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Abstract 

Background: The incidence and mortality rate of rectal cancer are still high, the metastasis of rectal cancer are main 
causes of death. The control of the distant metastasis is one of the main concerns in the treatment of locally advanced 
rectal cancer, but there are few studies on predicting synchronous distant metastasis (SDM) of rectal cancer.

Method: The data of patients with rectal adenocarcinoma confirmed by endoscopic biopsy or postoperative pathol-
ogy from September 2015 to May 2020 in hospital A (center 1) and hospital B (center 2) were analyzed retrospectively, 
including age, sex, carcinoembryonic antigen, carbohydrate antigen 19–9, tumor location, tumor length, image 
staging and characteristics. The average age of the 169 patients consisting of 105 males and 64 females in study is 
61.2 years. All patients underwent rectal routine rectal MRI, DKI and IVIM examinations on a 3.0-T scanner. Two radiolo-
gists sketched regions of interest (ROIs) on b = 1000 s/mm2 DKI and IVIM images to obtain quantitative parameters 
with FireVoxel manually. We evaluated the difference of histogram analysis, clinical and image data between SDM 
group and non-SDM group, and evaluated the efficacy of each index in predicting SDM of rectal cancer.

Results: The 90th percentile of f values in the SDM group is lower than that in the non-SDM group (29.4 ± 8.4% vs. 
35 ± 17.8%, P = 0.005). CA19-9 in the SDM group is higher than that in the non-SDM group (P = 0.003). Low and high 
rectal cancer are more likely to develop SDM than middle rectal cancer (P = 0.05 and P = 0.047). The combination 
of these three indexes has a greater area under the curve (AUC) than any one index (0.801 vs. 0.685 (f (90th percen-
tile)) and 0.627 (CA19-9), P = 0.0075 and 0.0058, respectively), and its specificity and sensitivity are 80.0% and 71.6%, 
respectively. When this combination is incorporated into the predictive nomogram model, the c-index is 0.801 (95% 
confidence interval (CI): 0.730–0.871).
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Background
The incidence of colorectal cancer ranks third among all 
cancers across the world, and the mortality rate ranks 
second, of which rectal cancer accounts for about 1/3 
[1]. In China, the incidence of colorectal cancer is lower 
than that in the United States and Britain, but its mortal-
ity rate is higher [2]. Metastasis and recurrence of rectal 
cancer are main causes of death [1, 2].  After the intro-
duction of total mesorectal excision and neoadjuvant 
radiotherapy and chemotherapy, the success rate of rec-
tal cancer resection has been higher, and the local recur-
rence rate has been significantly reduced [3–6].  Distant 
metastasis of rectal cancer is still one of the difficulties 
in its treatment [7, 8], according to the different time of 
occurrence and different location of metastasis, distant 
metastasis of rectal cancer can be divided into synchro-
nous and metachronous distant metastasis. Synchronous 
distant metastasis(SDM) refers to the distant metastasis 
which found during baseline examination, metachro-
nous distant metastasis refers to metastasis which found 
after baseline examination or after total mesorectal exci-
sion [9]. And the most common metastatic sites are the 
liver and lungs [10–12]. There are different treatment 
principles and methods in synchronous or metachro-
nous metastases. The treatment of SDM of rectal can-
cer should consider the situation of the primary cancer 
to choose the treatment sequence and systemic treat-
ment strategy [13]. Surgical resection is the first choice 
of treatment, as it can significantly improve the survival 
rate [14–16]. The research results of the latest treat-
ment model for rectal cancer: total neoadjuvant therapy 
(TNT), found that this treatment model has greater 
benefits in patients with high-risk and organ-preserving 
rectal cancer, but its application in patients with distant 
metastasis of rectal cancer remains to be studied.

The diagnosis of distant metastasis of rectal cancer 
mainly depends on laboratory and imaging examination. 
Some studies have found that laboratory values such as 
carcinoembryonic antigen (CEA) and carbohydrate anti-
gen 19–9 (CA19-9) can diagnose SDM of rectal cancer 
[17–19], but their positive predictive value is not high, 
and their significance is limited. Rectal MRI examina-
tion is already a routine examination for patients with 
rectal cancer, while routine screening for distant metas-
tasis of rectal cancer has consisted mainly of chest and 
abdominal CT examination, abdominal MRI examination 

and systemic PET-CT examination, but these have some 
limitations: owing to the subjective factors of the radi-
ologist, there are some misdiagnoses and missed diag-
noses [20, 21]; CT examination has radiation damage to 
human body; MRI and PET-CT examinations are more 
expensive; and the specificity of PET-CT examination is 
low. Other studies about rectal MRI examinations have 
found that T stage [22], lymph node metastasis [23], cir-
cumferential resection margin (CRM) [24] and extramu-
ral vascular invasion (EMVI) [25] can also predict SDM, 
but these results can only be exactly known after opera-
tion, and it is impossible to accurately judge whether the 
patient has distant metastasis before treatment, so its 
presence or absence can not be used to guide the strategy 
of preoperative treatment.

MRI functional imaging diffusion kurtosis imaging 
(DKI) and intravoxel incoherent motion (IVIM) have 
been rarely used in rectal cancer distant metastasis. Yu’s 
study [26] found that the histogram metrics 10th per-
centile of Dapp (Dapp-10th) can predict the existence 
of SDM of rectal cancer, area under the curve (AUC) is 
0.856, but the sample size of this study was small, clinical 
and imaging features were not included in the study. The 
purpose of our study is to explore whether the quantita-
tive parameters of DKI and IVIM combined with clinical-
imaging features can predict the risk of SDM in patients 
with rectal cancer.

Materials and methods
Patients
The data of 169 patients with rectal cancer confirmed 
by endoscopic biopsy or postoperative pathology from 
September 2015 to May 2020 in hospital A (center 1) 
and hospital B (center 2) were analyzed retrospectively. 
Clinical and imaging data were collected, including age, 
sex, CEA, CA19-9 and routine MRI, DKI, IVIM images. 
Inclusion criteria: routine rectal MRI, DKI and IVIM 
examinations were performed at baseline; neoadjuvant 
radiotherapy and chemotherapy were not received before 
baseline examination, exclusion criteria: the image qual-
ity of the patient was poor or the tumor was too small 
to outline the regions of interest (ROIs); the patient had 
other cancer or the pathological result was not rectal 
adenocarcinoma; the clinical data were incomplete, the 
flow chart is shown in Fig. 1.

Conclusions: IVIM quantitative parameters combine with CA19-9 and tumor location can better predict the risk of 
SDM of rectal cancer.

Keywords: Rectal cancer, Synchronous distant metastasis, Diffusion kurtosis imaging, Intravoxel incoherent motion, 
Histogram analysis
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Imaging acquisition
All patients underwent rectal MRI with a 3.0-T scan-
ner (Ingenia of Philips Medical Systems, machine 1 
and Prisma of Siemens Medical Systems, machine 2) 
using a 32-channel phased-array body coil in the supine 
position. Routine rectal MRI, DKI and IVIM examina-
tions were performed in all patients. Scan sequences 
included sagittal T2-weighted imaging (T2WI), oblique 

axial high-resolution T2WI (HR-T2WI; the location 
line was perpendicular to the long axis of the intesti-
nal canal in which the tumor resided), and oblique axial 
isotropic DKI and IVIM sequences (positioning was 
the same as for high-resolution T2WI) with respective 
b values were 0, 1000, 2000s/mm2 and 0, 50, 100, 200, 
500, 1000  s/mm2. The scan parameters are shown in 
Table 1.

Fig. 1 Flowchart of inclusion and exclusion

Table 1 MRI acquisition parameters

DKI Diffusion kurtosis imaging, IVIM Intravoxel incoherent motion

Machine Sequence TR (ms) TE (ms) Slice thickness 
(mm)

Slice gap 
(mm)

Field of view 
(mm)

Matrix NSA

1 T2WI 4155 85 3 1 240 300 × 300 2

1 HR-T2WI 4228 85 3 0 260 300 × 289 1

1 DKI(0,1000,2000) 4500 65 3 0 260 160 × 160 2

1 IVIM(0,50,100,200,500,1000) 4500 65 3 0 260 160 × 160 2

2 T2WI 4000 89 3 3 240 300 × 300 2

2 HR-T2WI 4200 101 3 3 260 300 × 300 1

2 DKI(0,1000,2000) 5248 77 5 0 260 104 × 130 2

2 IVIM(0,50,100,200,500,1000) 6000 70 3 0 260 104 × 130 2
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Qualitative image evaluation
Two radiologists (with 7 and 5  years of experience in 
gastrointestinal imaging, respectively) reviewed the first 
pelvic MR images of all patients together and evaluated 
the tumor length, tumor location(high = 1, middle = 2, 
low = 3), T stage in MRI (mrT), N stage in MRI (mrN), 
CRM in MRI(mrCRM) and EMVI in MRI(mrEMVI). 
Two other radiologists (with 5 and 4 years of experience, 
respectively, in chest and abdominal diagnosis) analyzed 
all the images of each patient to assess the presence of 
distant metastasis together, and eventually diagnosed 
by clinical follow-up or pathological results. When the 
observer could not reach a consensus, another experi-
enced radiologist (with 20 years of experience in thoraco-
abdominal diagnosis) was consulted for final advice. The 
evaluation of rectal cancer was based on the 8th edition 
of AJCC colorectal cancer staging system [27].

Quantitative image evaluation
Two radiologists with 2 and 5  years of experience in 
imaging diagnosis of intestinal tumors used FireVoxel 
software, combined with HR-T2WI images (Fig. 2a, 3a), 
to eliminate gas, intestinal contents, cystic areas, etc. [28]. 
They manually sketched regions of interest (ROIs) with 
multi layer fusion along the tumor edge on b = 1000  s/
mm 2 DKI and IVIM images (Fig.  2b, 3b) to obtain a 
three-dimensional ROI of the tumor. Based on the tumor 
3D ROI measurements, we calculated corresponding 
quantitative parameters according to the diffusion kur-
tosis model [29] Sb/S0 = exp(-b·D +  b2·D2·K/6) and the 
intravoxel incoherent motion model [30] S0*(f*exp(-
b*Dfast) + (1-f )*(exp(-b*Dslow)), where S0 represents 
the diffusion-weighted imaging (DWI) signal intensity of 
a pixel on the MR image when b = 0; Sb represents the 
DWI signal intensity value of a pixel on the MR image 
when b = b. D is the non-Gaussian diffusion coefficient, K 
is the kurtosis coefficient, Dfast is the fast diffusion coef-
ficient, Dslow is the slow diffusion coefficient and f is the 
perfusion fraction. The corresponding pseudo color map 
was generated (Fig.  2c, 3c). We evaluated the consist-
ency of the parameters measured by the two physicians. 
If the consistency was good, then we took the average of 
the measured values in the ROI outlined by the two as 
the final data for statistical analysis. MATLAB 2018b and 
SPSS 23.0 were used for histogram analysis, and we could 
get average, median, 10th percentile, 25th percentile, 
75th percentile, 90th percentile, skewness and kurtosis of 
the quantitative parameters.

Statistical analysis
SPSS 23.0, MedCalc 12.1 and R software were used for 
statistical analysis and graphing. All data are standard-
ized and preprocessed. The normality test and variance 

Fig. 2 a-c Manual segmentation of rectal cancer in diffusion kurtosis 
imaging
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homogeneity test were carried out on the measurement 
data. The data with a normal distribution are represented 
by x ± s, and the nonnormal distributed data are repre-
sented by the median ± quartile. The two-sample t-test 
was used to compare the count data between groups. 
After comparing the differences in clinical data and quan-
titative histogram parameters between the SDM group 
and the non-SDM group by the Mann Whitney test, we 

Table 2 Demographic and clinical characteristics of the 167 
patients with rectal cancer

SDM Synchronous distant metastasis, CEA Carcinoembryonic antigen, CA19-9 
Carbohydrate antigen 19–9, mrT T Stage on MRI, mrN N stage on MRI, mrCRM 
Circumferential resection margin on MRI, mrEMVI Extramural vascular invasion 
on MRI

Tumor location: high = 1, middle = 2, low = 3

Characteristics non-SDM (n = 134) SDM (n = 35) P

Age(year) 63 ± 14 59.49 ± 11.69 0.391

Sex

 Female 53 11 0.378

 Male 81 24

CEA(ng/ml)

  < 10 105 19 0.005
  ≥ 10 29 16

CA19-9(U/m)

 < 30 107 21 0.02
  ≥ 30 27 14

 Tumor location 0.012
 1 (high) 42 15

 2(middle) 74 10

 3 (low) 18 10

 1vs.2 0.028

 1vs.3 0.371

 2vs.3 0.004
 Tumor length 45.5 ± 22 52 ± 29 0.174

mrT

 T1-2 39 6 0.154

 T3-4 95 29

mrN

 N0 36 8 0.630

 N1 + 2 98 27

mrCRM

  + 104 19 0.006
 - 30 16

mrEMVI

  + 105 20 0.011
 - 29 15

Center

 1 74 15 0.192

 2 60 20

Machine

 1 70 15 0.323

 2 64 20

Fig. 3 a-c Manual segmentation of rectal cancer in intravoxel 
incoherent motion
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found out main indexes and multivariable comprehensive 
analysis indexes with bivariate logistic regression  analy-
sis. In MedCalc 12.1, receiver operating characteristic 
(ROC) curves were used to evaluate the efficacy of SDM-
related quantitative histogram parameters in identifying 
SDM of rectal cancer, and the best cutoff value for each 
parameter was determined based on the ROC curves to 
calculate the sensitivity and specificity of the value for 
differential diagnosis. The DeLong method was used 
to compare the area under the curve (AUC) of different 
parameters to determine their significance. All the sig-
nificant variables from binary logistic regression analy-
sis were included in multivariable models and developed 
predictive nomograms. Harrell’s c-index was used to 
evaluate the discriminant ability of the model. According 
to the consistency test of quantitative histogram param-
eters measured by ROI, the intraclass correlation coeffi-
cient (ICC) was calculated (0.00–0.20, poor correlation; 
0.21–0.40, fair correlation; 0.41–0.60, moderate correla-
tion; 0.61–0.80, good correlation; and 0.81–1.00, excel-
lent correlation). Statistical tests were two sided, and the 
test level was α = 0.05.

Results
Patient characteristics
Of the 169 patients, 33 patients received TME after 
chemotherapy or radiotherapy and chemotherapy, 
132 patients did not receive preoperative neoadjuvant 
therapy, and the other 4 patients only received chemo-
therapy or radiotherapy and chemotherapy. Thirty-five 
patients had SDM, including 20 cases of liver metastasis, 
10 cases of lung metastasis, 1 case of bone metastasis, 1 
case of synchronous liver and lung metastasis, 1 case of 
distant lymph node metastasis and 2 cases of multiple 
distant metastasis. Six cases were confirmed by postop-
erative pathology, and the rest were diagnosed by imag-
ing examination. The detailed features of the patients are 
listed in Table 2. There is no significant difference in sex, 
age, mrT, mrN stage or tumor length between the two 
groups. The levels of CEA and CA19-9 in the SDM group 

are significantly higher than those in the non-SDM group 
(P = 0.005 and P = 0.02). Patients with positive mrCRM 
or mrEMVI are more likely to have SDM (P = 0.006 and 
P = 0.011). High rectal cancer is more likely to have SDM 
than low rectal cancer (P = 0.004).

Histogram index analysis of quantitative parameters of DKI 
and IVIM
The ICCs of D (kurtosis, 25th percentile), K (skewness, 
kurtosis) and Dslow (average, kurtosis, 25th percentile, 
50th percentile) in the histogram indexes of the DKI and 
IVIM quantitative parameters between the two observ-
ers are good correlation, and the ICCs of other indicators 
are excellent correlation, as shown in Table 3. Although 
the ICCs of some histogram parameters is not excellent 
correlation, generally speaking, the consistency between 
the two observers is good, and the repeatability of this 
method is good.

In the histogram index of quantitative parameters of 
DKI and IVIM, f (kurtosis) in the SDM group is higher 
than in that the non-SDM group, and the difference is 
statistically significant (P = 0.013). The SDM group have 
average, 75th percentile, and 90th percentile of f value 
that are significantly lower than those in the non-SDM 
group (P = 0.012, P = 0.004 and P = 0.001), as shown in 
Table 4.

The variables with statistically significant differences 
in Tables  2 and 4 are further screened by multivariable 
binary logistic stepwise regression, CA19-9, tumor loca-
tion and f (90th percentile) are significant variables, as 
shown in Table  5. After calculating the combination of 
the three variables, the AUC of the multivariable joint 
analysis index PRE_1 is 0.801, and the sensitivity and 
specificity are 80.0% and 71.6%, respectively. The pair-
wise comparison by the Delong method show that the 
diagnostic efficiency of PRE_1 is higher than that of f 
(90th percentile) and CA19-9 (P = 0.0058 and P = 0.0075, 
Z = 2.757 and Z = 2.675), as shown in Table 6 and Fig. 4. 
CA19-9, tumor location and f (90th percentile) are 

Table 3 DKI and IVIM quantitative parameter histogram analysis results

CI Confidence interval

Histogram index D (95% CI) K (95% CI) f (95% CI) Dfast (95% CI) Dslow (95% CI)

Mean 0.855(0.808–0891) 0.831(0.778–0.872) 0.944(0.925–0.959) 0.964(0.952–0.974) 0.767(0.697–0.823)

Skewness 0.804(0.744–0.852) 0.740(0.663–0.801) 0.906(0.875–0.930) 0.963(0.950–0.972) 0.836(0.784–0.876)

Kurtosis 0.611(0.507–0.698) 0.709(0.625–0.777) 0.835(0.783–0.876) 0.961(0.948–0.971) 0.715(0.633–0.781)

10th 0.849(0.801–0.886) 0.898(0.864–0.923) 0.875(0.834–0.906) 0.999(0.998–0.999) 0.820(0.764–0.864)

25th 0.797(0.734–0.846) 0.869(0.826–0.901) 0.958(0.944–0.968) 0.827(0.773–0.869) 0.794(0.731–0.844)

50th 0.866(0.822–0.899) 0.910(0.881–0.933) 0.948(0.930–0.961) 0.886(0.848–0.914) 0.762(0.690–0.818)

75th 0.868(0.825–0.901) 0.874(0.833–0.905) 0.946(0.927–0.960) 0.921(0.895–0.941) 0.801(0.740–0.849)

90th 0.823(0.767–0.866) 0.906(0.875–0.930) 0.940(0.920–0.955) 0.831(0.778–0.872) 0.816(0.759–0.861)
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included in the nomogram prediction model, and the 
C index is 0.801 (95% confidence interval (CI): 0.730–
0.871), as shown in Fig. 5.

Discussion
Identifying rectal cancer patients with a high risk of SDM 
before surgery is the key to obtaining an individualized 
treatment strategy, improving the diagnostic accuracy for 
patients with suspected metastases and surgically remov-
ing the lesions early. In addition, for patients with a high 
risk of SDM that cannot be detected by imaging, earlier 
identification would let us take more active treatment 
measures and give the patient a shorter follow-up period. 
Gaitanidis [31] developed a nomogram to predict the 
presence of liver, lung and bone metastases in rectal can-
cer patients at the same time, he found that rectal can-
cer patients with synchronous liver metastasis are more 
likely to have synchronous lung and bone metastasis. It 
also means the importance of improving the diagnos-
tic accuracy of synchronous distant metastasis of rectal 
cancer.

We find that there are significant differences in CEA, 
CA19-9, tumor location, mrCRM and mrEMVI between 
the SDM group and the non-SDM group. In the IVIM 
quantitative parameters,there are also difference in 
f (average, kurtosis, 75th percentile, 90th percentile) 
between the two groups. Further multivariable binary 
logistic stepwise regression screening show that only 
CA19-9, tumor location and f (90th percentile) are sig-
nificant. The identification efficiency of the three com-
bined indexes PRE_1 (AUC = 0.801) is significantly better 
than that of f (90th percentile) and CA19-9. PRE_1 model 
improves the positive predictive value on the premise of 
ensuring a high negative predictive value. The C index of 
the nomogram prediction model is 0.801, so its predic-
tive value is good.

Some scholars found that serological indexes such 
as CEA and CA19-9 can predict SDM in patients with 
rectal cancer [17–19], this conclusion is also reached in 
our single factor analysis. However, after binary logistic 
stepwise regression screening, only CA19-9 has statisti-
cal significance in our study, which may have been due 
to the low positive predictive value of CEA and CA19-9. 
We find that patients with low and high rectal cancer are 

Table 4 Comparison of DKI and IVIM quantitative parameter 
histogram analysis between the synchronous distant metastasis 
group and the nonsynchronous distant metastasis group

SDM Synchronous distant metastasis; D: × 10−3 m m2/s; Dp:m m2/s; f: 
%;Dt:×10−3 m m2/s; *: without unit

Histogram index SDM non-SDM Z P

D mean 1.353 ± 2.187 1.367 ± 0.296 -0.826 0.409

D skewness* 0.675 ± 0.395 0.632 ± 0.532 0.161 0.872

D kurtosis* 0.695 ± 0.937 0.405 ± 1.154 0.727 0.467

D 10th 0.791 ± 0.159 0.788 ± 0.244 0.45 0.653

D 25th 1.010 ± 0.125 0.997 ± 0.235 0.279 0.78

D 50th 1.275 ± 0.297 1.300 ± 0.277 -0.714 0.475

D 75th 1.629 ± 0.26 1.665 ± 0.399 -1.115 0.265

D 90th 2.008 ± 0.302 2.076 ± 0.416 -1.503 0.133

K mean* 0.770 ± 0.096 0.757 ± 0.172 1.554 0.12

K skewness* -0.010 ± 0.711 -0.015 ± 1.081 -1.009 0.313

K kurtosis* 2.339 ± 3.242 2.202 ± 3.697 -0.116 0.907

K 10th* 0.418 ± 0.464 0.294 ± 0.471 2.081 0.037

K 25th* 0.613 ± 0.177 0.594 ± 0.208 1.806 0.071

K 50th* 0.789 ± 0.092 0.768 ± 0.154 1.507 0.132

K 75th* 0.966 ± 0.116 0.933 ± 0.164 1.466 0.143

K 90th* 1.104 ± 0.187 1.113 ± 0.198 0.345 0.73

f mean 13.08 ± 3.02 14.49 ± 5.19 -2.5 0.012
f skewness* 1.086 ± 0.335 1.002 ± 0.414 1.255 0.209

f kurtosis* 1.544 ± 1.316 0.686 ± 1.409 2.477 0.013
f 10th 0.21 ± 0.65 0.24 ± 0.97 0.301 0.763

f 25th 2.61 ± 4.66 1.15 ± 4.14 1.558 0.119

f 50th 10.75 ± 3.15 11.30 ± 6.01 -1.203 0.229

f 75th 19.92 ± 5.15 22.11 ± 9.08 -2.892 0.004
f 90th 29.44 ± 8.40 35.03 ± 17.79 -3.362 0.001
Dfast mean 0.155 ± 0.044 0.163 ± 0.054 -0.683 0.495

Dfast skewness* 1.722 ± 0.555 1.650 ± 0.544 0.372 0.71

Dfast kurtosis* 2.046 ± 2.412 1.616 ± 2.170 -0.175 0.861

Dfast 10th 0.005 ± 0.002 0.005 ± 0.002 -1.288 0.198

Dfast 25th 0.010 ± 0.004 0.011 ± 0.003 -1.288 0.219

Dfast 50th 0.021 ± 0.012 0.025 ± 0.025 -1.438 0.15

Dfast 75th 0.25 ± 0.001 0.25 ± 0.001 -0.081 0.935

Dfast 90th 0.75 ± 0.434 0.75 ± 0.5 0.298 0.765

Dslow mean 0.993 ± 0.179 1.011 ± 0.234 -0.206 0.837

Dslow skewness* 1.020 ± 0.551 1.040 ± 0.663 -0.175 0.861

Dslow kurtosis* 2.448 ± 2.315 2.075 ± 3.140 -0.632 0.527

Dslow 10th 0.637 ± 0.14 0.613 ± 0.170 0.857 0.391

Dslow 25th 0.773 ± 0.125 0.762 ± 0.135 0.291 0.771

Dslow 50th 0.938 ± 0.195 0.947 ± 0.209 -0.194 0.846

Dslow 75th 1.161 ± 0.898 1.187 ± 0.303 -0.361 0.718

Dslow 90th 1.481 ± 0.189 1.486 ± 0.363 -0.811 0.417

Table 5 Multivariate binary logistic stepwise regression screening 
results

CA19-9 Carbohydrate antigen 19–9, Tumor location: high = 1, middle = 2, 
low = 3; f: %

Characteristics β P

CA19-9 0.005 0.003

Tumor location 0.072

1 vs.2 -0.965 0.050

3 vs.2 -1.159 0.047

f 90th percentile -6.739 0.005
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more likely to develop SDM. Some scholars found that 
tumors at the rectosigmoid are more likely to have SDM 
[31], and other scholars found that low rectal cancer was 
more likely to recur [32], which may be due to the abun-
dance of blood and lymphatic reflux in high and low rec-
tal cancer. Many scholars found that pathology TN stage, 
EMVI and CRF status of rectal cancer are also independ-
ent predictors of the metastasis and the prognosis of rec-
tal cancer [23–25, 33]. However, we did not include these 
factors in this study. One reason is that these factors can 
be diagnosed more accurately in postoperative pathology, 
and the other is that some patients had received preop-
erative neoadjuvant therapy, so their results could not be 
compared with the results of postoperative pathology. 

There are no significant difference in mrT and mrN 
stage between the two groups. In single factor analy-
sis, mrCRM and mrEMVI are of great significance in 
the diagnosis of SDM of rectal cancer, but after further 
screened by multivariable binary logistic stepwise regres-
sion, there are no significant difference. This result is dif-
ferent from some research [22–25]. The reason may be 
that the diagnostic efficiency of MRI is lower than the 
pathological gold standard [34].

We find that among the IVIM quantitative parameters, 
f (90th percentile) has the best diagnostic efficacy. The 
lower the f values, the lower the perfusion effect.  The 
average and percentile of f value of SDM are mostly lower 
than that of non-SDM group. We analyze the internal 

Table 6 Efficacy of the histogram analysis of DKI and IVIM quantitative parameters in the differential diagnosis of SDM of rectal cancer

AUC  Area under the curve, CI Confidence interval; f: %; CA19-9 Carbohydrate antigen 19–9 (U/ml)

Characteristics AUC 95% CI Cutoff Sensitivity Specificity Positive 
predictive
values

Negative 
predictive
values

Youden
index

CA19-9 0.627 0.550—0.700 184.3 28.57% 97.76% 78.6% 78.4% 0.2633

f(90th percentile) 0.685 0.609—0.754 34.85 85.71% 51.49% 31.6% 93.2% 0.3721

PRE_1* 0.801 0.733—0.858 0.193 80.00% 71.64% 42.4% 93.2% 0.5164

Fig. 4 Receiver operating characteristic curves of f (90th percentile), carbohydrate antigen 19-9 (CA19-9) and PRE_1 in the differential diagnosis of 
synchronous distant metastasis of rectal cancer
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data of the tumor and find that blood supply shortage, 
which may means that the tumor has external blood 
supply, such as the blood supply outside the intestinal 
wall. The tumor with external blood supply maybe have 
higher possibility to transfer to distant organs. The differ-
ence of f (90th percentile) is the largest, possible causes 
may be that the highest proportion of blood supply still 
can not reach a critical value, which means that the 
tumor is more likely to receive blood supply from extra-
tumoral vessels.  At the same time, the values of Dfast 
and Dslow in the SDM group are lower than those in the 
non-SDM group, indicating that the perfusion effect and 
water molecular diffusion effect are both decreased in 
the SDM group, but the degree of decrease in perfusion 
effect is more obvious, the possible reason is that some 
tumor cells have already spread to distant organs. Some 
studies also found that the f value is highly useful in dif-
ferentiating liver metastases of rectal cancer from normal 
liver tissue [35], pancreatic cancer and normal pancreatic 
tissue [36]. Some scholars found that D (10th percen-
tile), a quantitative parameter of DKI, can predict distant 
metastasis, but our study don’t find this. This may be due 
to the different b values we selected. In clinical work, to 
reduce the examination time of patients, we set less b 
values of DKI and IVIM. The combination of f (90th per-
centile), CA19-9 and tumor location further improved 
the identification efficiency. The AUC increase from 
0.685 (for f (90th percentile)) to 0.801, a statistically sig-
nificant improvement. Other scholars established a clin-
ical-radiomics combined model based on T2WI images, 
which could effectively predict the risk of SDM [37], but 
only histological images were studied and without func-
tional imaging. Hu [38] also found that radiomics mod-
els based on T2WI and DWI could be effectively used in 

assessing liver metastasis in rectal cancer, but the perfor-
mance of DWI alone models was poor in other models. 
The possible reason is that DWI has low tissue resolu-
tion, which means that it doesn’t have enough features 
to be extracted. Zhao [39] established a model based on 
histogram parameters derived from intravoxel incoher-
ent motion diffusion-weighted imaging for predicting the 
nodal staging of rectal cancer. However,we don’t bring 
some histogram parameters of Dfast, Dslow, and f value, 
such as range, energy, total energy, into our research. In 
the next step, we can incorporate these indicators into 
research, and perhaps get a better model.

There are also some limitations to our study. One is 
that only some patients with SDM had a pathological 
basis for diagnosis, so there may have been missed diag-
noses. The other is that there was a certain bias in the 
included patients, and some patients with incomplete 
data were excluded.

Conclusion
In summary, we found that the f value among IVIM 
quantitative parameters can well predict the risk of SDM 
of rectal cancer, in addition the diagnostic efficiency is 
even better when it is combined with CA19-9 and tumor 
location.
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