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a b s t r a c t 

Background: Although simplified clinicopathological features and serum tumour markers (STMs) were 

reported to be associated with the status of mismatch repair (MMR) in colorectal cancer (CRC) patients, 

their predictive value alone or in combination for MMR status remains unknown. 

Methods: A retrospective analysis of 3274 participants with MMR testing and STMs measurements from 

two institutions was conducted. The prediction model was developed in the primary cohort that con- 

sisted of 1964 participants. Best subset regression was applied to select the most useful predictors from 

the primary dataset. The performance of the nomogram was evaluated with respect to its calibration, 

discrimination, and clinical usefulness. External validation was performed in an independent validation 

cohort of 1310 consecutive CRC patients. 

Findings: Among the ten simplified clinicopathological features, seven variables were selected as the 

best subset of risk factors to develop pathology-based model, including age, tumour diameters, histology, 

tumour location, perineural invasion, the number of sampled lymph nodes (LNs) and positive LNs. The 

model showed good calibration and discrimination, with an AUC of 0.756 (95% CI, 0.722 to 0.789) in 

the primary cohort and 0.754 (95% CI, 0.715 to 0.793) in the validation cohort. After the addition of 

CEA and CA 72-4, the performance of pathology-based model was significantly improved in in both the 

primary cohort (AUC: 0.805 (0.774-0.835) vs. 0.756 (0.722-0.789), P < 0.001) and validation cohort (AUC: 

0.796 (0.758-0.835) vs. 0.754 (0.715-0.793), P < 0.001). The results of decision curve analysis revealed 

that using our models to predict the status of MMR would add more benefit than either the detect-all- 

patients scheme or the detect-none scheme. 

Interpretation: The models based on simplified clinicopathological features alone or in combination with 

STMs can be conveniently used to facilitate the postoperative individualized prediction of MMR status in 

CRC patients. 

© 2020 The Author(s). Published by Elsevier B.V. 
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on the pathologists, but also lacked of instructive value for 
clinicians. 

Added value of this study 

To our knowledge, our study is the first to investigate the 
predictive value of STMs and incorporate them into the pre- 
diction model for MMR status. In addition, we extremely sim- 
plify previously complex pathological features and make the 
MMR risk prediction model available to both clinicians and 

pathologists. 

Implication of all the available evidence 

The nomograms based on simplified clinicopathological 
features alone or in combination with STMs can be conve- 
niently used to facilitate the postoperative individualized pre- 
diction of MMR status in CRC patients. 

. Introduction 

Colorectal cancer (CRC) is the third most common type of can- 

er and the second leading cause of cancer-related deaths world- 

ide [1] . Though complete surgical resection is the primary treat- 

ent for patients with locoregional CRC, it has been estimated 

hat approximately half of patients with localized CRC will de- 

elop metastases [2] . Adjuvant chemotherapy and immune check- 

oint inhibitors has been recommended to improve prognosis of 

atients with high-risk stage II and stage III/IV CRC [ 3 , 4 ]. However,

ccumulating evidence demonstrated that individual treatment re- 

ponse of CRC patients is significantly associated with its molecular 

haracteristics [5-7] . 

Microsatellite instability (MSI) is the abnormal shortening or 

engthening of DNA by 1-6 repeating base pair units, which is 

aused by the inactivation of the DNA mismatch repair (MMR) sys- 

em [8] . An increasing body of evidence suggested that CRC pa- 

ients with MSI are not only highly correlated with a better prog- 

osis [9] , higher incidence of Lynch syndrome [10] and a high 

esponse to immune checkpoint blockade [11] , but less likely to 

enefit from 5-fluorouracil-based chemotherapy [12] . As a result, 

enetic testing for MMR or MSI in all CRC patients is recom- 

ended by the National Comprehensive Cancer Network (NCCN) 

uidelines to optimize the treatment and management of CRC [ 13 , 

4 ]. However, the recommendation is not feasible in clinical prac- 

ice, especially in developing countries. It is reported that only ap- 

roximately 5%-15% CRC patients presented with deficient MMR 

dMMR) and have high levels of microsatellite instability [ 15 , 16 ], 

hich means 85%-95% CRC patients could not benefit directly from 

enetic testing. Therefore, there is an urgent need to develop a 

odel for the prediction of MMR status in CRC patients based on 

henotypic characteristics. 

Previous studies have demonstrated that MMR status of CRC is 

ignificantly correlated with their clinicopathological features [ 17 , 

8 ] and serum tumour biomarkers (STMs) [ 19 , 20 ]. Though several

rediction models based on pathological features have been devel- 

ped, the complex pathological characteristics included in previous 

odels required detailed pathological diagnosis [ 21–23 ], which not 

nly caused a huge burden on the pathologists, but also lacked of 

nstructive value for clinicians. STMs are both important prognostic 

actors and the indicators of therapeutic effect and recurrence in 

atients with CRC [ 19 , 24 ], whereas their predictive value for MMR 

tatus has not been assessed in previous studies. The aim of our 

tudy was to develop MMR prediction models based on simplified 

linicopathological features alone or in combination with STMs. 
2 
. Methods 

.1. Study design and patient cohort 

This study retrospectively reviewed 3251 who were diagnosed 

ith CRC and underwent curative surgical resection at Union Hos- 

ital, Tongji Medical College, Huazhong University of Science and 

echnology between May 2017 and December 2019. Patients with 

he following conditions were excluded from the study: i) no re- 

ults about MMR status; ii) no results about STMs; iii) the history 

f chemoradiotherapy before MMR status detection. A total of 1964 

atients met these criteria and were included in the primary co- 

ort (1169 males and 795 females; mean age, 57.1 ± 11.7 years, 

ange from 17 to 92 years). From March 2018 to December 2019, 

n independent validation cohort of 1310 patients (785 males and 

25 females; mean age, 57.3 ± 11.8 years, range from 16 to 89 

ears) was screened from 1947 patients using the same criteria at 

hina-Japan Union Hospital of Jilin University. The flow diagram of 

eveloping and validating the prediction model was demonstrated 

n Fig. 1 . This study protocol was approved by the ethics commit- 

ee of Tongji Medical College, Huazhong University of Science and 

echnology (No. 2018-S377). All patients signed an informed con- 

ent regarding their understanding of the procedure and its poten- 

ial complications as well as their approval of participation in the 

esearch. 

Baseline clinicopathologic data was obtained from medical 

ecords, including age, gender, tumour diameters, tumour loca- 

ion, pathological type, histology, T-stage, the number of sampled 

ymph nodes (LNs), the number of positive LNs, and perineural 

nvasion (PNI). Proximal colon cancers were defined as those oc- 

urred in the cecum, ascending colon, and transverse colon; distal 

olon cancers as those in the descending and sigmoid colon; and 

ectal cancers as those in the rectosigmoid junction and rectum 

17] . The depth of invasion and lymph node metastasis were clas- 

ified according to the 8th AJCC tumour-node-metastasis classifica- 

ion. Perineural invasion was defined as tumour cells found within 

he perineural space or the infiltration of cancer cells into the en- 

oneurium [25] . Laboratory analysis of STMs was done via rou- 

ine blood tests within one week before surgery. The normal upper 

imits of STMs were as follows: carcinoembryonic antigen (CEA), 

 μg/L; carbohydrate antigen (CA) 19-9, 37 U/ml; CA 72-4, 6.9 

/ml. Tumour marker values above these thresholds were consid- 

red positive, otherwise, the sample was deemed as negative. The 

ssessment of MMR status was performed through immunohisto- 

hemical (IHC) staining as described previously [8] . MMR status 

as determined by four markers, including MSH2, MSH6, MLH1, 

MS2. Tumours displaying loss of expression of one or more MMR 

roteins was considered to be dMMR, whereas tumours with intact 

MR proteins were classified as proficient MMR (pMMR). 

.2. Predictor selection and the development of prediction model 

ased on clinicopathological features alone or in combination with 

TMs 

Best subset regression was applied to select the most useful 

redictive factors from the primary dataset, using Akaike’s infor- 

ation criterion (AIC) and the likelihood ratio test as the stopping 

ule [26] . The AIC value for the final model was minimized with 

he fewest number of variables. A predictive score calculated for 

ach patient via a linear combination of selected features that were 

eighted by their respective coefficients [27] . To provide clinicians 

ith a quantitative tool to predict individual probability of MMR 

tatus, we built the nomogram on the basis of selected variables. 
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Fig. 1. The flow diagram of developing and validating the prediction model. 
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.3. The validation of prediction model 

The nomogram’s accuracy was required to be validated by 10 0 0 

imes bootstrapping and cross-validation measures internally and 

xternally. The fitting degree was evaluated by the area under the 

eceiver operating characteristic (ROC) curve (AUC) and calibration 

lots. Calibration curves were plotted to assess the calibration of 

he nomogram, which consisted of two lines: one was a 45- de- 

ree reference line, and the other line represented the actual line 

28] . The interval between the two lines reflected the accuracy of 

he nomogram. Hosmer-Lemeshow test was used to evaluate the 

alibration of prediction model and a significant test statistic im- 

lies that the model does not calibrate perfectly. In addition, deci- 

ion curve analysis (DCA) was conducted to determine the clinical 

sefulness of the nomogram by quantifying the net benefits at dif- 

erent threshold probabilities [ 29 , 30 ]. 

.4. Statistical analysis 

Statistical analysis was conducted with STATA 15.0 (StataCorp, 

exas, USA) and R version 4.0.0 (R Foundation for Statistical Com- 

uting; http://www.r-project.org/ ). The R packages used in our 

tudy were demonstrated in the Supplementary Table 1. Data are 

resented as number and percentages for categorical variables, and 

ontinuous data were expressed as mean ± standard deviation, 

nless otherwise specified. The continuous variables were trans- 

ormed into binary variables by applying inflexion points of ROC 

urves as the cut-offs. Patient characteristics were compared us- 

ng t tests for continuous variables and x 2 or Fisher exact tests for 

ategorical variables. All statistical tests were two-sided, with sta- 

istical significance set at 0.05. 

.5. Role of funding source 

This study was funded by the Fundamental Research Funds for 

he Central Universities of China (2020kfyXGYJ079). The funder 

ailin Cai is responsible for designing the study and reviewing the 

anuscript. 
3 
. Results 

.1. Patient clinical characteristics 

The clinical characteristics of CRC patients in the primary and 

alidation cohort were given in Table 1 . Although the detection 

ate of MMR status in the primary cohort was significantly lower 

han that in the validation cohort (60.4% vs. 67.3%, P = 0.023), 

here was no significant difference between both cohorts in the 

ncidence of dMMR (10.9% vs. 11.0%, P = 0.937). In both cohorts, 

MMR was found to be significantly associated with age, tumour 

iameters, tumour location, the number of sampled LNs, the num- 

er of positive LNs, PNI, CEA and CA 72-4. Though pathological 

ype (P = 0.010) and T-stage (P = 0.003) were found to be sig- 

ificantly correlated with MMR status in the validation cohort, no 

ignificant differences were observed in the primary cohort. 

.2. The development of prediction model based on simplified 

linicopathological features 

Among the ten simplified clinicopathological features, seven 

ariables were selected as the best subset of risk factors to develop 

rediction model, including age, tumour diameters, histology, tu- 

our location, the number of sampled LNs, the number of positive 

Ns and PNI ( Table 2 ). Using the regression coefficients of mul- 

ivariate logistic regression models to weight each feature in our 

odels [27] , we developed a risk score formula to predict MMR 

tatus: risk score = -4.281 - 0.581 (if Age < 53 years old) + 0.511

if tumour diameters ≥ 4.6 cm) + 0.652 (if well or moderate dif- 

erentiation) - (0.097 × number of positive LNs) + 0.455 (if num- 

er of sampled LNs ≥ 23) - 0.496 (if perineural invasion is nega- 

ive) + (1.242, if primary location is distal colon; 1.705, if primary 

ocation is proximal colon). Predicted risk = 1/(1 + e −risk score ). The 

odel that incorporated the above predictors was developed and 

resented as the nomogram ( Fig. 2 a). 

.3. The validation of prediction model based on simplified 

linicopathological features 

Internal validation: The calibration curve of the nomogram for 

he probability of dMMR showed good agreement between predic- 

ion and observation in the primary cohort ( Fig. 3 a). The Hosmer- 

emeshow test yielded a nonsignificant statistic (P = 0.983), which 

uggested that there was no departure from perfect fit. The ROC 

http://www.r-project.org/
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Fig. 2. The nomograms to predict the probability of dMMR in CRC patients from the training cohort. (a) The nomogram based on simplified clinicopathological features 

alone; (b) The nomogram based on simplified clinicopathological features and serum tumour markers. 

4 
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Table 1 

The clinical characteristics of CRC patients in the primary and validation cohort. 

Primary Cohort Validation Cohort 

characteristics pMMR (n = 1749) dMMR (n = 215) P value pMMR (n = 1166) dMMR (n = 144) P value 

Age (years) < 0.001 < 0.001 

< 53 573 (32.8) 98 (45.6) 362 (31.1) 67 (46.5) 

> = 53 1176 (67.2) 117 (54.4) 804 (68.9) 77 (53.5) 

Gender 0.464 0.189 

Male 1046 (59.8) 123 (57.2) 706 (60.6) 79 (54.9) 

Female 703 (40.2) 92 (42.8) 460 (39.4) 65 (45.1) 

Primary location < 0.001 < 0.001 

Proximal colon 343 (19.6) 95 (44.2) 221 (19.0) 60 (41.7) 

Distal colon 512 (29.3) 83 (38.6) 365 (31.3) 53 (36.8) 

Rectum 894 (51.1) 37 (17.2) 580 (49.7) 31 (21.5) 

Tumor diameters (cm) < 0.001 < 0.001 

< 4.6 1266 (72.4) 121 (56.3) 807 (69.2) 44.4) 

> = 4.6 483 (27.6) 94 (43.7) 359 (30.8) 80 (55.6) 

Pathological type 0.145 0.010 

non-adenocarcinoma 274 (15.7) 42 (19.5) 184 (15.8) 35 (24.3) 

adenocarcinoma 1475 (84.3) 173 (80.5) 982 (84.2) 109 (75.7) 

Histology 0.324 0.621 

poor 83 (4.8) 7 (3.3) 38 (3.3) 6 (4.2) 

Well/moderate 1666 (95.3) 208 (96.7) 1128 (96.7) 138 (95.8) 

T-stage 0.096 0.003 

I/II 365 (20.9) 30 (13.9) 295 (19.8) 19 (10.9) 

III/IV 1384 (79.1) 185 (86.1) 1194 (80.2) 156 (89.1) 

No. of sampled LNs (n) < 0.001 < 0.001 

< 23 1381 (78.9) 133 (61.9) 928 (79.6) 95 (66.0) 

> = 23 368 (21.1) 82 (38.1) 238 (20.4) 49 (34.0) 

No. of Positive LNs (n) 2.1 ± 3.8 1.2 ± 2.8 < 0.001 2.0 ± 3.8 1.2 ± 3.1 0.011 

Perineural invasion < 0.001 < 0.001 

No 1232 (70.4) 177 (82.3) 812 (69.6) 122 (84.7) 

Yes 517 (29.6) 38 (17.7) 354 (30.4) 22 (15.3) 

CEA < 0.001 < 0.001 

Negative 944 (53.9) 156 (72.6) 591 (50.7) 105 (72.9) 

Positive 805 (46.1) 59 (27.4) 575 (49.3) 39 (27.1) 

CA 19-9 0.211 0.966 

Negative 1451 (83.0) 171 (79.5) 941 (80.7) 116 (80.6) 

Positive 298 (17.0) 44 (20.5) 225 (19.3) 28 (19.4) 

CA 72-4 < 0.001 < 0.001 

Negative 1471 (84.1) 125 (58.1) 976 (83.7) 89 (61.8) 

Positive 278 (15.9) 90 (41.9) 190 (16.3) 55 (38.2) 

Abbreviations: LNs, lymph nodes; Categorical variables, n (%); Continuous data, mean ± standard deviation. 

Table 2 

Risk factors for deficient MMR in Colorectal Cancer. 

Model 1 Model 2 

Intercept and variable β 95% OR P value β 95% OR P value 

Intercept -4.281 < 0.001 -4.090 < 0.001 

Age -0.518 0.595 (0.440 to 0.805) < 0.001 -0.367 0.693 (0.505 to 0.951) 0.023 

Tumor size 0.511 1.667 (1.225 to 2.268) 0.001 0.463 1.588 (1.148 to 2.198) 0.005 

Histology 0.652 1.920 (0.845 to 4.365) 0.119 0.693 2.000 (0.864 to 4.632) 0.106 

No. of positive LNs -0.097 0.908 (0.855 to 0.964) 0.002 -0.100 0.905 (0.852 to 0.961) 0.001 

No. of sampled LNs 0.455 1.576 (1.141 to 2.177) 0.006 0.521 1.683 (1.200 to 2.362) 0.002 

Perineural invasion -0.496 0.609 (0.414 to 0.895) 0.012 -0.543 0.581 (0.389 to 0.868) 0.008 

Primary location 

Rectum reference reference 

Distal colon 1.242 3.464 (2.301 to 5.213) < 0.001 1.256 3.511 (2.310 to 5.335) < 0.001 

Proximal colon 1.705 5.502 (3.634 to 8.329) < 0.001 1.591 4.906 (3.202 to 7.516) < 0.001 

CEA NA NA NA -0.910 0.403 (0.285 to 0.586) < 0.001 

CA 72-4 NA NA NA 1.440 4.222 (3.012 to 5.920) < 0.001 

model 1: based on simplified clinicopathological characteristics alone. 

model 2: based on simplified clinicopathological features and serum tumor biomarkers. 

Abbreviations: OR, odds ratio; LNs, lymph nodes; CEA, carcinoembryonic antigen; CA, carbohydrate antigen. 
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urve yielded an AUC of 0.756 (95% CI, 0.722 to 0.789) for the pri-

ary cohort ( Fig. 4 a). 

Independent validation: Good calibration was also observed 

n the validation cohort ( Fig. 3 b) and the Hosmer-Lemeshow test 

ielded a nonsignificant statistic (P = 0.962). The discriminative 

bility of the nomogram in an independent cohort was 0.754 (95% 

I, 0.715 to 0.793) ( Fig. 4 b). 
5 
.4. Incremental predictive value of STMs to the above model 

To evaluate the additional predictive value of STMs, three STMs, 

ncluding CEA, CA 19-9 and CA 72-4, together with simplified clin- 

copathological features, were used to develop MMR prediction 

odel. Finally, nine variables were selected as the best subset of 

isk factors, including age, tumour diameters, histology, tumour lo- 
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Fig. 3. Calibration curves of the prediction models in each cohort. Calibration curves depict the calibration of prediction models in terms of the agreement between the 

predicted risks of dMMR and observed outcomes of dMMR. The x-axis represents the predicted dMMR risk and the y-axis represents the actual dMMR rate. The diagonal 

solid line represents a perfect prediction by an ideal model. The dotted line represents the performance of our prediction models. A closer fit to the diagonal solid line 

represents a better prediction. (a) and (b) represents the calibration curve of pathology-based model in the primary cohort and validation cohort; (c) and (d) represents the 

calibration curve of the combined models in the primary cohort and validation cohort. 

Fig. 4. Receiver operating characteristic (ROC) curve of the prediction models in each cohort. The red line and blue line represent the pathology-based model and the 

combined model, respectively. (a) represents ROC curve of our prediction models in the primary cohort; (b) represents the ROC curve of models in the validation cohort. 
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ation, the number of sampled LNs, the number of positive LNs, 

NI, CEA and CA 72-4 ( Table 2 ). The risk score formula of the com-

ined model was as follows: risk score = -4.090 - 0.367 (if Age 

 53 years old) + 0.463 (if tumour diameters ≥ 4.6 cm) + 0.693 

if well or moderate differentiation) – (0.100 × number of posi- 

ive LNs) + 0.521 (if number of sampled LNs ≥ 23) - 0.543 (if 

erineural invasion is negative) + (1.256, if primary location is 

istal colon; 1.591, if primary location is proximal colon) - 0.910 

if CEA is negative) + 1.440 (if CA 72-4 is positive). Predicted 
6 
isk = 1/(1 + e −risk score ). The model that incorporated the above 

redictors was developed and presented as the nomogram ( Fig. 

 b). The calibration curve for the probability of dMMR demon- 

trated good agreement between prediction and observation in the 

rimary cohort (P = 0.888) and validation cohort (P = 0.939) ( Fig. 

 c and Fig. 3 d). After the addition of CEA and CA 72-4, the dis-

rimination ability of pathology-based model was significantly im- 

roved in the primary cohort (AUC: 0.805 (95% CI, 0.774 to 0.835) 

s. 0.756 (95% CI, 0.722 to 0.789), P < 0.001) ( Fig. 4 a) and valida-
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Fig. 5. The decision curve of the nomograms for the prediction of MMR status. The x-axis and y-axis represent the threshold probability and the net benefit, respectively. 

The red line and blue line represent the pathology-based model and the combined model, respectively. The grey line and black line represent the strategy of conducting 

IHC-testing for every patient and none. (a) and (b) represent the decision curve of our nomograms in the primary and validation cohort. 
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ion cohort (AUC: 0.796 (95% CI, 0.758 to 0.835) vs. 0.754 (95% CI, 

.715 to 0.793), P < 0.001) ( Fig. 4 b). 

.5. Clinical usefulness 

The decision curve analysis for the nomogram based on sim- 

lified clinicopathological features alone or in combination with 

TMs was presented in Fig. 5 . Decision curve analysis is conducted 

o determine the clinical usefulness of the nomograms via quanti- 

ying the net benefits at different threshold probabilities [29] . The 

et benefit was calculated by subtracting the proportion of all pa- 

ients who are false positive from the proportion who are true pos- 

tive, weighting by the relative harm of forgoing detection com- 

ared with the negative consequences of an unnecessary detection 

 30 , 31 ]. Here, the relative harm was calculated by (Pt/(1-Pt)). “Pt”

threshold probability) is where the expected benefit of detection 

s equal to the expected benefit of forgoing detection; at which 

ime a patient will opt for IHC testing informs us of how a pa-

ient weighs the relative harms of false-positive results and false- 

egative results ((a-c)/(b-d) = (1-Pt)/Pt) (a, b, c and d represent the 

alue of true positive, false positive, false negative, and true nega- 

ive, respectively. (a – c) is the harm from a false-negative result; 

b – d) is the harm from a false-positive result). By applying our 

athology-based prediction models, higher net benefit in the num- 

er of false-positives than the strategy of conducting IHC-testing 

or every patient or none could be achieved when the risk thresh- 

lds range from 11% to 37%. Similarly, if the threshold probabil- 

ty of a patient is between 11% and 52%, using the nomogram in- 

orporating STMs and simplified clinicopathological features would 

dd more benefit than either the detect-all-patients scheme or the 

etect-none scheme. For example, at the 10% risk cutoff in the val- 

dation cohort, the net benefit was 4% in the detect-all model, 20% 

n the pathology-based model, and 22% in the combined model. 

he net benefit of the pathology-based model was equivalent to 

erforming 20 detection per 100 men without negative results, 16 

ore than detect-all model. Moreover, the addition of STMs sig- 

ificantly added the net benefit of pathology-based model (22% vs. 

0%, P = 0.002). 

. Discussion 

Though molecular testing for MMR status might significantly 

mprove the treatment and management of CRC patients, the rate 
7 
f MMR detection was far below expected [ 32–34 ]. The consensus 

riteria for the diagnosis of dMMR proteins are based on select- 

ng CRC patients who fulfill the revised Bethesda guidelines (RBG), 

ollowed by MSI testing and/or IHC staining of MMR proteins [35] . 

lthough this method is cost-effective, its age limit and low sen- 

itivity have been shown to miss a substantial number of CRC pa- 

ients with dMMR [36] . In addition, RBG recommended that all CRC 

atients between the ages of 50 and 59 years should test for MMR 

tatus when they have one or more of the following pathological 

eatures: Crohn’s-like lymphocytic reaction, mucin/signet ring cell 

ifferentiation, medullary growth pattern, tumour-infiltrating lym- 

hocytes [35] . However, it could not provide details on the predic- 

ive value of these pathological features, either alone or in com- 

ination. On the basis of RBG, Jenkins et al developed the MsPath 

odel to quantify the predictive value of these pathological fea- 

ures in CRC patients before age 60 years [21] . Though MsPath 

core ≥ 1.0 had a sensitivity of 93% and a specificity of 55% for 

MMR, it could not provide guidance for those patients over 60 

ears. Moreover, the model required detailed pathological diagno- 

is for complex pathological features, which caused a huge bur- 

en on the pathologists. Afterwards, a few prediction models at- 

empted to improve MsPath model by simplifying pathological fea- 

ures [ 22 , 23 , 37 ]. Though several models achieved high sensitivity 

nd specificity for the prediction of MMR status, other molecular 

argets, such as p53 [37] and BRAF [22] , included in their mod- 

ls reduced their practical value in clinical practice. Therefore, the 

etailed predictive value of simplified clinicopathological features 

lone for MMR status remains unclear. 

Using the data from 3274 participants in two institutions, we 

ssessed the predictive value of simplified clinicopathological fea- 

ures in the CRC patients of all ages. The findings of our study 

howed that simplified clinicopathological features possessed a 

trong discrimination ability for MMR status. In addition, our study 

s the first to explore the predictive value of simplified clinico- 

athological features in combination with STMs for MMR status. 

he results demonstrated that the addition of CEA and CA 72-4 

ould significantly improve the discriminative ability of pathology- 

ased model in the primary cohort (AUC: 0.805 (0.774-0.835) vs. 

.756 (0.722-0.789), P < 0.001) and validation cohort (AUC: 0.796 

0.758-0.835) vs. 0.754 (0.715-0.793), P < 0.001). The information 

btained in our study may greatly help clinicians to screen the CRC 

atients who should conduct IHC staining or MSI testing. 
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Several clinicopathological features, such as age, tumour diame- 

ers, histology and tumour location, has been reported to possess a 

iscrimination ability for MMR status in previous studies [ 22 , 23 ]. 

onsistent with these findings, seven simplified clinicopathologi- 

al features were brought into MMR risk prediction model in our 

tudy, including age, tumour diameters, histology, tumour location, 

umber of harvested LNs, number of positive LNs and PNI. Among 

hese variables, number of harvested LNs, number of positive LNs 

nd PNI were the first time to be incorporated into models for the 

rediction of MMR status. As an independent prognostic factor of 

RC, PNI has been recommended by NCCN guidelines as a routine 

nspection item to assess the risk of stage II CRC [38] . Several ret-

ospective observation studies also reported that PNI was prone to 

ccur in CRC patients with pMMR [ 39 , 40 ]. In our study, more har-

ested LNs and less positive LNs were found to be associated with 

MMR, which represent a larger extent of LNs dissection and low 

isk of metastasis. Therefore, our results supported that dMMR is a 

ositive prognostic factor for CRC. 

Previous studies have demonstrated that preoperative STMs are 

mportant prognostic factor that is independent of clinicopatholog- 

cal parameters [ 41–43 ]. However, the predictive value of STMs in 

ombination with clinicopathological features for MMR status in 

RC patients remains unknown. Although CEA and MMR proteins 

elong to different protein superfamilies, Shih-Ching et al. reported 

 correlation between a normal serum CEA level and dMMR in 213 

RC patients [20] . Johanna et al. also reported that elevated serum 

A 72-4 level was correlated with worse survival of CRC [41] . In 

ine with these findings, the results of our study showed that CRC 

atients with dMMR are prone to have normal serum CEA and el- 

vated CA 72-4. Moreover, after the addition of CEA and CA 72- 

, the discrimination ability of pathology-based model was signifi- 

antly improved. 

In conclusion, our study presents two nomograms based on 

implified clinicopathological features alone or in combination 

ith STMs, which can be conveniently used to facilitate the post- 

perative individualized prediction of MMR status in CRC patients. 

owever, its limitations also deserve commentary. First, this was a 

onrandomized retrospective analysis, and as such, there were po- 

ential biases for comparison, such as patient inclusion and sam- 

le selection biases. Second, radiomics, focusing on the relation- 

hip between imaging phenotypes and genomics [44] , were not 

onsidered in this study. However, our findings will hopefully be 

ntegrated with radiomics or other markers to achieve a stronger 

redictive ability of MMR status in the future. 
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