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Amide proton transfer-weighted
imaging and T1 mapping as
diagnostic tools to evaluate
high-risk histopathologic
phenotypes before surgery in
rectal adenocarcinoma and their
correlation with Ki-67
expression:a two-center study
Yaxin Chai1,2, Yongchao Niu1, Ruixue Cheng1,
Pan Liang2 and Jianbo Gao2*

1Department of Magnetic Resonance Imaging (MRI), Xinxiang Central Hospital, The Fourth Clinical
College of Xinxiang Medical University, Xinxiang, China, 2Department of Radiology, The First Affiliated
Hospital of Zhengzhou University, Zhengzhou, China
Objectives: To investigate the application of amide proton transfer (APT)-

weighted MRI, T1 mapping in evaluating the preoperative high-risk

histopathologic phenotypes of rectal adenocarcinoma and their correlation

with Ki-67 expression.

Materials and Methods: Retrospective collection of 178 confirmed cases of

rectal adenocarcinoma from two centers (center 1: 97 cases, center 2: 81 cases).

High-resolution T2WI, APT, T1 mapping, diffusion-weighted imaging (DWI), and

Ki-67 staining were performed in all patients. The measured parameters included

APT signal intensity (APT SI), T1 relaxation time before (native T1) and after (post-

contrast T1) enhancement, and apparent diffusion coefficient (ADC). The receiver

operating characteristic (ROC) curve was used to evaluate diagnostic efficiency,

and Spearman correlation analysis was used to evaluate the correlation between

parameters with Ki-67, respectively.

Results: APT SI values were significantly different between the mucinous

adenocarcinoma (MC) group and the common adenocarcinoma (AC) group in

two centers (center 1: [2.64 ± 0.33%] vs. [2.22 ± 0.78%], P<0.05), (center 2: [3.27 ±

0.80%] vs. [2.59 ± 0.77%], P<0.05). In the AC group, APT SI, native T1 and ADC

values were significantly different between T1–2 and T3–4 groups (center 1: [2.58

± 0.69%] vs. [1.61 ± 0.49%], [1540 ± 150ms] vs. [1360 ± 130ms], [0.85 ± 0.15×10-

3 mm2/s] vs. [0.99± 0.15×10-3 mm2/s], respectively, all P<0.05), the results were

consistent with the findings of center 2. APT SI and native T1 values in the lymph

node metastasis group were higher than those in the non-metastatic group

(center 1: [2.49 ± 0.77%] vs. [2.07 ± 0.74%], [1540 ± 170 ms] vs. [1430 ± 160 ms],

respectively, all P<0.05), the result were consistent with the findings of center 2.

APT SI were statistically significant in evaluating lymphovascular invasion (LVI)
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and extramural vascular invasion (EMVI) in two centers (P<0.05). Ki-67 expression

was correlated with APT SI (mild to medium), ADC (mild) and native T1 (mild to

high) in two centers, respectively (P<0.05), but there was no correlation between

post-contrast T1 and Ki-67 (P>0.05).

Conclusion: APT and T1 mapping can be used to evaluate the preoperative

pathological classification, TN staging, and structural invasion of rectal

adenocarcinoma, which has the potential to become an imaging marker for

the evaluation of high-risk histopathologic phenotypes and Ki-67 expression of

rectal adenocarcinoma.
KEYWORDS

amide proton transfer (APT), T1 mapping, magnetic resonance, adenocarcinoma, Ki-67,
cancer diagnosis, high-risk histopathologic phenotypes
1 Introduction

Rectal adenocarcinoma is a common malignant tumor

worldwide, accounting for approximately 9.4% of all malignant

tumors, and its high morbidity and mortality seriously threaten the

health and quality of life of patients (1). Neoadjuvant

chemoradiotherapy (NAC) and surgical resection are the most

effective treatments for rectal cancer. Direct surgical resection is

usually performed for early rectal cancer, while multimodal

treatment with neoadjuvant chemotherapy, radiotherapy, and total

mesorectal excision (TME) is usually adopted for locally advanced

rectal cancer to improve the survival rate of patients. Many factors are

related to the treatment efficacy and prognosis of rectal cancer,

including pathological T and N stages, differentiation degree,

pathological type, and pathological grade (2, 3). Rectal mucinous

adenocarcinoma (MC) has a mucin proportion greater than 50% and

is a type of rectal adenocarcinoma with high malignancy and poor

NAC efficacy (4). Inter- and intra-tumor heterogeneity lead to

different tumor outcomes (5). European Society for Medical

Oncology (ESMO) highlighted the prognostic significance of

extramural vascular invasion (EMVI), lymphovascular invasion

(LVI) and perineural invasion (PNI) in the rectal cancer population

and included them in the evaluation system along with TNM to

better predict prognosis (6). However, EMVI, LVI are usually

obtained from postoperative surgical specimens, leaving only room

to guide postoperative management. Therefore, preoperative

knowledge of tumor and lymph node staging as well as EMVI, LVI

may contribute to individualized risk stratification of resectable rectal

cancer. According to the clinical practice guidelines of the ESMO (6),

rectal cancer was divided into very low-risk, low-risk, medium-risk,

high-risk and very high-risk stratification group according to the TN

stage, depth of submucosal invasion, tumor location, mesenteric

fascia (MRF), EMVI, PNI and LVI. Different risk stratifications

corresponded to different treatment methods. T3-4, Lymph node

metastasis (LNM), EMVI, PNI and LVI were high-risk
02
histopathological phenotypes (7, 8), which were closely related to

risk stratification. Previous studies were mostly based on one of these

factors, lacking comprehensive evaluation of tumor atypia.Therefore,

accurate preoperative comprehensive assessment of high-risk

histopathological phenotypes of rectal cancer is more conducive to

the risk stratification of rectal cancer, and more conducive to the

selection of individualized treatment.

In recent years, molecular biological markers have been widely

used for preoperative and prognostic prediction of rectal

adenocarcinoma (9, 10). Among tumor markers, Ki-67 expression

is key for the diagnosis of rectal adenocarcinoma. The occurrence

and development of rectal adenocarcinoma are closely related to the

apoptosis and proliferation of epithelial cells. The proliferating

nuclear antigen Ki-67 is a non-histone nuclear protein that is

expressed in every active phase of the cell cycle, except the

quiescent phase (G0 phase) and can be used to determine the

proliferative activity of tumor cells. Studies have shown that the

degree of differentiation, depth of invasion, and metastasis of rectal

adenocarcinoma are related to Ki-67 expression, which directly

affects prognosis (11, 12). However, Ki-67 expression can only be

determined using invasive biopsy or surgical pathology.

Magnetic resonance imaging (MRI) is an important imaging

method for the preoperative evaluation of rectal adenocarcinoma

and has been widely used for preoperative staging, curative effect

evaluation, and postoperative follow-up (13, 14).Amide proton

transfer (APT) is a new noninvasive molecular imaging technique

based on chemical exchange saturation transfer (CEST). APT signal

intensity (APT SI) is an indirect reflection of metabolic changes

within the tissue determined by quantitative measurement of the

magnetization transfer ratio asymmetry (MTRasym) at 3.5 ppm

(15). APT SI is affected by tissue pH, T1 relaxation time, and local

tissue temperature (16). APT is currently used in brain tumors for

diagnosis and grading (17), efficacy evaluation (18), prognostication

and survival analysis (19). Previous studies have found that the APT

SI is related to the pathological grade and lymph node metastasis of
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rectal cancer (20–22); Akihiro et al. showed that Amide proton

transfer imaging can predict the response of locally advanced rectal

cancer to neoadjuvant chemotherapy (23). however, current

research results vary and there is no consensus yet, with only a

few studies focusing on APT and Ki-67.

Longitudinal relaxation time quantification (T1 mapping) is a

quantitative MRI technique for measuring tissue T1 values. T1

relaxation time can be used to quantitatively assess the internal

composition of tissues. In the past, it was commonly used to

evaluate cardiomyopathy (24, 25), and now it is increasingly used

to evaluate tumors. Makowski et al. suggested that T1 mapping

could improve the accuracy of the Gleason score for prostate cancer

(26). T1 mapping has high potential for distinguishing benign and

malignant liver tumors, and native T1 is superior to diffusion

weighted imaging (DWI) in distinguishing liver cysts and

hemangiomas (27). Li et al. showed that native T1 could be used

to dist inguish between mucinous and non-mucinous

adenocarcinomas of the rectum (28). Ki-67 is a protein associated

with cell proliferation in growth nuclei (29). T1 is influenced by

intracellular and interstitial factors. Yuan et al. showed that the

native T1 value was mainly related to the number of colorectal

cancer cells that proliferated (30). The native T1 value was

correlated with Ki-67 expression in both meningioma and lung

cancer (31, 32).

The purpose of this study was to investigate the role of APT and

T1 mapping in distinguishing between low-to-high histopathologic

factors (T3-4, LNM, EMVI, LVI, PNI) in rectal adenocarcinoma, and

to study their correlation with Ki-67 expression, in order to provide

non-invasive imaging indicators for the selection of individualized

clinical treatment for rectal adenocarcinoma patients.
2 Materials and methods

2.1 Participants

A total of 301 patients with rectal adenocarcinoma in Xinxiang

Central Hospital and the First Affiliated Hospital of Zhengzhou

University from May 2021 to October 2024 were retrospectively

collected. The inclusion criteria were: 1. Rectal adenocarcinoma was

pathologically confirmed; 2. No radiotherapy, chemotherapy, or

surgery performed before the scan; 3. Complete clinical, imaging,

and pathological data; 4. MRI performed within 2 weeks before

surgery. The exclusion criteria were: 1. There were artifacts in the

MRI images and the scanning sequence was incomplete, which

affected image observation (n=15); 2. Ki-67 immunohistochemical

examination was not performed (n=43); 3. Patients who received

neoadjuvant therapy before surgery (n=45); 4. Patients with tumors

of other organs (n=20). Finally, 97 patients were included in Center

1 and 81 patients were included in Center 2 (Figure 1). This study

was reviewed and approved by the Ethics Committee of Xinxiang

Central Hospital (2021–174) and the First Affiliated Hospital of

Zhengzhou University(2024-KY-0862), all participants signed

informed consent forms.
Frontiers in Oncology 03
2.2 MRI protocol

Each patient had a liquid diet the day before the examination

because a clear bowel was required 1 h before the examination. An

intramuscular injection of 20 mg raceanisodamine hydrochloride

(Suicheng Pharmaceutical Co, Ltd.) was given 10–15 min before the

examination to suppress intestinal movement. Philips 3.0T (Ingenia

Elition X, Philips Healthcare, Best, the Netherlands/Ingenia CX,

Philips Healthcare, Best, the Netherlands) superconducting

magnetic resonance (MR) instruments with a 32-channel phased

array coil was used. Patients lied down in a supine position with an

elevated head, and scanning sequences included T2WI, T1WI, DWI,

APT, T1 mapping (before and after enhancement), and dynamic

enhancement. The scanning parameters are listed in Table 1.
2.3 Image analysis and index measurement

The images were transferred to a Philips ISP v10 workstation,

the APT SI, native T1, and post-contrast T1 pseudo-color images

were calculated using IntelliSpace Portal post-processing software,

and the APT pseudo-color images were fused with T2WI images.

Each parameter was measured using a double-blind method by two

radiologists who had worked for 5-8 years (YXC and YCN). The

region of interest (ROI) was palced on a slice with the largest tumor

diameter (the peri-rectal fat layers were excluded for ROI

definitions), and combined with the T1WI, T2WI, and T1WI

SPIR sequences to avoid liquefaction, bleeding, necrosis, and lipid

regions. The area of interest does not include lymph nodes. In the

case that lymph nodes are indistinct from the tumor, it is necessary

to make a comprehensive judgment based on T2WI and T1WI

images, and sketch the area of interest as close to the tumor as

possible. The data in each group were measured three times and the

average values were calculated. See Figure 2.
FIGURE 1

Flowchart of patient selection.
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APT SI is the magnetization transfer ratio asymmetry at a

saturation frequency offset of 3.5 ppm (MTRasym) and is calculated

using the following formulae:

MTRasym(3:5, ppm) =  ½Ssat, (−, 3:5, ppm),−, Ssat(+, 3:5, ppm)�=S0
 APT  SI  =  MTRasym ½Dw   +  3:5 ppm�( % ) where S0 is the SI

without the application of the saturation pulse, and Ssat is the SI

after the application of the saturation pulse (33).
2.4 Pathological grouping

According to the pathological results, rectal adenocarcinoma

was divided into rectal mucinous adenocarcinoma (MC) and

common adenocarcinoma (AC). According to the staging criteria

of the American Joint Committee on Cancer (AJCC) (34), early-

stage cancer was defined as disease confined to the muscularis

propria and late-stage cancer was defined as disease extending

beyond the muscularis propria. All patients were divided into

early stage (pT1–2) and late stage (pT3–4) based on the depth of

postoperative pathological tumor invasion. N staging was

performed according to postoperative pathology. The pN0 stage

was the non-metastatic lymph node group, and the pT1–2 stage was

the metastatic lymph node group. Based on pathological findings,

perineural invasion (PNI), lymphovascular invasion (LVI), and

extramural vascular invasion (EMVI) were divided into positive

(+) and negative (–) groups.
2.5 Statistical analysis

SPSS 23.0 (IBM, Armonk, NY) (33) and MedCalc 15.0

(MedCalc Software, Ostend, Belgium) (35), were used for

statistical analysis. Interclass correlation coefficient (ICC) was

used to evaluate the consistency of measurement results of two

radiologists (r≥0.75, excellent; 0.60≤r< 0.75, good; 0.40≤r< 0.60,

general; r<0.40, poor). The Shapiro-Wilk test was used to evaluate
Frontiers in Oncology 04
whether the quantitative values were normally distributed and

to determine homogeneity of variance. Measurement data

conforming to a normal distribution are presented as mean ±

standard deviation, while those not conforming to normal

distribution were represented as median (interquartile range,

IQR). Independent sample t test or Mann–Whitney U test was

used to analyze differences between parameters across the groups. A

receiver operating characteristic (ROC) curve was plotted to analyze

the diagnostic efficiency and obtain the optimal diagnostic cutoff

value. The DeLong test was used to compare differences in the area

under the curve (AUC). A binary logistic model was used for the

parameter fusion. Spearman correlation analysis was used to

analyze the correlation between APT SI, native T1, post-contrast

T1 or ADC value with Ki-67 expression (r≥0.60, high; 0.40≤r<0.60,

medium; 0 .20≤r<0.40, mild) . P<0.05 was considered

statistically significant.
3 Results

3.1 The clinical and pathological
characteristics of the patient

Of 97 patients with rectal adenocarcinoma in center 1, there

were 7 cases of rectal MC and 90 cases of AC; Among the AC group,

34 cases were T1-2 stage and 56 cases were T3-4 stage. There were

58 cases in the non-metastatic lymph node group and 32 cases in

the metastatic lymph node group; 27 and 63 cases were positive and

negative extramural vascular invasion (EMVI), respectively; 34 and

56 cases were positive and negative LVI, respectively; Perineural

invasion (PNI) (+) group 24 cases, PNI (–) group 66 cases. Of 81

patients with rectal adenocarcinoma in center 2, there were 8 cases

of MC and 73 cases of AC; Among the AC group, 24 cases were T1-

2 stage and 49 cases were T3-4 stage. There were 53 cases in the

non-metastatic lymph node group and 20 cases in the metastatic

lymph node group; 18 and 55 cases were positive and negative
TABLE 1 Magnetic resonance imaging acquisition parameter.

Parameters T2WI DWI APT T1mapping(native/post-contrast)

TR/TE (ms) 3000/100 4050/48 6540/8.3 1.47/4.09

Field of view (mm2) 200x200 240x240 230x181 380x310

Slice thickness (mm) 5 5 5 4

No. of slices 24 24 24 24

Matrix 344x306 110x110 116x90 256x240

Spatial resolution (mm3) 0.6x0.7x0.4 1.8x1.8x3.0 2x2x5 1.0x1.0x4.0

b-values (s/mm2) N/A 800 N/A N/A

Bandwidth (Hz/pixel) 200 992 647.2 1530

TSE factor 15 N/A 174 N/A

Fat suppression NO NO YES NO

Acquisition time 2min45s 2min26s 4min30s 5min47s
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FIGURE 2

Case 1: A 76-year-old female with mucinous adenocarcinoma (A–F). Oblique axial T2-weighted image showed the rectal wall thickens with a high-
intensity signal (A). The lesion showed a slightly high-intensity signal on the ADC map, the ADC value was 1.15×10-3 mm2/s (B). APT-T2 merged
image showed the mass with a mean APT SI of 3.87% (C). At native T1 pseudo-color image, the lesions were mainly red, and the relaxation time of
T1 was 1660 ms (D). At post-contrast T1 pseudo-color image, the lesions were mainly green, and the relaxation time of T1 was 652 ms (E).
Pathological sections showed mucous adenocarcinoma of the rectum (HE,×200) (F), tumor glandular epithelium lining around the mucinous pool,
the yellow arrow represents the tumor glandular epithelium, and the white five pointed star area represents the mucinous pool. Case 2: A 52-year-
old male with common adenocarcinoma,T2N0, EMVI-, PNI-, LVI- (G–L). Oblique axial T2-weighted image showed the mass with a slight high-
intensity signal (G). The lesion showed a slightly low-intensity signal on the ADC map, the ADC value was 0.93×10-3 mm2/s (H). APT-T2 merged
image showed the mass with a mean APT SI of 1.17% (I). At native T1 pseudo-color image, the lesions were mainly yellow, and the relaxation time of
T1 was 1250 ms (J). At post-contrast T1 pseudo-color image, the lesions were mainly green, and the relaxation time of T1 was 819 ms (K).
Pathological sections showed common adenocarcinoma of the rectum (HE,×200) (L), the yellow arrow represents the tumor glandular epithelium.
Case 3: A 63-year-old male with common adenocarcinoma,T3N1, EMVI+, PNI-, LVI+ (M–R). Oblique axial T2-weighted image showed the mass
with a slight high or iso-intensity signal (M). The lesion showed a low-intensity signal on the ADC map, the ADC value was 0.87×10-3 mm2/s (N).
APT-T2 merged image showed the mass with a mean APT SI of 2.68% (O). At native T1 pseudo-color image, the lesions were mainly yellow, and the
relaxation time of T1 was 1420 ms (P). At post-contrast T1 pseudo-color image, the lesions were mainly green, and the relaxation time of T1 was 717
ms (Q). Pathological sections showed common adenocarcinoma of the rectum (HE,×200) (R), the yellow arrow represents the tumor glandular
epithelium and the red arrow represents normal epithelium.
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extramural vascular invasion (EMVI), respectively; 21 and 52 cases

were positive and negative LVI, respectively; Perineural invasion

(PNI) (+) group 17 cases, PNI (–) group 56 cases (Table 2).
3.2 Consistency test of APT SI, native T1,
post-contrast T1 and ADC values measured
by two physicians

The ICC values of the APT SI, native T1, post-contrast T1, and

ADC measured by the two physicians from center 1 were 0.86 (95%

CI: 0.80~0.91), 0.84 (95%CI: 0.77~0.89), 0.79 (95%CI: 0.69~0.85),

and 0.84 (95%CI: 0.76~0.89), respectively. The ICC values from

center 2 were 0.84 (95%CI: 0.76~0.90), 0.85 (95%CI: 0.77~0.90),
Frontiers in Oncology 06
0.97 (95%CI: 0.95~0.98), and 0.92 (95%CI: 0.88~0.95), respectively,

indicating excellent consistency. The average value of the two

measurements was used as the evaluation index.
3.3 Comparison and diagnostic efficiency
of APT SI, native T1, post-contrast T1, and
ADC parameters between MC group and
AC group

The APT SI values of the two centers showed a statistically

significant difference between the two groups, with the APT SI value

in the MC group being larger than that in the AC group. However,

only in Center 2, a statistically significant difference was found for

native T1 values between the two groups, as shown in Table 3 and

Figure 3. The AUC of APT SI for diagnosing rectal cancer types in

center 1 is 0.68, and the AUC for center 2 is 0.72. (Figure 4). All

other parameters (past-contrast T1, ADC) did not show statiscally

significant differences between MC and AC.
3.4 Comparison of values of APT SI, native
T1, post-contrast T1, and ADC between
different sub-groups in the AC groups

In center 1: APT SI and native T1 were significantly different in

the T, N, LVI, and EMVI groups (P<0.05); ADC value in T3–4 group

was lower than that in T1–2 group, while that in EMVI+ group was

lower than in EMVI-, the difference was statistically significant

(P<0.05); APT SI, native T1, post-contrast T1, and ADC did not

show statistical significance in evaluating the PNI (P>0.05). (Table 4).

In center 2: APT SI and native T1 were significantly different in

the T, N, and LVI groups (P<0.05); ADC value in T3–4 group was

lower than that in T1–2 group (P<0.05); APT SI and ADC were

statistically significant in evaluating EMVI (P<0.05); APT SI, native

T1, post-contrast T1, and ADC did not show statistical significance

in evaluating the PNI (P>0.05). (Table 5).
3.5 Diagnostic efficiency of APT SI, native
T1, post-contrast T1 and ADC values
among different sub-groups within the AC
group

Comparing group T1–2 with T3–4 group: In center 1, the joint

probability P-value of APT SI, ADC, and native T1 had the highest

AUC (0.95), with diagnostic sensitivity and specificity of 89% and

85%, respectively (Figure 5A); In center 2, the joint probability P-

value of APT SI, ADC, and native T1 had the highest AUC (0.99),

with diagnostic sensitivity and specificity of 100% and 92%,

respectively (Figure 5E);. Comparing group N0 with group N1–2:

In center 1, the joint probability P-value AUC of APT SI and native

T1 was the highest (0.73) (Figure 5B); In center 2, the joint

probability P-value AUC of APT SI and native T1 was the highest

(0.96) (Figure 5F). Comparing group EMVI+ with group EMVI-:
TABLE 2 Clinical and pathologic characteristics of patients studied in
two centers.

Characteristics Number of
patients
(Center 1)

Number of
patients
(Center 2)

Gender

Male 60 (62%) 50 (62%)

Female 37 (38%) 31 (38%)

Age

Mean age, years 59 ± 11 62 ± 12

Age range, years 32-83 26-86

Pathology

mucinous
adenocarcinoma MC

7 (7%) 8 (10%)

common
adenocarcinoma AC

90 (93%) 73 (90%)

T stage (AC)

T1-2 34 (38%) 24 (33%)

T3-4 56 (62%) 49 (67%)

N stage (AC)

N0 58 (64%) 53 (73%)

N1-2 32 (36%) 20 (27%)

Extramural vascular invasion, EMVI (AC)

Positive 27 (30%) 18 (25%)

Negative 63 (70%) 55 (75%)

Lymphovascular invasion, LVI (AC)

Positive 34 (38%) 21 (29%)

Negative 56 (62%) 52 (71%)

Perineural invasion, PNI (AC)

Positive 24 (27%) 17 (23%)

Negative 66 (73%) 56 (77%)

Ki-67 (AC, MC) 97 (100%) 81 (100%)
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FIGURE 3

Boxplots of APT SI value in different pathological type (A: center 1, B: center 2), the APT SI value was significantly higher in MC than in AC.
FIGURE 4

ROC curves of APT SI for discrimination between MC and AC (A: center 1, B: center 2), the AUC was 0.68 (center 1) and 0.72 (center 2) respectively.
TABLE 3 Comparison of APT, T1 mapping and ADC parameters between MC and AC groups in two centers (x ± s).

Groups APT SI (%) Native T1 (ms) Post-contrast T1 (ms) ADC (x10-3mm2/s)

Center 1

MC (7) 2.64 ± 0.33 1550 ± 220 709 ± 110 0.99 ± 0.22

AC (90) 2.22 ± 0.78 1470 ± 170 734 ± 150 0.90 ± 0.16

t -2.812 -1.178 0.414 -1.469

P 0.016 0.242 0.680 0.145

Center 2

MC (8) 3.27 ± 0.80 1660 ± 190 464 ± 65 0.77 ± 0.14

AC (73) 2.60 ± 0.77 1390 ± 240 524 ± 130 0.91 ± 0.28

t -2.340 -3.122 1.334 1.369

P 0.022 0.003 0.185 0.175
F
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TABLE 4 The comparison of APT SI, native T1, post-contrast T1, ADC values in different groups of AC in center 1.

Groups APT SI (%) Native T1 (ms) Post-contrast T1 (ms) ADC (x10-3mm2/s)

T stage

T1-2 (34) 1.61 ± 0.49 1360 ± 130 771 ± 150 0.99 ± 0.15

T3-4 (56) 2.58 ± 0.69 1540 ± 150 710 ± 160 0.85 ± 0.15

t -7.178 -5.708 1.824 4.532

P 0.000 0.000 0.072 0.000

N stage

N0 (58) 2.07 ± 0.74 1430 ± 160 729 ± 150 0.91 ± 0.13

N1-2 (32) 2.49 ± 0.77 1540 ± 170 741 ± 160 0.88 ± 0.21

t -2.533 -2.961 -0.345 0.849

P 0.013 0.004 0.731 0.400

Perineural invasion (PNI)

Positive (24) 2.33 ± 0.85 1500 ± 190 737 ± 160 0.87 ± 0.19

Negative (66) 2.18 ± 0.75 1460 ± 160 732 ± 150 0.91 ± 0.16

t -0.825 -0.979 -0.135 1.022

P 0.411 0.330 0.893 0.310

Lymphovascular invasion (LVI)

Positive(34) 2.49 ± 0.83 1530 ± 180 739 ± 150 0.88 ± 0.18

Negative(56) 2.05 ± 0.70 1430 ± 150 730 ± 160 0.91 ± 0.16

t -2.697 -2.854 -0.261 0.853

P 0.008 0.005 0.795 0.396

extramural vascular invasion(EMVI)

Positive(27) 2.56 ± 0.74 1540 ± 160 704 ± 180 0.85 ± 0.18

Negative(63) 2.07 ± 0.75 1440 ± 160 746 ± 140 0.93 ± 0.15

t -2.858 -2.764 1.053 2.194

P 0.005 0.007 0.299 0.031
F
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TABLE 5 The comparison of APT SI, native T1, post-contrast T1, ADC values in different groups of AC in center 2.

Groups APT SI (%) Native T1 (ms) Post-contrast T1 (ms) ADC (x10-3mm2/s)

T stage

T1-2 (24) 2.31 ± 0.64 1080 ± 65 512 ± 150 1.09 ± 0.29

T3-4 (49) 2.74 ± 0.80 1490 ± 210 530 ± 110 0.85 ± 0.25

t -2.289 -12.499 0.572 2.747

P 0.025 0.000 0.569 0.008

N stage

N0 (53) 2.27 ± 0.58 1290 ± 210 525 ± 130 0.97 ± 0.27

N1-2(20) 3.48 ± 0.47 1520 ± 310 522 ± 100 0.75 ± 0.22

t -8.394 -3.016 -0.099 3.292

P 0.000 0.006 0.922 0.072

(Continued)
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TABLE 5 Continued

Groups APT SI (%) Native T1 (ms) Post-contrast T1 (ms) ADC (x10-3mm2/s)

Perineural invasion (PNI)

Positive (17) 2.52 ± 0.79 1450 ± 180 495 ± 110 0.94 ± 0.35

Negative (56) 2.62 ± 0.77 1330 ± 270 533 ± 130 0.90 ± 0.26

t -0.463 -1.728 1.112 -0.524

P 0.645 0.088 0.270 0.602

Lymphovascular invasion (LVI)

Positive (21) 3.06 ± 0.61 1530 ± 240 551 ± 130 0.78 ± 0.23

Negative (52) 2.41 ± 0.75 1280 ± 230 513 ± 120 0.96 ± 0.28

t -3.508 -4.099 -1.155 2.563

P 0.001 0.000 0.252 0.012

extramural vascular invasion (EMVI)

Positive (18) 3.10 ± 0.76 1430 ± 310 532 ± 100 0.80 ± 0.25

Negative (55) 2.43 ± 0.70 1330 ± 230 520 ± 133 0.95 ± 0.28

t -3.408 -1.289 -0.290 2.053

P 0.001 0.210 0.773 0.044
F
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FIGURE 5

ROC curves of APT SI, ADC, native T1 and APT SI+ADC+native T1 for discrimination between T1-2 and T3-4 (center1: A center 2: E, APT SI+ADC+
native T1 had the highest AUC in two centers(center 1: 0.95, center 2: 0.99); ROC curves of APT SI, native T1 and APT SI+native T1 for discrimination
between N0 and N1-2 (center1: B center 2: F), in the two centers, the AUC of APT SI+native T1 was higher than that of APT SI and native T1, 0.73
(center 1) and 0.96 (center 2), respectively; ROC curves of APT SI, ADC, native T1, APT SI+ADC and APT SI+ADC+native T1 for discrimination
between EMVI+ and EMVI- (center1: C; center 2: G), in the EMVI evaluation of Center 1, APT SI, native T1 and ADC all had statistical significance, and
the combined AUC of the three was the highest (0.73). In the evaluation of center 2, only APT SI and ADC had statistical significance, and APT SI
+ADC had the highest AUC (0.75), which was higher than the combined AUC of center 1; ROC curves of APT SI, native T1, ADC, APT SI+native T1
and APT SI+ADC+native T1 for discrimination between LNI+ and LNI- (center1: D; center 2: H), in the LVI evaluation of Center 1, APT SI and native
T1 had statistical significance, and the combined AUC of the two was the highest (0.71); In the evaluation of center 2, APT SI, native T1 and ADC all
had statistical significance, and APT SI+ADC had the AUC of 0.82, which was higher than the combined AUC of center 1. Additionally, the highest
AUC for APT S1+native T1+ADC is 0.83.
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In center 1, the AUC of the joint probability P-value of APT SI,

ADC, and native T1 was higher than that of each parameter alone,

but its diagnostic specificity was lower than that of APT SI

(Figure 5C); In center 2, the AUC of the joint probability P-value

of APT SI and ADC was higher than that of each parameter alone,

but its diagnostic sensitivity and specificity were lower than that of

APT SI (Figure 5G). Comparing group LVI+ with group LVI-: In

center 1, the joint probability P-value of APT SI and native T1 had

the highest AUC, but its diagnostic specificity was lower than that of

native T1(Figure 5D); In center 2, the joint probability P-value of

APT SI, ADC and native T1 had the highest AUC, the specificity

was also the highest, and the sensitivity was lower than that of the

three alone (Figure 5H). The diagnostic efficiency of each parameter

and the optimal diagnostic threshold are listed in Tables 6, 7.
3.6 Correlation between APT SI, native T1,
post-contrast T1, and ADC values and Ki-
67 expression in rectal cancer

Center 1: Ki-67 expression 70.00 (60.00~80.00)%; Center 2: Ki-

67 expression 70.00 (47.50~80.00)%. APT SI mild to medium

correlation with Ki-67 expression (center 1: r=0.416, P<0.05;

center 2: r=0.242, P<0.05) (Figures 6A, D), and ADC mild

correlation with Ki-67 expression (center 1: r=-0.233, P<0.05;
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center 2: r=0.-289, P<0.05) (Figures 6B, E). Native T1 mild to

high correlation with Ki-67 expression (center 1: r=0.712, P<0.05;

center 2: r=0.300, P<0.05) (Figures 6C, F), whereas no correlation

was observed between post-contrast T1 and Ki-67 expression

(center 1: r=-0.060, P>0.05; center 2: r=-0.138, P>0.05). Linear

regression analysis showed that APT SI and native T1 were

independent factors influencing Ki-67 expression (center 1).

Linear regression analysis showed that APT SI was independent

factor influencing Ki-67 expression (center 2).
4 Discussion

Rectal adenocarcinoma (RA) is a common malignancy of the

digestive tract. Although the prevention, screening, and treatment

of rectal cancer have significantly improved, it still threatens the

health of people worldwide. The prognosis of rectal cancer depends

on the size, type, stage, lymph node status and peripheral invasion

of the tumor, among which T3-4, TNM, EMVI, LVI and PNI are

high-risk histopathological phenotypes of rectal adenocarcinoma,

which directly affect the risk stratification of rectal adenocarcinoma.

We combined APT and T1 mapping of two centers to conduct a

comprehensive study on the high-risk histopathologic features of

rectal adenocarcinoma, and the results showed that the APT SI can

be used to distinguish between MC and AC. Additionally, in the AC
TABLE 6 Comparison of diagnostic efficiency of APT SI, native T1, post-contrast T1 and ADC for AC groups in center 1.

Category P value AUC (95% CI) Threshold Sensitivity (%) Specificity (%)

T1-2 vs T3-4

APT SI 0.000 0.87 (0.78 - 0.93) 1.93 82 84

ADC 0.000 0.77 (0.67 - 0.85) 0.92 79 71

native T1 0.000 0.81 (0.72 - 0.89) 1430 80 76

APT SI+ADC
+native T1

0.000 0.95 (0.88-0.98) Not applicable 89 85

N0 vs N1-2

APT SI 0.008 0.66 (0.55-0.76) 2.71 47 83

native T1 0.000 0.71 (0.60-0.78) 1440 81 60

APT SI+native T1 0.000 0.73 (0.62-0.82) Not applicable 88 60

EMVI(+) vs (-)

APT SI 0.002 0.68 (0.58 - 0.78) 2.69 56 81

ADC 0.017 0.66 (0.55 - 0.76) 0.91 81 54

native T1 0.001 0.69 (0.59 - 0.79) 1450 78 59

APT SI+ADC
+native T1

0.000 0.73 (0.63 - 0.82) Not applicable 89 52

Lymphovascular invasion (+) vs (-)

APT SI 0.012 0.65 (0.54-0.75) 2.14 71 55

native T1 0.003 0.68 (0.57-0.78) 1500 65 73

APT SI+native T1 0.000 0.71(0.61-0.80) Not applicable 71 68
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group, findings revealed that APT SI and native T1 values can be

used to evaluate the T stage, N stage, LVI. ADC may also be used to

evaluate the preoperative T stage and EMVI of rectal

adenocarcinoma. The combination of APT and T1 mapping can

improve diagnostic efficiency. However, APT and T1 mapping have

limitations in assessing PNI for rectal adenocarcinoma.

Our research indicates that the APT SI values of the MC group

in both centers were higher than that of the AC group. The APT SI

value was determined by endogenous free proteins and peptides and

was also influenced by the pH value of the internal environment

(36). MC have special histological manifestations; there is an

obvious mucous lake inside the tumor, which is a malignant

tumor with hypersecretion of mucus. We hypothesize that the

mucous lakes, accompanied by free proteins and a large amount

of mucous secretion, as well as changes in the pH value of the

internal environment, resulting in an increase in the APT SI value.

This is consistent with the research results of Li et al. (36), and the

APT values of center 2 groups are close to them. However, in this

study, there was a large difference in APT values between the two

centers. The APT value of the MC group in center 1 is close to that

of the AC group in center 2. Yang et al. showed that in non-mucous

rectal adenocarcinoma, the APT value of tumors in the Kirsten rat

sarcoma (KRAS) -mutant group was higher than that in the wild
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type group (3.32% ± 0.69% vs. 2.23% ± 0.83%, P<0.001), and the

cutoff value was 2.4% (37). KRAS mutations can activate multiple

intracellular pathways, promoting cell growth, proliferation,

differentiation, survival, and cytokine secretion (38), all the above

mentioned processes induce the increase of cellular protein content

in KRAS-mutant rectal tumors, resulting in APTw hyperintensity.

We hypothesize that factors such as unanalyzed KRAS mutation,

parameter differences between the two central machine models,

possible fat interference within adenocarcinoma (MC and AC), and

selection bias may lead to the variability of APT values. In center 2,

native T1 also showed statistical significance in distinguishing rectal

AC from MC, which is inconsistent with the results of the center 1.

Tissue T1 relaxation time is associated with a variety of biological

factors, such as macromolecule concentration, water binding status,

and tissue water content. The characteristic of MC is that excessive

secretion of mucous by tumor cells leads to prolonged relaxation

time of T1, while AC is often accompanied by more epithelial cells

and proliferating cells in the tumor, which also leads to prolonged

relaxation time of T1, which could result in instability of native T1

in evaluating AC and MC.

In the AC group, the APT SI values of both centers were

statistically significant when evaluating the T and N groups, which

is consistent with the results of Chen et al. (21), who showed that
TABLE 7 Comparison of diagnostic efficiency of APT SI, native T1, post-contrast T1 and ADC for AC groups in center 2.

Category P value AUC (95% CI) Threshold Sensitivity (%) Specificity (%)

T1-2 vs T3-4

APT SI 0.044 0.63 (0.51 - 0.74) 2.67 83 47

ADC 0.008 0.69 (0.57 - 0.80) 0.89 67 67

native T1 0.000 0.96 (0.89 - 0.99) 1170 92 96

APT SI+ADC
+native T1

0.000 0.99 (0.92-0.10) Not applicable 100. 92

N0 vs N1-2

APT SI 0.000 0.95 (0.88-0.99) 2.99 94 90

native T1 0.003 0.73 (0.62-0.83) 1580 93 65

APT SI+native T1 0.000 0.96 (0.88-0.99) Not applicable 94 90

EMVI(+) vs (-)

APT SI 0.001 0.75 (0.63 - 0.84) 2.74 87 78

ADC 0.043 0.66 (0.54 - 0.77) 0.71 82 50

APT SI+ADC 0.039 0.75 (0.63 - 0.84) Not applicable 73 50

Lymphovascular invasion (+) vs (-)

APT SI 0.000 0.74 (0.63-0.84) 2.99 83 57

ADC 0.005 0.70 (0.58-0.80) 0.70 87 48

native T1 0.000 0.76 (0.65-0.86) 1490 87 67

APT SI+native T1 0.000 0.82 (0.72-0.90) Not applicable 63 90

APT SI+ADC
+native T1

0.000 0.83 (0.72-0.91) Not applicable 73 90
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APT SI had statistically significant differences during the T2, T3,

and T4 stages of rectal cancer and that the APT SI value gradually

increased with the progression in stage (20), indicating that the

increased aggressiveness of the tumor is often accompanied by the

active proliferation of tumor cells, increase in tumor blood vessels,

and increase in intracellular free proteins, ultimately increasing the

APT SI value. According to a study by Li et al., the APT SI of

the highly differentiated group was significantly higher than that of

the poorly differentiated group (36), which is inconsistent with the
Frontiers in Oncology 12
results of this study. We hypothesize that this might have been

caused by the different sample selections and internal composition

ratios of tumors in the two studies. In this study, the native T1 value

of stage T3–4 was higher than that of the stage T1–2 group, and the

native T1 value of group N1–2 was higher than that of group N0. Li

et al. showed that patients with advanced cervical squamous cell

carcinoma had higher native T1 values (39). Native T1-based

radiomics can be used for the preoperative evaluation of prostate

cancer (26). T1 relaxation time has high diagnostic sensitivity in
FIGURE 6

Scatter plot of correlation analysis between Ki-67 and APT SI (center1: A; center 2: D), APT SI was positively correlated with KI-67 expression, but the
correlation coefficient of center 2 (0.242) was lower than that of center 1 (0.416); Scatter plot of correlation analysis between Ki-67 and ADC
(center1: B; center 2: E), ADC was negatively correlated with Ki-67 expression, but the correlation coefficient of center 2 was slightly higher than that
of center 1; Scatter plot of correlation analysis between Ki-67 and native T1 (center1: C; center 2: F), native T1 was positively correlated with Ki-67
expression, but the correlation coefficient of center 2 (0.300) was significantly lower than that of center 1 (0.712).
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distinguishing benign from malignant breast lesions (40). T1

mapping can also be used to identify head and neck squamous

cell carcinoma (HNSCC) patients with lymph node metastasis (41).

T1 mapping is also an endogenous marker of tissues and is related

to many biological factors, such as macromolecule concentration,

water-binding state, and tissue water content (42). At the

pathological level, T1 positively correlated with increased tumor

water content and cell proliferation but negatively correlated with

tumor necrosis (43). In this study, the advanced T stages and lymph

node metastasis groups showed higher native T1 values, which may

be due to the active proliferation of tumor cells, abundant

extracellular matrix, and increased levels of macromolecular

substances. In other clinical studies, elevated T1 values have been

associated with high-risk histopathological features and poor

prognoses (44). At the two centers, ADC can also distinguish T1-

2 and T3-4, with AUCs of 0.77 and 0.69, respectively. The combined

probability P-value AUC of APT SI, ADC and native T1 was the

highest, and the diagnostic sensitivity and specificity were higher

than those of the three alone. In terms of preoperative N staging

evaluation, the diagnostic efficiency of APT SI combined with

native T1 was the highest, while ADC cannot be used for

evaluation. This indicates that both APT SI and native T1 could

be used for preoperative T and N staging evaluation of rectal

cancer, and that the combination of the two could improve

diagnostic efficiency.

In two centers, the APT SI and native T1 values in LVI+ groups

were higher than those in LVI- groups, respecticely. But in the center

2, the ADC also could distinguish between LVI+ and LVI-, this is

inconsistent with the findings of Center 1. Yuan et al. (30), suggesting

that the ADC is unstable in evaluating LVI. In two centers, the APT

SI of EMVI+ group was higher than that of EMVI- group, and the

ADC value was lower than that of EMVI- group; But in center 1,

native T1 can distinguish between EMVI+ and EMVI-, which is

inconsistent with the results reported by Li et al. (28, 45). First, we

hypothesize that there are biases in patient enrollments in the two

studies; Second, cancer tissues are often accompanied by cell necrosis,

and large moles of molecular substances are released into the space

around cells, which further shrinks the extracellular space; Third, the

decrease in water content in the tumor was accompanied by a change

in the free protein content; These factors affected native T1 and APT

SI values. In patients with cervical cancer, the extracellular volume

(ECV) based on T1 values can be used to assess LVI (46). A

histogram based on the APT SI showed that LVI of rectal

adenocarcinoma was associated with an increased APT SI value

(47). LVI and EMVI are important prognostic factors in rectal

cancer and are directly related to the choice of treatment,

postoperative recurrence, and metastasis. The results of this study

indicate that APT SI and native T1 can be used to evaluate LVI, and

the combination of the two can improve the diagnostic efficiency.

APT SI and ADC are stable in evaluating EMVI, and the combination

of the two can improve diagnostic efficiency.In two centers, neither

APT nor T1 mapping was statistically significant in assessing PNI for

rectal adenocarcinoma, this is consistent with the findings of Li et al.

(28), which may be because the tumormicroenvironment reflected by

the APT or T1 mapping parameters is not sufficient to cause
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significant changes in perineuronal invasion. In addition, T1 values

are underestimated because they are susceptible to slight systematic

bias, and unpredictable tissue movements can also affect T1 values,

resulting in T1 value variability (48).

In this study, both APT SI and native T1 values positively

correlated with Ki-67 expression, whereas ADC negatively

correlated with Ki-67 expression, which is consistent with

previous studies (20, 30). Ki-67 is an important prognostic factor

in patients with rectal cancer and can reflect tumor aggressiveness.

High expression of Ki-67 is often caused by an increase in cell

number, enlargement of the nucleus, increase in macromolecular

proteins, and increase in tumor vessels (49). The increase in

macromolecular proteins and hemoglobin lead to an increase in

the APT SI value; therefore, the APT SI value positively correlated

with Ki-67 expression. The proliferation of tumor cells, an increase

in the nucleoplasma ratio, a decrease in extracellular space and

water content led to an increase in the native T1 value (50). The

more active the proliferation of malignant tumor cells are, the

greater the degree of limited diffusion, and the lower the ADC value.

ADC negatively correlated with Ki-67 expression, which is

consistent with the results of El Sayed et al. (51). Linear

regression analysis showed that APT SI and native T1 in center 1

were independent factors affecting Ki-67 expression, while APT SI

in center 2 was an independent factor affecting Ki-67 expression. In

addition, there was a significant difference in the correlation

coefficient between native T1 and Ki-67 in the two centers. In

summary, APT SI can more stably evaluate Ki-67 expression.

Post-contrast T1 mapping refers to the longitudinal relaxation

time image after injection of contrast agent. It can be used to

distinguish between radionecrosis and tumor recurrence, and when

contrast agents accumulate in tumor tissue outside the blood

vessels, it causes the tissue relaxation time T1 to shorten (52). In

this study, post-contrast T1 could not be used to evaluate TN stage

and peripheral invasion of rectal adenocarcinoma, and there was no

correlation with Ki-67 expression,which was inconsistent with the

results of previous studies. Yuan et al. ‘s study showed that post-

contrast T1 value could evaluate venous invasion and nerve

invasion of rectal cancer, and there is a significant positive

correlation between native T1 and Ki-67 (30). Liu et al. showed

that the post-contrast T1 can distinguish between rectal MC and

AC (53). The reason for this may be that the continuous

proliferation and division of tumor cells will lead to a decrease in

extracellular volume, and the dense structure of the tumor will

cause pharmacokinetic changes, all of which will result in a

prolonged T1 relaxation time. A large number of tumor

neovascularization are immature and damaged, and contrast

agents cannot effectively and quickly clear them, which can

shorten T1 relaxation time. Meanwhile, the extracellular space of

rectal cancer may contain complex components such as cystic

degeneration and necrosis, which can also cause changes in T1

relaxation time. Therefore, this may leads to differences in the

evaluation of post-contrast T1 values for rectal cancer classification,

EMVI, LVI, KI-67 expression.

This study had some limitations. Frist, the sample size is small,

and more cases should be used to confirm the validity of our results
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in the future. Second, when measuring quantitative parameters in

this study, the ROC was placed on a slice with the largest tumor

diameter, which was simple and practical to operate but could not

represent the overall level of the tumor. Third, owing to the

retrospective nature of the study, selection bias was inevitable,

hence, findings from the study need to be further verified by

prospective studies. Fourth, Mtrasym-based APTw imaging is

highly sensitive to fat content, although we avoided placing ROI

on the fat-affected region of the tumor by combining multiple

sequences, interference with APT values by fat was still inevitable.

Finally, In this study, APT SI can distinguish between MC and AC

groups, but the selection of cutoff value is quite different. In future

studies, reference tissue in the abdomen can be selected to control

possible bias in APT SI values.

This study suggests that the APT SI can be used to distinguish

between rectal MC and AC before surgery, and both APT SI and

native T1 can be used to assess the T stage, N stage, and LVI of

rectal adenocarcinoma. The combination of these two methods can

improve the efficiency of diagnosis. APT SI and ADC can be used to

assess EMVI status, while the assessment ability of native T1 is

controversial. In addition, APT SI can noninvasively predict Ki-67

expression before surgery. In conclusion, APT and T1 mapping can

be used to evaluate high-risk histopathologic phenotypes of rectal

adenocarcinoma other than PNI, providing physicians with non-

invasive and accurate preoperative tools to support clinical

decision making.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/supplementary material.
Ethics statement

This study was reviewed and approved by the Ethics Committee

of Xinxiang Central Hospital (2021-174) and the First Affiliated

Hospital of Zhengzhou University (2024-KY-0862). The studies

were conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study. Written informed

consent was obtained from the individual(s) for the publication of

any potentially identifiable images or data included in this article.
Frontiers in Oncology 14
Author contributions

YC: Data curation, Investigation,Methodology, Software, Validation,

Writing – original draft, Writing – review & editing. YN: Data curation,

Writing – original draft. RC: Methodology, Writing – original draft. PL:

Methodology, Validation, Writing – review & editing. JG: Project

administration, Supervision, Validation, Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported

by the Key Project of Science and Technology Research of Henan

Province (No. LHGJ20210902).
Acknowledgments

The authors acknowledge all the colleagues and participants for

their supports, especially the Department of Radiology, the First

Afliated Hospital of Zhengzhou University.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1403890/

full#supplementary-material
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/
caac.21660

2. Curvo-Semedo L. Rectal cancer: staging. Magn Reson Imaging Clin N Am. (2020)
28:105–15. doi: 10.1016/j.mric.2019.09.003
3. Bates DDB, Homsi ME, Chang KJ, Lalwani N, Horvat N, Sheedy SP. MRI for
rectal cancer: staging, mrCRM, EMVI, lymph node staging and post-treatment
response. Clin Colorectal Cancer. (2022) 21:10–8. doi: 10.1016/j.clcc.2021.10.007

4. Reynolds IS, O’Connell E, Fichtner M, McNamara DA, Kay EW, Prehn JHM,
et al. Mucinous adenocarcinoma of the colon and rectum: A genomic analysis. J Surg
Oncol. (2019) 120:1427–35. doi: 10.1002/jso.25764
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2025.1403890/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1403890/full#supplementary-material
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.mric.2019.09.003
https://doi.org/10.1016/j.clcc.2021.10.007
https://doi.org/10.1002/jso.25764
https://doi.org/10.3389/fonc.2025.1403890
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chai et al. 10.3389/fonc.2025.1403890
5. Zhang W, Yin H, Huang Z, Zhao J, Zheng H, He D, et al. Development and
validation of MRI-based deep learning models for prediction of microsatellite
instability in rectal cancer. Cancer Med. (2021) 10:4164–73. doi: 10.1002/cam4.3957

6. Glynne-Jones R, Wyrwicz L, Tiret E, Brown G, Rödel C, Cervantes A, et al. Rectal
cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann
Oncol. (2018) 29:iv263. doi: 10.1093/annonc/mdy161

7. Dykstra MA, Gimon TI, Ronksley PE, Buie WD, MacLean AR. Classic and novel
histopathologic risk factors for lymph node metastasis in T1 colorectal cancer: A
systematic review and meta-analysis. Dis Colon Rectum. (2021) 64:1139–50.
doi: 10.1097/DCR.0000000000002164

8. Li J, Yin H, Zhang H, Wang Y, Ma F, Li L, et al. Preoperative risk stratification for
gastric cancer: the establishment of dual-energy CT-based radiomics using prospective
datasets at two centers. Acad Radiol. (2024) 31:4466–77. doi: 10.1016/j.acra.2024.04.034

9. Hur H, Cho MS, Koom WS, Lim JS, Kim TI, Ahn JB, et al. Nomogram for
prediction of pathologic complete remission using biomarker expression and
endoscopic finding after preoperative chemoradiotherapy in rectal cancer. Chin J
Cancer Res. (2020) 32:228–41. doi: 10.21147/j.issn.1000-9604.2020.02.10

10. Dayde D, Gunther J, Hirayama Y, Weksberg DC, Boutin A, Parhy G, et al.
Identification of blood-based biomarkers for the prediction of the response to
neoadjuvant chemoradiation in rectal cancer. Cancers (Basel). (2021) 13:3642.
doi: 10.3390/cancers13143642

11. Imaizumi K, Suzuki T, Kojima M, Shimomura M, Sakuyama N, Tsukada Y, et al.
Ki67 expression and localization of T cells after neoadjuvant therapies as reliable
predictive markers in rectal cancer. Cancer Sci. (2020) 111:23–35. doi: 10.1111/
cas.14223

12. Tong G, Zhang G, Liu J, Zheng Z, Chen Y, Niu P, et al. Cutoff of 25% for Ki67
expression is a good classification tool for prognosis in colorectal cancer in the AJCC-8
stratification. Oncol Rep. (2020) 43:1187–98. doi: 10.3892/or.2020.7511

13. Inoue A, Sheedy SP, Heiken JP, Mohammadinejad P, Graham RP, Lee HE, et al.
MRI-detected extramural venous invasion of rectal cancer: Multimodality performance
and implications at baseline imaging and after neoadjuvant therapy. Insights Imaging.
(2021) 12:110. doi: 10.1186/s13244-021-01023-4

14. Horvat N, Carlos Tavares Rocha C, Clemente Oliveira B, Petkovska I, Gollub MJ.
MRI of rectal cancer: tumor staging, imaging techniques, and management.
Radiographics. (2019) 39:367–87. doi: 10.1148/rg.2019180114

15. Liu Z, Zou L, Yang Q, Qian L, Li T, Luo H, et al. Baseline amide proton transfer
imaging at 3T fails to predict early response to induction chemotherapy in
nasopharyngeal carcinoma. Front Oncol. (2022) 12:822756. doi: 10.3389/
fonc.2022.822756

16. Kamimura K, Nakajo M, Yoneyama T, Takumi K, Kumagae Y, Fukukura Y, et al.
Amide proton transfer imaging of tumors: theory, clinical applications, pitfalls, and
future directions. Jpn J Radiol. (2019) 37:109–16. doi: 10.1007/s11604-018-0787-3

17. Foo LS, Harston G, Mehndiratta A, Yap WS, Hum YC, Lai KW, et al. Clinical
translation of amide proton transfer (APT) MRI for ischemic stroke: a systematic
review (2003-2020). Quant Imaging Med Surg. (2021) 11:3797–811. doi: 10.21037/
qims-20-1339

18. Schön S, Cabello J, Liesche-Starnecker F, Molina-Romero M, Eichinger P, Metz
M, et al. Imaging glioma biology: spatial comparison of amino acid PET, amide proton
transfer, and perfusion-weighted MRI in newly diagnosed gliomas. Eur J Nucl Med Mol
Imaging. (2020) 47:1468–75. doi: 10.1007/s00259-019-04677-x

19. Park JE, Kim HS, Park SY, Jung SC, Kim JH, Heo HY. Identification of early
response to anti-angiogenic therapy in recurrent glioblastoma: amide proton transfer-
weighted and perfusion-weighted MRI compared with diffusion-weighted MRI.
Radiology. (2020) 295:397–406. doi: 10.1148/radiol.2020191376

20. Li L, ChenW, Yan Z, Feng J, Hu S, Liu B, et al. Comparative analysis of amide proton
transfer MRI and diffusion-weighted imaging in assessing p53 and ki-67 expression of rectal
adenocarcinoma. J Magn Reson Imaging. (2020) 52:1487–96. doi: 10.1002/jmri.27212

21. Chen W, Li L, Yan Z, Hu S, Feng J, Liu G, et al. Three-dimension amide proton
transfer MRI of rectal adenocarcinoma: correlation with pathologic prognostic factors
and comparison with diffusion kurtosis imaging. Eur Radiol. (2021) 31:3286–96.
doi: 10.1007/s00330-020-07397-1

22. Nishie A, Takayama Y, Asayama Y, Ishigami K, Ushijima Y, Okamoto D, et al.
Amide proton transfer imaging can predict tumor grade in rectal cancer. Magn Reson
Imaging. (2018) 51:96–103. doi: 10.1016/j.mri.2018.04.017

23. Nishie A, Asayama Y, Ishigami K, Ushijima Y, Takayama Y, Okamoto D, et al.
Amide proton transfer imaging to predict tumor response to neoadjuvant
chemotherapy in locally advanced rectal cancer. J Gastroenterol Hepatol. (2019)
34:140–6. doi: 10.1111/jgh.14315

24. Lavall D, Vosshage NH, Geßner R, Stöbe S, Ebel S, Denecke T, et al. Native T1
mapping for the diagnosis of cardiac amyloidosis in patients with left ventricular
hypertrophy. Clin Res Cardiol. (2023) 112:334–42. doi: 10.1007/s00392-022-02005-2

25. Yimcharoen S, Zhang S, Kaolawanich Y, Tanapibunpon P, Krittayaphong R.
Clinical assessment of adenosine stress and rest cardiac magnetic resonance T1
mapping for detecting ischemic and infarcted myocardium. Sci Rep. (2020) 10:14727.
doi: 10.1038/s41598-020-71722-3

26. Makowski MR, Bressem KK, Franz L, Kader A, Niehues SM, Keller S, et al. De
novo radiomics approach using image augmentation and features from T1 mapping to
Frontiers in Oncology 15
predict gleason scores in prostate cancer. Invest Radiol. (2021) 56:661–8. doi: 10.1097/
RLI.0000000000000788

27. Wang F, Yang Q, Zhang Y, Liu J, Liu M, Zhu J. 3D variable flip angle T1mapping
for differentiating benign and Malignant liver lesions at 3T: comparison with diffusion
weighted imaging. BMCMed Imaging. (2022) 22:146. doi: 10.1186/s12880-022-00873-8

28. Li J, Gao X, Dominik Nickel M, Cheng J, Zhu J. Native T1 mapping for
differentiating the histopathologic type, grade, and stage of rectal adenocarcinoma: a
pilot study. Cancer Imaging. (2022) 22:30. doi: 10.1186/s40644-022-00461-7

29. Menon SS, Guruvayoorappan C, Sakthivel KM, Rasmi RR. Ki-67 protein as a
tumour proliferation marker. Clin Chim Acta. (2019) 491:39–45. doi: 10.1016/j.cca

30. Yuan J, Wen Q, Wang H, Wang J, Liu K, Zhan S, et al. The use of quantitative
T1-mapping to identify cells and collagen fibers in rectal cancer. Front Oncol. (2023)
13:1189334. doi: 10.3389/fonc.2023.1189334

31. Cao T, Jiang R, Zheng L, Zhang R, Chen X, Wang Z, et al. T1 and ADC
histogram parameters may be an in vivo biomarker for predicting the grade, subtype,
and proliferative activity of meningioma. Eur Radiol. (2023) 33:258–69. doi: 10.1007/
s00330-022-09026-5

32. Li G, Huang R, Zhu M, Du M, Zhu J, Sun Z, et al. Native T1-mapping and
diffusion-weighted imaging (DWI) can be used to identify lung cancer pathological
types and their correlation with Ki-67 expression. J Thorac Dis. (2022) 14:443–54.
doi: 10.21037/jtd-22-77

33. Hou M, Song K, Ren J, Wang K, Guo J, Niu Y, et al. Comparative analysis of the
value of amide proton transfer-weighted imaging and diffusion kurtosis imaging in
evaluating the histological grade of cervical squamous carcinoma. BMC Cancer. (2022)
22:87. doi: 10.1186/s12885-022-09205-z

34. Weiser MR. AJCC 8th edition: colorectal cancer. Ann Surg Oncol. (2018)
25:1454–5. doi: 10.1245/s10434-018-6462-1

35. Li B, Sun H, Zhang S, Wang X, Guo Q. Amide proton transfer imaging to
evaluate the grading of squamous cell carcinoma of the cervix: A comparative
study using F FDG PET. J Magn Reson Imaging. (2019) 50:261–8. doi: 10.1002/
jmri.26572

36. Li J, Lin L, Gao X, Li S, Cheng J. Amide proton transfer weighted and intravoxel
incoherent motion imaging in evaluation of prognostic factors for rectal
adenocarcinoma. Front Oncol. (2022) 11:783544. doi: 10.3389/fonc.2021.783544

37. Yang X, Qiu Q, Lu W, Chen B, Zhao M, Liang W, et al. Prediction of Kirsten rat
sarcoma (KRAS) mutation in rectal cancer with amide proton transfer-weighted
magnetic resonance imaging. Quant Imaging Med Surg. (2024) 14:7061–72.
doi: 10.21037/qims-24-331

38. Lavoie H, Therrien M. Regulation of RAF protein kinases in ERK signalling. Nat
Rev Mol Cell Biol. (2015) 16:281–98. doi: 10.1038/nrm3979

39. Li S, Liu J, Guo R, Nickel MD, Zhang Y, Cheng J, et al. T1 mapping and
extracellular volume fraction measurement to evaluate the poor-prognosis factors in
patients with cervical squamous cell carcinoma. NMR BioMed. (2023) 36:e4918.
doi: 10.1002/nbm.4918

40. Meng T, He N, He H, Liu K, Ke L, Liu H, et al. The diagnostic performance of
quantitative mapping in breast cancer patients: a preliminary study using synthetic
MRI. Cancer Imaging. (2020) 20:88. doi: 10.1186/s40644-020-00365-4

41. Qu J, Pan B, Su T, Chen Y, Zhang T, Chen X, et al. T1 and T2 mapping for
identifying Malignant lymph nodes in head and neck squamous cell carcinoma. Cancer
Imaging. (2023) 23:125. doi: 10.1186/s40644-023-00648-6

42. Shah B, Anderson SW, Scalera J, Jara H, Soto JA. Quantitative MR imaging:
physical principles and sequence design in abdominal imaging. Radiographics. (2011)
31:867–80. doi: 10.1148/rg.313105155

43. McSheehy PM, Weidensteiner C, Cannet C, Ferretti S, Laurent D, Ruetz S, et al.
Quantified tumor t1 is a generic early-response imaging biomarker for chemotherapy
reflecting cell viability. Clin Cancer Res. (2010) 16:212–25. doi: 10.1158/1078-
0432.CCR-09-0686

44. Liu J, Li S, Cao Q, Zhang Y, Nickel MD, Wu Y, et al. Risk factors for the
recurrence of cervical cancer using MR-based T1 mapping: A pilot study. Front Oncol.
(2023) 13:1133709. doi: 10.3389/fonc.2023.1133709

45. Li J, Kou P, Lin L, Xiao Y, Jin H, Zhang Y, et al. T1 mapping in evaluation of
clinicopathologic factors for rectal adenocarcinoma. Abdom Radiol (NY). (2024)
49:279–87. doi: 10.1007/s00261-023-04045-2

46. WangW, Fan X, Yang J, Wang X, Gu Y, Chen M, et al. Preliminary MRI study of
extracellular volume fraction for identification of lymphovascular space invasion of
cervical cancer. J Magn Reson Imaging. (2023) 57:587–97. doi: 10.1002/jmri.28423

47. Chen W, Liu G, Chen J, Wei Q, Ye Y, Du X, et al. Whole-tumor amide proton
transfer-weighted imaging histogram analysis to predict pathological extramural
venous invasion in rectal adenocarcinoma: a preliminary study. Eur Radiol. (2023)
33:5159–71. doi: 10.1007/s00330-023-09418-1

48. Taylor AJ, Salerno M, Dharmakumar R, Jerosch-Herold M. T1 mapping: basic
techniques and clinical applications. JACC Cardiovasc Imaging. (2016) 9:67–81.
doi: 10.1016/j.jcmg

49. Melling N, Kowitz CM, Simon R, Bokemeyer C, Terracciano L, Sauter G, et al.
High Ki67 expression is an independent good prognostic marker in colorectal cancer. J
Clin Pathol. (2016) 69:209–14. doi: 10.1136/jclinpath-2015-202985
frontiersin.org

https://doi.org/10.1002/cam4.3957
https://doi.org/10.1093/annonc/mdy161
https://doi.org/10.1097/DCR.0000000000002164
https://doi.org/10.1016/j.acra.2024.04.034
https://doi.org/10.21147/j.issn.1000-9604.2020.02.10
https://doi.org/10.3390/cancers13143642
https://doi.org/10.1111/cas.14223
https://doi.org/10.1111/cas.14223
https://doi.org/10.3892/or.2020.7511
https://doi.org/10.1186/s13244-021-01023-4
https://doi.org/10.1148/rg.2019180114
https://doi.org/10.3389/fonc.2022.822756
https://doi.org/10.3389/fonc.2022.822756
https://doi.org/10.1007/s11604-018-0787-3
https://doi.org/10.21037/qims-20-1339
https://doi.org/10.21037/qims-20-1339
https://doi.org/10.1007/s00259-019-04677-x
https://doi.org/10.1148/radiol.2020191376
https://doi.org/10.1002/jmri.27212
https://doi.org/10.1007/s00330-020-07397-1
https://doi.org/10.1016/j.mri.2018.04.017
https://doi.org/10.1111/jgh.14315
https://doi.org/10.1007/s00392-022-02005-2
https://doi.org/10.1038/s41598-020-71722-3
https://doi.org/10.1097/RLI.0000000000000788
https://doi.org/10.1097/RLI.0000000000000788
https://doi.org/10.1186/s12880-022-00873-8
https://doi.org/10.1186/s40644-022-00461-7
https://doi.org/10.1016/j.cca
https://doi.org/10.3389/fonc.2023.1189334
https://doi.org/10.1007/s00330-022-09026-5
https://doi.org/10.1007/s00330-022-09026-5
https://doi.org/10.21037/jtd-22-77
https://doi.org/10.1186/s12885-022-09205-z
https://doi.org/10.1245/s10434-018-6462-1
https://doi.org/10.1002/jmri.26572
https://doi.org/10.1002/jmri.26572
https://doi.org/10.3389/fonc.2021.783544
https://doi.org/10.21037/qims-24-331
https://doi.org/10.1038/nrm3979
https://doi.org/10.1002/nbm.4918
https://doi.org/10.1186/s40644-020-00365-4
https://doi.org/10.1186/s40644-023-00648-6
https://doi.org/10.1148/rg.313105155
https://doi.org/10.1158/1078-0432.CCR-09-0686
https://doi.org/10.1158/1078-0432.CCR-09-0686
https://doi.org/10.3389/fonc.2023.1133709
https://doi.org/10.1007/s00261-023-04045-2
https://doi.org/10.1002/jmri.28423
https://doi.org/10.1007/s00330-023-09418-1
https://doi.org/10.1016/j.jcmg
https://doi.org/10.1136/jclinpath-2015-202985
https://doi.org/10.3389/fonc.2025.1403890
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chai et al. 10.3389/fonc.2025.1403890
50. Robinson AA, Chow K, Salerno M. Myocardial T1 and ECV measurement:
underlying concepts and technical considerations. JACC Cardiovasc Imaging. (2019)
12:2332–44. doi: 10.1016/j.jcmg.2019.06.031

51. El Sayed FM, Nassef EM, Abdelmageed NA, Abdel Maqsoud RR, Abosaif AI.
Diffusion-weighted MRI as non-invasive diagnostic tool for rectal cancer
aggressiveness and correlation with KI-67 expression in tumor tissue. Asian Pac J
Cancer Prev. (2022) 23:3387–91. doi: 10.31557/APJCP.2022.23.10.3387
Frontiers in Oncology 16
52. Wang B, Zhang Y, Zhao B, Zhao P, GeM, GaoM, et al. Postcontrast T1 mapping for
differential diagnosis of recurrence and radionecrosis after gamma knife radiosurgery for
brain metastasis. AJNR Am J Neuroradiol. (2018) 39:1025–31. doi: 10.3174/ajnr.A5643

53. Liu YY, Wen ZQ, Ma YR, Yang XY, Lu BL, Liu QM, et al. Application of T1-
mapping combined with high-spatial-resolution T2-weighted imaging in
discriminating mucinous fromnonmucinous adenocarcinoma in rectal cancer.
Abdom Radiol (NY). (2024) 4. doi: 10.1007/s00261-024-04728-4
frontiersin.org

https://doi.org/10.1016/j.jcmg.2019.06.031
https://doi.org/10.31557/APJCP.2022.23.10.3387
https://doi.org/10.3174/ajnr.A5643
https://doi.org/10.1007/s00261-024-04728-4
https://doi.org/10.3389/fonc.2025.1403890
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Amide proton transfer-weighted imaging and T1 mapping as diagnostic tools to evaluate high-risk histopathologic phenotypes before surgery in rectal adenocarcinoma and their correlation with Ki-67 expression&colon;a two-center study
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 MRI protocol
	2.3 Image analysis and index measurement
	2.4 Pathological grouping
	2.5 Statistical analysis

	3 Results
	3.1 The clinical and pathological characteristics of the patient
	3.2 Consistency test of APT SI, native T1, post-contrast T1 and ADC values measured by two physicians
	3.3 Comparison and diagnostic efficiency of APT SI, native T1, post-contrast T1, and ADC parameters between MC group and AC group
	3.4 Comparison of values of APT SI, native T1, post-contrast T1, and ADC between different sub-groups in the AC groups
	3.5 Diagnostic efficiency of APT SI, native T1, post-contrast T1 and ADC values among different sub-groups within the AC group
	3.6 Correlation between APT SI, native T1, post-contrast T1, and ADC values and Ki-67 expression in rectal cancer

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


