), the positive likelihood ratio was 2.3
(95 % CI: 1.6-3.5), the negative likelihood ratio was 0.27 (95 % CI: 0.17-0.43), and the DOR was 9 (95 % CI: 1.6-3.5). The sensitivity P
for studies differentiating squamous cell carcinoma and adenocarcinoma was 13.62 %, and specificity I* was 87.72 % (Fig. 4), with a
combined AUC of 0.83 (95%CI: 0.80-0.86) (Fig. 5a).

3.5. Differentiation between low-grade and moderate-to-high-grade squamous cell carcinoma

Nine studies, encompassing 485 patients, endeavored to distinguish low-grade from moderate-to-high-grade squamous cell car-
cinoma. The pooled estimates were as follows: sensitivity of 0.74 (95 % CIL: 0.66-0.81), specificity of 0.83 (95 % CI: 0.75-0.89),
positive likelihood ratio of 4.3 (95 % CI: 2.9-6.4), negative likelihood ratio of 0.31 (95 % CI: 0.24-0.41), and DOR of 14 (95 % CI:
8-23). For studies differentiating low-grade and moderate-to-high-grade squamous cell carcinoma, the sensitivity I* was 29.65 %, and
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Fig. 5. ROC curve. (a) ROC curve of APT distinguishing between cervical adenocarcinoma and squamous cell carcinoma; (b) ROC curve for APT to
distinguish between low-differentiation and medium-differentiation of cervical squamous cell carcinoma; (c) ROC curve for APT to distinguish
cervical cancer lymph node invasion.

the specificity 12 was 52.17 % (Fig. 6), with a combined AUC of 0.84 (95 % CI: 0.81-0.87) (Fig. 5b).
3.6. Identification of lymph node invasion

Four studies attempted to identify lymph node invasion, involving 308 patients. The combined sensitivity was 0.87 (95%CI:
0.78-0.92), specificity was 0.66 (95%CIL: 0.59-0.73), positive likelihood ratio was 2.5 (95%CI: 2.0-3.2), negative likelihood ratio was
0.20 (95%CI: 0.12-0.34), and the DOR was 13 (95%CIL: 7-26).

The sensitivity I? for studies identifying lymph node invasion was 0.00 %, and specificity I> was 20.53 % (Fig. 7), with a combined
AUC of 0.85 (95%CI: 0.82-0.88) (Fig. 5 c).
3.7. Publication bias

Funnel plots were generated for the included studies to assess potential publication bias. The results demonstrated that studies
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Fig. 6. Forest plot of sensitivity and specificity for assessment of low and moder-high differentiation in cervical squamous cell carcinoma.

distinguishing cervical adenocarcinoma from squamous cell carcinoma, low-grade from moderate-to-high-grade squamous cell car-
cinoma, and cervical cancer lymph node invasion exhibited an approximately symmetrical distribution around the central axis (Fig. 8).
The corresponding p-values were 0.33, 0.17, and 0.63, respectively, all exceeding the 0.05 threshold, suggesting no significant evi-
dence of publication bias.

4. Discussion

APT imaging is a novel contrast-agent-free MRI technology developed in recent years, based on endogenous cytoplasmic protein
and amide proton imaging [37]. Building on the outstanding clinical research outcomes of APT imaging in central nervous system
tumors [38,39], researchers have also applied this technology to cervical cancer. Xu et al. [35] retrospectively analyzed data from 19
patients with lymph node metastasis (LNM)-positive and 50 patients with LNM negative cervical cancer, finding that the MTRasym
(3.5 ppm) in the LNM positive group was higher than in the LNM negative group (3.260 + 0.538 % vs 2.698 + 0.597 %, P < 0.05). For
predicting LNM status in cervical cancer, the MTRasym at 3.5 ppm exhibited a sensitivity of 89.47 % and a specificity of 60 %, with an
AUC of 0.763. Furthermore, Deng et al. [40] also utilized APT imaging to evaluate the efficacy of concurrent chemoradiotherapy in
locally advanced cervical cancer. Their results showed that APT values were lower in the complete remission group compared to the
non-complete remission group. Additionally, APT imaging demonstrated a sensitivity of 82 % and a specificity of 67 % in predicting
complete remission, with an AUC of 0.783.

Currently, APT imaging is used in various aspects of cervical cancer, including diagnosis and differential diagnosis, prediction of
pathological type, degree of differentiation [41], LNM [35], and therapeutic effect assessment [40], with most studies focusing on the
histological typing and grading diagnosis of cervical cancer.

This study employed a meta-analysis approach to summarize the research on APT imaging for predicting pathological features of
cervical cancer. The results showed that the pooled sensitivity, specificity, and AUC for APT imaging in distinguishing cervical
adenocarcinoma from squamous cell carcinoma were 0.82, 0.65, and 0.83, respectively. For differentiating poorly differentiated from
moderately/highly differentiated cervical squamous carcinoma, the sensitivity, specificity, and AUC were 0.74, 0.83, and 0.84,
respectively. Additionally, for detecting lymph node involvement, the sensitivity, specificity, and AUC were 0.87, 0.66, and 0.85,
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Fig. 7. Forest plot of sensitivity and specificity for assessment of Lymphatic invasion.

respectively.

Our findings suggest that APT imaging has exciting potential in differentiating pathological features such as cervical squamous
carcinoma and adenocarcinoma, the degree of differentiation in cervical squamous carcinoma, and lymph node involvement. Similar
meta-analyses have also demonstrated the capability of APT imaging in the pathological grading of gliomas [42]. The results of this
study further clarify the value of APT imaging in the diagnosis of cervical cancer and provide a new and reliable method for accurately
predicting pathological features of cervical cancer. In addition, the successful prediction of the pathological features of cervical cancer
will help clinicians to personalize the treatment plan for cervical cancer patients and improve the survival prognosis of cervical cancer.

The impressive performance of APT imaging in predicting pathological features is closely tied to its underlying principles. APT
imaging uses specific frequency pulses to saturate the amide protons on free proteins and peptides within cells. The chemical exchange
between these amide protons and free water protons amplifies the signal intensity of the proteins and peptides, allowing for an indirect
measurement of their content [37]. The APT signal intensity is closely related to the chemical exchange saturation transfer rate, amide
proton concentration, and the pH of the microenvironment [37]. It may also be associated with factors such as cell density, nuclear
atypia, tissue necrosis, microvascular density, and pH value [20,43]. Cervical adenocarcinoma, originating from endometrial cells, has
arich glandular structure and the ability to secrete mucin. In contrast, squamous carcinoma originates from cervical epithelial cells and
has less mucin-secreting capability. Additionally, squamous carcinoma has a denser tissue structure than adenocarcinoma, which has a
looser structure with more stromal components such as gland ducts, facilitating blood vessel growth and higher blood protein and
peptide content in tumor vessels [43]. Higher tumor grades indicate higher malignancy, more mitotic and proliferative activity of cells,
thus increasing cell density and the synthesis of proteins and peptides, which in turn leads to higher APT signals [44].

This meta-analysis included studies with certain heterogeneity (sensitivity I2 from 0.00 % to 29.65 %, specificity I? from 20.53 % to
87.72 %), which could be related to different thresholds used in different studies. Additionally, there was considerable variability in
APT imaging parameters across included studies, such as sequence types (gradient echo and spin echo), repetition times (90-6400 ms),
echo times (5.9-100 m s), and acquisition times (3-6 min). Variations in APT imaging parameters contribute to differences in diag-
nostic performance. Therefore, standardized imaging parameters are essential. Currently, standardized parameters for cervical cancer
APT imaging are unclear. Based on existing evidence, a standardized protocol should at least include: 3T MRI field strength, gradient
echo pulse sequence, power of 2-3 pT, pulse duration of 2s, and 20-30 frequency offsets. However, further research is needed for
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Fig. 8. Deck’s funnel diagram. (a) Funnel plot for APT to distinguish between cervical adenocarcinoma and squamous cell carcinoma; (b) funnel-

shaped pattern of APT distinguishing between low-differentiation and medium-differentiation of cervical squamous cell carcinoma; (c) Funnel plot
of APT to distinguish cervical cancer. lymph node invasion.

exploration and validation. Moreover, although all studies used MTRasym3.5 ppm to calculate APT signal intensity, some studies used
APT pax [32] and APT pean [34] as evaluation measures, which could also affect diagnostic performance.

This study has several limitations. Firstly, the original studies included in this meta-analysis have small sample sizes, which may
have a potential small sample size effect, and individual indicators are highly heterogeneous, leading to a decrease in the reliability of
the results to some extent. Secondly, due to the limitation of the number of original studies and the overall sample size, this study only
conducted group analysis based on pathological characteristics and could not conduct subgroup analysis on factors such as region, age
and pathological stage. Finally, the study population included in this paper is all Chinese, which may lead to inevitable population
selection bias in the results of this paper. Whether APT value in cervical cancer classification, grading, lymph node involvement and
other aspects can be extended to populations in Europe, America, Africa and other regions needs further research for confirmation.
Despite these limitations, this study represents the first meta-analysis worldwide to evaluate the value of APT in predicting cervical
cancer histological type, grade, and lymph node involvement. The results support previous findings that APT is effective in diagnosing,

typing, and grading cervical cancer, providing the latest and most comprehensive evidence-based support for the clinical use of APT in
cervical cancer diagnosis.

5. Conclusion

APT imaging has demonstrated significant diagnostic value in distinguishing between cervical squamous cell carcinoma and
adenocarcinoma, as well as between poorly differentiated and moderately/highly differentiated squamous cell carcinoma, and in
assessing lymph node involvement. It shows promise as a reliable tool for predicting the pathological characteristics of cervical cancer
in clinical practice. However, due to limitations such as small sample sizes, selection bias, and high heterogeneity among studies, the
diagnostic accuracy of APT imaging for these purposes still requires further validation through larger-scale, prospective studies.
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