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Background: Accurate preoperative prediction of Ki-67 expression levels is especially crucial for 
developing appropriate individualized treatment plans and evaluating prognoses in patients with high-
grade gliomas (HGGs). Although previous studies have shown that magnetic resonance imaging (MRI) can 
preoperatively predict Ki-67 expression levels in glioma, the optimal parameters and predictive performance 
remain controversial. In particular, there is insufficient research on the value of morphological MRI (mMRI) 
features and diffusion kurtosis imaging (DKI) for the preoperative assessment of Ki-67 expression levels in 
HGG. This study aimed to investigate the value of combining mMRI features with DKI for preoperative 
prediction of Ki-67 expression levels in HGG.
Methods: A total of 52 patients who were diagnosed with HGG by surgical pathology and who underwent 
conventional MRI and DKI scans were included in the study. The clinical and pathological characteristics, 
mMRI features, relative mean diffusivity (rMD), relative mean kurtosis (rMK), relative radial kurtosis (rKr), 
relative axial kurtosis (rKa), and relative fractional anisotropy (rFA) were compared between the Ki-67 high- 
and low-expression groups in HGG. Receiver operating characteristic (ROC) curves were plotted, and the 
areas under the curve (AUCs), as well as the sensitivities and specificities, were calculated. A nomogram for 
the prediction of Ki-67 expression levels in HGG was developed on the basis of the pivotal parameters from 
the mMRI and DKI. Calibration and decision curve analysis were used to evaluate the nomogram.
Results: The differences in tumor grade, subventricular involvement (SVI), boundary, diffusion restriction, 
enhancement, rMD, rMK, rKr, and rKa between the Ki-67 high- and low-expression groups in HGG 
were statistically significant (P<0.05). When the mMRI and DKI parameters were employed for individual 
diagnostics, the rMK exhibited the highest diagnostic efficiency, with an AUC value of 0.777 and a sensitivity 
and specificity of 80.0% and 67.6%, respectively. The diagnostic performance of the DKI model was 
superior to that of the mMRI model, with an AUC value of 0.834 and a sensitivity and specificity of 86.7% 
and 67.6%, respectively. The combination of the mMRI features and DKI yielded the optimal diagnostic 
performance, with an AUC value of 0.892 and a sensitivity and specificity of 100% and 67.6%, respectively. 
The C index for the nomogram was 0.874. The calibration and decision curve analysis confirmed that there 
was good consistency between the probability predicted by the nomogram and the actual probability and 
good clinical utility.
Conclusions: The combination of the mMRI and DKI is useful for noninvasive preoperative prediction of 
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Introduction

High-grade gliomas (HGGs), which are classified as World 
Health Organization (WHO) grades 3 and 4, are prevalent 
primary malignant tumors of the central nervous system and 
represent approximately 25% of all adult central nervous 
system tumors (1-3). According to comprehensive treatment 
approaches, including safe tumor resection coupled with 
radiotherapy and chemotherapy, the overall prognosis 
for patients with HGG is still poor, with the median 
overall survival (OS) ranging from 9 to 12 months (4,5). 
Therefore, it is particularly important for HGG patients 
to adopt individualized treatment plans to maximize their 
progression-free survival (PFS) and OS as much as possible.

Ki-67 is a molecular marker of cell proliferation 
that is intimately linked to mitosis and can indicate the 
proliferative activity of tumor cells. The Ki-67 labelling 
index (LI) is closely correlated with tumor invasiveness, 
metastasis potential, and recurrence risk, providing a 
foundation for the development of personalized treatment 
plans and the assessment of patient prognosis (4,6-8). 
Studies have shown that the Ki-67 LI is closely associated 
with the survival, prognosis, and recurrence rates of patients 
with gliomas (4,9-12). Varlet et al. (10) reported that the  
Ki-67 LI served as an independent biomarker for OS 
in HGG patients, with a 10% increase in the Ki-67 LI 
correlated with a hazard ratio of 1.53. Kang et al. (4) reported 
that HGG patients with a high Ki-67 LI experienced a 
notably reduced 1-year PFS compared with those with a low  
Ki-67 LI and were more susceptible to recurrence. Kumar 
Suman et al. (12) reported that the Ki-67 LI was negatively 
correlated with survival time and that patients with a low 
Ki-67 LI experienced improved postoperative outcomes. 
At present, the quantification of Ki-67 requires the use of 
histopathological biopsy or surgical resection of the tumoral 
tissue. These methods, however, are not only invasive and 
expensive but also prone to sampling errors, limiting their 
widespread application before surgery (13). Consequently, 
accurate preoperative prediction of Ki-67 expression levels 
is crucial for patients with HGG.

Magnetic resonance imaging (MRI) is a widely utilized, 
convenient, and effective technique that can noninvasively 
provide both macroscopic and microscopic details of the 
entire brain tissue prior to surgery. Morphological MRI 
(mMRI) features, such as tumor location, number, boundary, 
and enhancement patterns, can be easily and quickly used 
to predict tumor grade, molecular classification, and the 
Ki-67 LI (13-15). However, the limitation is that these 
assessments are heavily susceptible to observer bias and lack 
quantifiability. The diffusion kurtosis imaging (DKI) model, 
which is based on the non-Gaussian distribution of water 
molecules, enables a quantitative assessment of the extent 
to which diffusion deviates from Gaussian behavior and 
reveals the constraints on water molecule diffusion and the 
complexity inherent in the structural composition of a tissue 
(16,17). Consequently, it facilitates the evaluation of the 
tumor microenvironment. Recent studies have indicated that 
DKI holds significant promise for predicting tumor grade, 
genotype, the Ki-67 LI, and patient prognosis (18-23).  
However, there remains a debate over the optimal 
parameters and the performance of these predictive 
models. To our knowledge, few studies have explored the 
preoperative predictive value of mMRI features and DKI 
for Ki-67 expression levels in HGG.

We aimed to investigate the value of the combination of 
mMRI features and DKI for preoperatively predicting Ki-
67 expression levels in HGG. We hypothesized that the 
combination of these two techniques would more effectively 
assess Ki-67 expression levels in HGG patients and could 
provide a basis for the development of personalized 
treatment strategies and the assessment of patient prognosis 
in HGG patients. We present this article in accordance with 
the STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-2035/rc).

Methods

Patients

In general, from January 2019 to December 2023, data 
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from patients diagnosed with HGG confirmed by surgical 
pathology at the Affiliated Hospital of Southwest Medical 
University were collected prospectively and randomly. 
The inclusion criteria were as follows: (I) all patients had 
undergone plain MRI, DKI, and contrast-enhanced scans 
prior to surgery; (II) all patients had undergone surgical 
treatment and were pathologically confirmed to have HGG 
post-surgery; (III) all patients had undergone pathology and 
immunohistochemistry analysis post-surgery to ascertain 
the WHO tumor grade, the Ki-67 LI and isocitrate 
dehydrogenase (IDH) gene status; and (IV) all patients were 
aged 18 years older. The exclusion criteria were as follows: 
(I) patients diagnosed with other malignant tumors; (II) 
patients who had undergone surgery, radiotherapy, or other 
treatments prior to the MRI examination; (III) patients 
with a low signal-noise ratio or obvious artifacts on MRI 
images that compromised the observation; and (IV) patients 
with incomplete data. The detailed patient selection 
flow diagram is shown in Figure 1. A total of 52 patients 
were enrolled in the study. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). This study was approved by the Ethics Committee 
of the Affiliated Hospital of Southwest Medical University 
(No. KY2023041), and informed consent was provided by 

all individual participants.

MRI data acquisition

All MR examinations were performed with a 3.0 T system 
and a 64-channel head-phased array coil (MAGNETOM 
Prisma, Siemens Healthineers, Erlangen, Germany). The 
scan sequences included T1-weighted imaging (T1WI), 
T2-weighted imaging (T2WI), fluid-attenuated inversion 
recovery (FLAIR), DKI, and contrast-enhanced T1WI. The 
main scan parameters were as follows: (I) T1WI: repetition 
time (TR) =200 ms, echo time (TE) =2.46 ms, slice 
thickness =5.0 mm, field of view (FOV) =22.0×22.0 cm2,  
matrix =320×320; (II)  T2WI: TR =4,090 ms,  TE  
=109 ms, slice thickness =5.0 mm, FOV =22.0×22.0 cm2, 
matrix =320×320; (III) FLAIR: TR =7,500 ms, TE =88 ms, 
inversion time =2,297.50 ms, slice thickness =5.0 mm, FOV 
=22.0×22.0 cm2, matrix =256×256; (IV) DKI: TR =3,900 ms,  
TE =76 ms, slice thickness =5.0 mm, FOV =22.0×22.0 cm2,  
matrix =128×128, b=0, 1,000, and 3,000 s/mm2, with  
30 gradient directions; and (V) contrast-enhanced T1WI: 
TR =250 ms, TE =2.5 ms, slice thickness =5.0 mm. 
Gadopentetate dimeglumine (Magenev, Bayer, Leverkusen, 
Germany) was administered intravenously via the cubital 

Sixty patients with HGG were included

Exclusion:
•	With other malignant tumors (n=1)
•	Received treatments prior to the 

MRI examination (n=2)
•	Low signal-noise ratio or obvious 

artifacts on MRI images (n=3)
•	With incomplete data (n=2)

Fifty-two patients were selected for final analysis

Low Ki-67 expression group (n=15)

mMRI
DKI

Predictive performance: AUC, 95% CI,  
sensitivity, specificity 

High Ki-67 expression group (n=37)

Figure 1 Flow diagram of patient recruitment. HGG, high-grade glioma; MRI, magnetic resonance imaging; mMRI, morphological 
magnetic resonance imaging; DKI, diffusion kurtosis imaging; AUC, area under the curve; CI, confidence interval.
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vein at a flow rate of 1.0 mL/s and a dose of 0.1 mmol/kg of 
body weight.

Image analysis

Two radiologists (with 10 and 8 years of experience) 
performed a blinded evaluation of the mMRI features 
and quantified the DKI-derived parameters in patients 
diagnosed with HGG. Disagreements were resolved 
through consultation. The mMRI feature evaluation 
included the number of tumors (solitary or multiple), the 
degree of brain lobe involvement (single or multiple), 
subventricular involvement (SVI, presence or absence), 
cortical involvement (presence or absence), midline 
structure involvement (presence or absence), side (left 
or right), boundary (clear or unclear), necrosis (presence 
or absence), hemorrhage (presence or absence), cysts 
(presence or absence), diffusion restriction (presence 
or absence), peritumoral edema (presence or absence), 
enhancement (presence or absence), and major diameter 
of the tumor. SVI was defined as involvement within 5 
mm of the lateral ventricular boundary on the enhanced 
scan (24,25). The cysts were well defined, exhibited a 
round or oval shape, and presented with regions of low 
signal intensity on T1WI and high signal intensity on 
T2WI, without evidence of enhancement (13). Diffusion 
restriction was defined as the presence of a high signal 
within the tumor on DKI images with a b value of 
1,000 s/mm². Enhancement was defined as higher signal 
intensity on contrast-enhanced T1WI images than on 
T1WI images without contrast. The DKI images were 
imported into the Diffusional Kurtosis Estimator to 
generate pseudo color maps of the mean  diffusivity (MD), 
mean kurtosis (MK), radial kurtosis (Kr), axial kurtosis 
(Ka) and fractional anisotropy (FA). With respect to the 
contrast-enhanced T1WI or T2WI images, the regions 
of interest (ROIs) were manually drawn in the tumor 
parenchyma and contralateral normal-appearing white 
matter, focusing on the largest section of the tumor’s solid 
component on the pseudo color map and avoiding areas 
such as cystic degeneration, necrosis, calcification, and 
hemorrhage. At least three ROIs should be positioned, 
each with an area ranging from 30 to 40 mm2. The mean 
values of the parameters obtained from DKI within the 
tumor parenchyma were normalized by dividing them 
by the corresponding values of the contralateral normal-
appearing white matter, yielding the following normalized 
parameters: relative mean diffusivity (rMD), relative mean 

kurtosis (rMK), relative radial kurtosis (rKr), relative axial 
kurtosis (rKa), and relative fractional anisotropy (rFA). The 
mMRI features and DKI-derived parameter values were 
evaluated and measured in the same manner in all patients 
by a radiologist (with 10 years of experience) with at least a 
1-month interval to evaluate intraobserver agreement.

Histology and immunohistochemistry

The surgical resection samples were subjected to pathological 
evaluation after being stained with hematoxylin and eosin and 
the Ki-67 LI was determined via immunohistochemistry with 
streptavidin-peroxidase conjugation. From each section, five 
fields were randomly chosen, and a total of 1,000 cells were 
tallied. When the nucleus exhibited brown-yellow coloration, 
it was considered positive. The Ki-67 LI was the ratio of 
positively stained cells to the overall count of cells examined. 
Patients were categorized into two groups on the basis of 
this index: those with high expression (Ki-67 >10%) and 
those with low expression (Ki-67 ≤10%) (9,26-28). IDH1/2 
mutations were detected by Sanger sequencing, and IDH 
mutation was diagnosed when a mutation was present in any 
one of them (20). 

Statistical analysis

The software SPSS 27.0 (IBM Corp., Armonk, NY, 
USA) and R (4.2.1 version, http://www.R-project.org) 
were used for the statistical analysis. Cohen’s kappa and 
intraclass correlation coefficient (ICC) analyses were 
performed on the data collected by the two observers. 
When the kappa coefficient and ICC value of inter- or 
intra-observer reliability exceeded 0.75, the consistency 
of the data was deemed good. The count data were 
represented by frequencies, and the intergroup comparisons 
were performed via the χ2 test. The measurement data 
were represented as the means ± standard deviations. An 
independent samples t-test was used if the measurement data 
conformed to a normal distribution; otherwise, the Mann-
Whitney U test was used. Statistically significant variables 
were included in the binary logistic regression analysis 
to establish prediction models. The receiver operating 
characteristic (ROC) curves for the Ki-67 expression levels 
predicted by both the mMRI and DKI were plotted. The 
nomogram, calibration curves, and decision curves for the 
pivotal parameters from the mMRI and DKI were plotted. 
The performance of the nomogram for the prediction of 
Ki-67 expression levels in HGG patients was assessed in the 

http://www.R-project.org
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Table 1 Clinical and pathological characteristics of participants

Characteristics Low Ki-67 expression (n=15) High Ki-67 expression (n=37) t/χ2 value P value

Age (years) 46.20±8.56 51.14±15.37 t=−1.168 0.248

Gender χ2=1.626 0.202

Male 6 (40.0) 22 (59.5)

Female 9 (60.0) 15 (40.5)

Tumor grade χ2=17.173 <0.001

Grade 3 12 (80.0) 7 (18.9)

Grade 4 3 (20.0) 30 (81.1)

IDH χ2=2.193 0.139

Mutant 6 (40.0) 6 (16.2)

Wild type 9 (60.0) 31 (83.8)

Chi-squared test and independent samples t-test were used. Continuous variables were represented by mean ± standard deviation, and 
count data were represented by frequency (%). IDH, isocitrate dehydrogenase.

entire cohort. A P value <0.05 was regarded as statistically 
significant.

Results

Clinical and pathological characteristics of the 
participants

The clinical and pathological characteristics of the included 
glioma patients are summarized in Table 1. A significant 
difference in tumor grade was detected between the high 
and low Ki-67 expression groups in HGG (P<0.001), 
whereas no significant differences in age, gender, or IDH 
gene status were detected between the two groups (age, 
P=0.248; gender, P=0.202; IDH, P=0.139).

Consistency analysis of parameters

The kappa coefficients of inter- and intra-observer 
reliability for the number of HGG lesions, degree of 
brain lobe involvement, SVI, cortical involvement, 
midline structure involvement, side, boundary, necrosis, 
hemorrhage, cysts, diffusion restriction, peritumoral 
edema, and enhancement ranged from 0.853 to 0.961 and 
0.812 to 0.961, respectively. The ICC values of inter- and 
intra-observer reliability for the major diameter, rMD, 
rMK, rKr, rKa and rFA ranged from 0.842 to 0.997 and 
0.928 to 0.994, respectively. The inter- and intra-observer 
reliability of the mMRI features and DKI parameters was 
good, as shown in Tables S1,S2.

Comparison of the mMRI features of HGG patients with 
different Ki-67 expression levels

There were statistically significant differences in the SVI, 
boundary, diffusion restriction, and enhancement between 
the high and low Ki-67 expression groups in HGG 
(P<0.05), whereas there were no significant differences in 
the number of lesions, degree of brain lobe involvement, 
cortical involvement, midline structure involvement, side, 
necrosis, hemorrhage, cysts, peritumoral edema, or major 
diameter between the two groups (P>0.05), as shown in 
Table 2 and Figures 2,3.

Comparison of the DKI parameters of HGG patients with 
different Ki-67 expression levels

The differences in rMD, rMK, rKr, and rKa between the 
high and low Ki-67 expression groups in HGG patients 
were statistically significant (P<0.05), whereas the difference 
in rFA between the two groups was not statistically 
significant (P>0.05), as shown in Table 3. Representative 
samples with different Ki-67 expression levels are shown in 
Figures 2,3.

Performance evaluation of parameters for predicting high 
and low Ki-67 expression in HGG patients

ROC curves of the mMRI features (SVI, boundary, diffusion 
restriction, and enhancement) and DKI parameters (rMD, 
rMK, rKr, and rKa), both individually and in combination, 

https://cdn.amegroups.cn/static/public/QIMS-24-2035-Supplementary.pdf
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Table 2 mMRI features comparison of the high and low Ki-67 expression groups in HGG

Parameters Low Ki-67 expression (n=15) High Ki-67 expression (n=37) χ2/Z value P value

Number of lesions χ2=0.006 0.938

Solitary 13 (86.7) 30 (81.1)

Multiple 2 (13.3) 7 (18.9)

Degree of brain lobe involvement χ2=0.933 0.334

Single 7 (46.7) 12 (32.4)

Multiple 8 (53.3) 25 (67.6)

SVI χ2=6.048 0.014

Presence 5 (33.3) 26 (70.3)

Absence 10 (66.7) 11 (29.7)

Cortical involvement χ2=0.344 0.557

Presence 9 (60.0) 27 (73.0)

Absence 6 (40.0) 10 (27.0)

Midline structure involvement χ2=1.050 0.306

Presence 8 (53.3) 14 (37.8)

Absence 7 (46.7) 23 (62.2)

Side χ2=0.094 0.760

Left 7 (46.7) 19 (51.4)

Right 8 (53.3) 18 (48.6)

Boundary χ2=4.873 0.027

Clear 8 (53.3) 32 (86.5)

Unclear 7 (46.7) 5 (13.5)

Necrosis χ2=0.000 >0.99

Presence 13 (86.7) 31 (83.8)

Absence 2 (13.3) 6 (16.2)

Hemorrhage χ2=0.321 0.571

Presence 6 (40.0) 18 (48.6)

Absence 9 (60.0) 19 (51.4)

Cysts χ2=1.394 0.238

Presence 10 (66.7) 18 (48.6)

Absence 5 (33.3) 19 (51.4)

Diffusion restriction χ2=12.849 <0.001

Presence 7 (46.7) 35 (94.6)

Absence 8 (53.3) 2 (5.4)

Peritumoral edema – 0.619

Presence 13 (86.7) 34 (91.9)

Absence 2 (13.3) 3 (8.1)

Enhancement – 0.006

Presence 10 (66.7) 36 (97.3)

Absence 5 (33.3) 1 (2.7)

Major diameter (cm) 4.68±1.67 4.62±1.71 Z=−0.182 0.856

Chi-squared test and Mann-Whitney U test were used. Continuous variables were represented by mean ± standard deviation, and count 
data were represented by frequency (%). – represents Fisher’s exact probability method. mMRI, morphological magnetic resonance 
imaging; HGG, high-grade glioma; SVI, subventricular involvement.
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Figure 2 A 42-year-old female with HGG in the left parieto-occipital lobe (grade 3, Ki-67 =10%). (A) The mass is hypointense and nodular-
like hyperintense on T1WI, with an unclear boundary. (B,C) The mass shows mixed signal intensities on T2WI and FLAIR, accompanied 
by peritumoral edema and involving the cortex. (D) The mass shows punctate and striated hyperintensity on DKI (b=1,000 s/mm2). (E) 
Contrast-enhanced T1WI of the mass shows marked inhomogeneous enhancement. (F) MD map; (G) MK map; (H) Kr map; (I) Ka map; 
(J) FA map. HGG, high-grade glioma; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; FLAIR, fluid-attenuated inversion 
recovery; DKI, diffusion kurtosis imaging; MD, mean diffusivity; MK, mean kurtosis; Kr, radial kurtosis; Ka, axial kurtosis; FA, fractional 
anisotropy.
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Figure 3 A 68-year-old male with HGG in the left temporal-parietal lobe (grade 4, Ki-67 =80%). (A) The mass shows mixed signal 
intensities on T1WI, with a clear boundary. (B,C) The mass shows high intensity and nodular-like hypointense on T2WI and FLAIR, 
accompanied by peritumoral edema and cortical involvement. (D) The mass shows inhomogeneous hyperintensity on DKI (b=1,000 s/mm2). 
(E) Contrast-enhanced T1WI of the mass shows a marked enhancement rim, accompanied by SVI; (F) MD map; (G) MK map; (H) Kr map; 
(I) Ka map; (J) FA map. HGG, high-grade glioma; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; FLAIR, fluid-attenuated 
inversion recovery; DKI, diffusion kurtosis imaging; SVI, subventricular involvement; MD, mean diffusivity; MK, mean kurtosis; Kr, radial 
kurtosis; Ka, axial kurtosis; FA, fractional anisotropy.
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predicting high and low Ki-67 expression levels in HGG 
patients are depicted in Table 4 and Figure 4A-4C.

Development and performance of the Ki-67 expression 
nomogram 

The nomogram, calibration curves, and decision curves 
based on the parameters with areas under the curve 
(AUCs) greater than 0.7 are shown in Figure 5A-5C. The 
concordance index (C-index) for the nomogram was 0.874. 
The calibration and decision curve analysis confirmed 
that there was good consistency between the probability 
predicted by the nomogram and the actual probability and 
good clinical utility. An optimal cut-off value of 140 points 

for the total points of the nomogram (corresponding to a 
hazard level of 0.5) was determined, and all patients were 
divided into high- and low-risk groups of Ki-67 expression 
according to the total points. The discrimination of the 
two groups was achieved in the entire cohort (P<0.001), 
as shown in Table 5. According to the risk classifier, the 
accuracy, sensitivity, and specificity of the nomogram in the 
entire cohort were 84.6%, 91.9%, and 66.7%, respectively.

Discussion

Ki-67 is a nuclear protein that is exclusively expressed in 
proliferating cells. The Ki-67 LI represents the proliferative 
activity of cells and serves as a critical factor in the 

Table 3 DKI parameters comparison of the high and low Ki-67 expression groups in HGG

Parameters Low Ki-67 expression (n=15) High Ki-67 expression (n=37) t/Z value P value

rMD 1.69±0.38 1.38±0.29 Z=−3.080 0.002

rMK 0.60±0.16 0.77±0.15 t=−3.677 <0.001

rKr 0.58±0.19 0.65±0.14 Z=−2.090 0.037

rKa 0.77±0.14 0.88±0.17 t=−2.202 0.032

rFA 0.37±0.22 0.43±0.24 Z=−1.060 0.289

Independent samples t-test and Mann-Whitney U test were used; continuous variables were represented by mean ± standard deviation. 
DKI, diffusion kurtosis imaging; HGG, high-grade glioma; rMD, relative mean diffusivity; rMK, relative mean kurtosis; rKr, relative radial 
kurtosis; rKa, relative axial kurtosis; rFA, relative fractional anisotropy.

Table 4 Diagnostic performance of mMRI features and DKI parameters for differentiating high and low Ki-67 expression groups in HGG

Parameters Cut off AUC 95% CI Sensitivity Specificity

SVI – 0.685 0.540–0.829 0.667 0.703

Boundary – 0.666 0.524–0.808 0.467 0.865

Diffusion restriction – 0.740 0.604–0.875 0.553 0.946

Enhancement – 0.653 0.527–0.779 0.333 0.973

mMRI – 0.795 0.641–0.949 0.600 0.946

rMD 1.420 0.773 0.638–0.908 0.933 0.568

rMK 0.695 0.777 0.631–0.922 0.800 0.676

rKr 0.555 0.691 0.501–0.881 0.733 0.730

rKa 0.905 0.683 0.525–0.841 0.867 0.460

DKI 0.761 0.834 0.711–0.957 0.867 0.676

mMRI + DKI 0.882 0.892 0.804–0.979 1.000 0.676

mMRI, morphological magnetic resonance imaging; DKI, diffusion kurtosis imaging; HGG, high-grade glioma; SVI, subventricular 
involvement; rMD, relative mean diffusivity; rMK, relative mean kurtosis; rKr, relative radial kurtosis; rKa, relative axial kurtosis; AUC, area 
under the curve; CI, confidence interval.
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Figure 4 ROC curves for the prediction of Ki-67 expression levels in HGG. (A) ROC curves of the mMRI features; (B) ROC curves of the 
DKI parameters; (C) ROC curve of the combination of the mMRI features and DKI. TPR, true positive rate; FPR, false positive rate; SVI, 
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determination of treatment regimens and evaluation of the 
prognosis of patients with HGG (7,8). MRI is helpful for 
noninvasive preoperative evaluation of the Ki-67 expression 
status in tumors (13-15,21). This study compared the 
clinical and pathological characteristics, mMRI features, 
and DKI-derived parameters of HGG patients with high 
and low Ki-67 expression levels. HGG patients with high 
Ki-67 expression were more likely to have a higher WHO 
grade than those with low expression. The mMRI features, 
including the SVI, boundary, diffusion restriction, and 
enhancement, exhibited significant differences between 
the high and low Ki-67 expression groups. Except for rFA, 
all derived parameters from DKI exhibited significant 
differences between the high and low Ki-67 expression 
groups. The combination of mMRI features and DKI 
demonstrated the highest predictive efficiency for Ki-
67 expression levels in HGG. In summary, the mMRI 
features and DKI serve as valuable preoperative imaging 
biomarkers for distinguishing between high and low Ki-67 
expression in HGG. To facilitate its clinical use, a diagnostic 
nomogram was developed on the basis of parameters with 
an AUC greater than 0.7, which can assist clinicians in 
formulating personalized treatment strategies and assessing 
the prognosis of patients with HGG before surgery.

At present, there is still much controversy about the cut-
off values for high and low Ki-67 expression in tumors. Li 
et al. (9) and Torun et al. (29) adopted a 10% threshold to 
categorize Ki-67 expression levels, distinguishing between 
high expression (Ki-67 >10%) and low expression (Ki-67 

≤10%). They reported that glioma patients with high Ki-67 
expression experienced shorter PFS and OS, a heightened risk 
of recurrence and mortality, and a less favorable prognosis (9). 
The current study also referenced this cut-off value.

The present study revealed that HGG patients with 
a high level of Ki-67 expression were more frequently 
associated with a higher WHO grade than were those 
with a low expression level, which was consistent with 
the findings of previous studies (9,30). Additionally, this 
study compared the mMRI features and DKI-derived 
parameters of high and low Ki-67 expression groups within 
HGG. The lesions in the high Ki-67 expression group 
presented more distinct boundaries and were more prone 
to diffusion restrictions, SVIs, and enhancements, which 
was partially consistent with the results reported by Yang 
et al. (13). The reasons are as follows: gliomas in the high 
Ki-67 expression group tend to have a higher pathological 
grade (30) and exhibit a relatively high degree of cell 
proliferation, increased cell density, and restricted diffusion 
of water molecules (28), which is more likely to result in 
a high signal on DKI images; gliomas with high Ki-67 
expression are also characterized by a relatively high degree 
of malignancy and invasiveness, increasing the likelihood 
of invasion into surrounding anatomical structures, such 
as the subependymal region, which are closely associated 
with the survival outcomes of glioma patients (31,32); and 
tumors with high Ki-67 expression undergo rapid and 
invasive growth, accompanied by a substantial increase 
in tumor blood flow and pronounced disruption of the 
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Figure 5 Nomogram, calibration curves, and decision curves for the prediction of Ki-67 expression levels in HGG. (A) Nomogram for the 
prediction of Ki-67 expression levels in HGG; (B) calibration curves for the prediction of Ki-67 expression levels in HGG; (C) decision 
curves for the prediction of Ki-67 expression levels in HGG. HGG, high-grade glioma; rMD, relative mean diffusivity; rMK, relative mean 
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Table 5 The risk-classification performance of nomogram

Risk of Ki-67 expression High Ki-67 expression (n=37) Low Ki-67 expression (n=15) χ2 value P value

High risk  34  5 16.521 <0.001

Low risk 3 10
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blood-brain barrier (33,34), making them more susceptible 
to enhancement. In this study, no significant differences 
were observed in the tumor major diameter, intratumoral 
necrosis, or hemorrhage between the high and low Ki-67 
expression groups in HGG, which was inconsistent with the 
results of Bai et al. (35). The following speculations have 
been made: initially, there was variation in the inclusion 
criteria. The current study included patients with WHO 
grade 3–4 HGG, whereas Bai et al. (35) specifically included 
patients with WHO grade 4 glioblastoma. Second, the 
evaluation criteria were distinct. Bai et al.’s (35) study 
concentrated on assessing the proportions of necrosis and 
hemorrhage, but this study exclusively investigated the 
presence of necrosis and hemorrhage. In this study, the 
rMD of the HGG high Ki-67 expression group was notably 
lower than that of the HGG low Ki-67 expression group, 
and the rMK, rKr, and rKa were significantly greater than 
those of the HGG low Ki-67 expression group, which 
aligns with the findings of Cui et al. (36), who utilized DKI 
to predict Ki-67 expression levels in rectal cancer patients. 
It is speculated that as the Ki-67 LI increases, tumor cell 
proliferation becomes more vigorous, cell density increases, 
and the arrangement becomes more compact, thereby 
restricting the diffusion of water molecules and leading 
to a reduction in the value of rMD (16,28); tumors with 
high Ki-67 expression tend to grow at a faster rate, often 
with inadequate blood supply, which results in significant 
ischemia and hypoxia within the tumor and causes increased 
intratumoral hemorrhage, necrosis, cystic degeneration, and 
a more intricate microstructure (3,34,37,38). Consequently, 
this leads to increases in the values of rMK, rKr, and rKa 
(16,37). However, studies have reported that the values 
of DKI-derived parameters are influenced by a variety of 
factors, including the choice of the b-value, the number of 
gradient directions, the selection of the ROI, signal-noise 
ratio, and artifacts (39-41). Notably, the optimal selection 
of the b-value and gradient direction remains a subject of 
debate (39-41), which may affect the reproducibility and 
generalizability of DKI in clinical practice. Therefore, 
standardizing the parameters for DKI scans is essential.

Currently, MRI has been employed in studies to 
preoperatively predict the Ki-67 expression level in glioma 
patients; however, the optimal parameters and predictive 
accuracy are still the subject of debate. Su et al. (42) 
employed the T2-FLAIR, apparent diffusion coefficient 
(ADC), MD, FA, and MK parameters to individually predict 
high and low Ki-67 expression levels in glioma. In their 
research, the AUC values for T2-FLAIR, ADC, MD, FA, 

and MK ranged from 0.750 to 0.865. Upon combining these 
parameters for joint prediction, the AUC value improved 
to 0.870. Zhu et al. (43) reported that the AUC values for 
predicting high and low Ki-67 expression in glioblastoma 
were 0.710 for contrast-enhanced T1WI, 0.830 for T2WI, 
and 0.760 for the ADC value within intratumoral areas. 
When these three parameters were combined, the AUC 
value increased to 0.900. In this study, when the mMRI 
and DKI parameters were independently used to predict 
high and low Ki-67 expression in HGG, the AUC value for 
the rMK parameter was the highest, which aligns with the 
findings of Zhang et al. (21), who employed DKI to predict 
Ki-67 expression levels in soft tissue sarcoma, suggesting 
that the rMK value may more accurately reflect the 
microscopic structure of tumors (21). In our study, when the 
rMK, rKr, and rKa values were greater than 0.695, 0.555, 
and 0.905, respectively, while the rMD was less than 1.420, 
there was a greater likelihood of HGG with high Ki-67 
expression. However, the diagnostic accuracy of individual 
parameters is limited (AUC: 0.653–0.777), whereas the 
efficacy is enhanced when multiple parameters are used in 
combination (AUC: 0.795–0.892). Upon diagnosis with the 
mMRI (SVI, boundary, diffusion restriction, enhancement) 
and DKI (rMD, rMK, rKr, rKa) models, the AUC value 
of the DKI model exceeded that of the mMRI. It is 
speculated that DKI-derived parameters can be employed 
to quantitatively assess the diffusion of water molecules and 
the complexity and heterogeneity of the tissue structure 
in HGG, providing a more accurate reflection of the 
subtle alterations within the tumor microstructure (16,17), 
whereas mMRI features represent a qualitative visual 
assessment, which is susceptible to observer subjectivity 
and a lack of quantitative measures, potentially leading to 
reduced diagnostic accuracy. The AUC value reached its 
peak when the mMRI features were combined with DKI, 
indicating that the combination of qualitative data from the 
mMRI features and quantitative data from the DKI model 
could be employed to evaluate both the macroscopic and 
microscopic conditions of HGG in a more comprehensive 
manner, thereby more accurately predicting the Ki-67  
expression level of HGG and enhancing diagnostic efficacy. 
Furthermore, an easy-to-use diagnostic nomogram was 
developed to assess Ki-67 expression levels in HGG 
patients in our study. The diagnostic nomogram achieved 
favorable predictive value in internal tests. Through the 
nomogram, clinicians can noninvasively predict the Ki-67 
expression levels of HGG before surgery in routine clinical 
practice, and aid in developing personalized treatment 
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strategies and evaluating the prognosis of HGG patients. 
Considering the small sample size of HGG patients with 
low Ki-67 expression in this study, the representativeness 
of the general population may be insufficient, which could 
introduce bias into the predictive outcomes for HGG Ki-
67 expression levels. The findings of this study necessitate 
further validation through an expansion of the sample size, 
which will constitute our subsequent research focus. 

The limitations of this study are as follows: (I) this was 
a single-center study, and the sample size was relatively 
small, especially for patients with low Ki-67 expression in 
HGG. The ability of mMRI features combined with DKI 
for predicting Ki-67 expression levels in HGG should 
be further validated in a larger patient cohort. (II) Due 
to the high degree of heterogeneity in HGG, ROI-based 
measurements may not consistently reflect the Ki-67 LI 
in pathological samples. (III) HGG patients were not 
categorized on the basis of the IDH genotype, which may 
have had some impact on the results. (IV) The parameters 
for DKI scans have not yet been standardized. Future 
research will further explore these aspects.

Conclusions

The combination of mMRI features and DKI is helpful for 
the preoperative, noninvasive prediction of Ki-67 expression 
levels in HGG, and the diagnostic nomogram can offer 
valuable assistance in tailoring individualized treatments and 
evaluating the prognosis of patients with HGG in routine 
clinical practice.
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