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Diffusion kurtosis imaging combined with dynamic susceptibility contrast-

enhanced MRI in differentiating high-grade glioma recurrence from 

pseudoprogression

Abstract

Objectives: To compare the added value of diffusion kurtosis imaging (DKI) with the 

combination of dynamic susceptibility contrast-enhanced (DSC) MRI in differentiating 

glioma recurrence from pseudoprogression.

Methods: Thirty-four patients with high-grade gliomas developing new and/or 

increasing enhanced lesions within six months after surgery and chemoradiotherapy 

were retrospectively analyzed. All patients were pathologically confirmed to have 

recurrent glioma (n = 22) or pseudoprogression (n = 12). The DKI and DSC MRI 

parameters were calculated based on the enhanced lesions on contrast-enhanced T1WI. 

ROC analysis was performed on significant variables to determine their diagnostic 

performance. Multivariate logistic regression was used to determine the best prediction 

model for discrimination.

Results: The relative mean kurtosis (rMK), relative axial kurtosis (rKa), relative 

cerebral blood volume (rCBV), and relative mean transit time (rMTT) of glioma 

recurrence were higher than those of pseudoprogression (all, P < 0.05). The AUCs and 

diagnostic accuracy were 0.879 and 82.35% for rMK, 0.723 and 70.59% for rKa, 0.890 

and 82.35% for rCBV, 0.765 and 73.53% for rMTT, respectively. A multivariate 

logistic regression model showed a significant contribution of rMK (P = 0.006) and 

rCBV (P = 0.009) as independent imaging classifiers for discrimination. The combined 
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use of rMK and rCBV improved the AUC to 0.924 (P < 0.001) and the diagnostic 

accuracy to 88.24%.

Conclusion: DKI may be a valuable non-invasive tool in differentiating glioma 

recurrence from pseudoprogression, and its use in combination with DSC MRI can 

improve diagnostic performance in assessing treatment response compared with either 

technique alone.

Key words: Glioma; Recurrence; Pseudoprogression; Diffusion kurtosis imaging 

(DKI); Dynamic susceptibility contrast-enhanced (DSC) MRI

Abbreviations:

DKI = diffusion kurtosis imaging

DSC = dynamic susceptibility contrast-enhanced

TMZ = temozolomide

rMK = relative mean kurtosis

rKa = relative axial kurtosis

rCBV = relative cerebral blood volume

rMTT = relative mean transit time

rADC = relative apparent diffusion coefficient

AUC = area under the receiver operating characteristic curve
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Introduction

Gliomas are the most common primary malignant tumors of the central nervous 

system [1]. The current standard of care for high-grade gliomas (WHO III-IV) consists 

of neurosurgical excision, followed by radiotherapy and concomitant adjuvant 

temozolomide (TMZ) chemotherapy [2]. Response assessment in glioma is challenging 

due to frequent changes in early imaging, especially during the initial six months after 

chemoradiotherapy. Increased contrast enhancement of lesions occurs at conventional 

MRI follow-up that could be either recurrent tumor or pseudoprogression because the 

imaging features of the two overlap to a certain extent [3]. Currently, it is recognized 

that chemoradiotherapy leads to approximately 33% incidence of pseudoprogression in 

treated high-grade glioma [4], in which lesions tend to decrease in size or stabilize 

without further treatment, resulting in longer survival. Recurrent glioma has a poor 

prognosis and may require repeated surgery due to its rapid progression. Making this 

distinction correctly is thus essential to the success of a particular treatment and 

subsequent clinical management.

There are pathophysiologic differences between glioma recurrence and 

pseudoprogression. Recent advances in MR techniques have made it possible to 

monitor tumors at the metabolic and microvascular levels. Relative cerebral blood 

volume (rCBV) derived from dynamic susceptibility contrast-enhanced (DSC) MRI, 

which is a recognized imaging biomarker of angiogenesis, is the most powerful single 

imaging classifier and convincing parameter for differentiating glioma recurrence from 

pseudoprogression [5, 6]. Cerebral blood volume (CBV), a parameter that showed a 
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reliable correlation with histopathologic findings of neoangiogenesis, can help measure 

changes related to neovascularization, which is associated with tumor malignancy [7]. 

Studies have concluded that rCBV, as a single imaging classifier to predict recurrent 

tumor, was significantly higher than that in patients with pseudoprogression [8]. 

However, because the optimal reported thresholds vary significantly across institutions 

[8], and its high sensitivity to magnetic field inhomogeneities or when administration 

of contrast agent is unavailable, some additional complementary imaging techniques 

may be help in clinical practice.

Apparent diffusion coefficient (ADC) is a very accessible parameter of diffusion-

weighted imaging (DWI), which is often discussed in previous studies. Due to the 

heterogeneity of recurrent tumors, the reliable evidence of DWI based on Gaussian 

distribution of water molecules may be limited [9]. Diffusion kurtosis imaging (DKI), 

a non-invasive tool, is a straightforward extension of DWI that can depict the non-

Gaussian diffusion of water molecules and accurately characterize cellular density and 

tissue heterogeneity information [9]. DKI parameters have recently been utilized as 

potential imaging biomarkers to grade gliomas and predict its genotype [10-12]. Recent 

studies have shown that DKI may be a reliable tool in differentiating glioma recurrence 

from pseudoprogression [13, 14]. However, DKI and DSC techniques have been 

examined in patients with suspected treatment-related changes individually. To date, 

there are no reports concerning the utility of combining DKI and DSC techniques. We 

hypothesized that a combination of DKI and DSC MRI parameters can improve 

accuracy in making this differentiation. The purpose of the present study was to analyze 

the added value of DKI with the combination of DSC MRI in discriminating glioma 

recurrence from pseudoprogression compared with single use.
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Materials and methods

Patients

This retrospective study was conducted from August 2017 to August 2019 and 

approved by the Institutional Ethics Committee of XXX, and informed consent was 

obtained from all of the study participants. Fifty-three patients met the following 

inclusion criteria: histopathologically confirmed high-grade gliomas (WHO III-IV) 

who developed new and/or increasing enhanced lesions after surgery and concurrent 

chemoradiotherapy within six months, followed up by DKI and DSC MRI, and were 

assigned to either the recurrence or pseudoprogression group according to the 

histopathological results of repeat surgery or biopsy. The exclusion criteria were: they 

did not undergo primary total resection (n = 8), they received non-TMZ chemotherapy 

(n = 4), or their follow-up MRI was not available for analysis (n = 7 [severe motion 

artifacts or hemorrhage, n = 4; more than 6 months between surgery and follow-up MRI, 

n = 3]). Ultimately, 34 patients were included in the study.

MRI Data Acquisition

All of the image acquisition was performed on a 3.0T MRI scanner (MAGNETOM 

Skyra, Siemens Healthcare, Erlangen) with a 20-channel array coil. The scanning 

protocol included transverse T1-weighted images (T1WI), T2-weighted images (T2WI), 

T2 fluid-attenuated inversion recovery (T2FLAIR), contrast-enhanced T1WI (CE-

T1WI), DWI, DKI, and DSC sequences. The parameters were as follows: TR/TE, 

220/2.46 ms for gradient-echo T1WI and CE-T1WI; TR/TE, 3570/175 ms for T2WI; 

TR/TE, 8000/103 ms, and TI, 2374 ms for T2FLAIR; thickness, 6.0 mm; FOV, 220  

220 mm2. Gadolinium chelate (Magnevist, Bayer, Leverkusen) at a dose of 0.1 

mmol/kg was used as contrast agent. Approximately 40% of contrast volume was 

administered intravenously for CE-T1WI at a rate of 3 mL/s, followed by a 20-mL 

http://www.baidu.com/link?url=gqao51SlCBVYWNHtB08gfiOlVGXYXC_gD85CHd5iAt46pVqfUnEO3Nsx_I_KAwC-QAJA0nVc8SdVh6OKan-NIDDHf-y5Dh4lDpQCTfHR7xW
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bolus of saline at the same rate.

DWI was performed by using single-shot echo-planar imaging (EPI) with b-values 

= 0 and 1,000 s/mm2. A single-shot EPI sequence was used to obtain the DKI data. The 

b values were 0, 1,000, and 2,000 s/mm2 along with 30 uniformly distributed directions. 

The parameters were as follows: TR/TE, 4,000/116 ms; FOV, 220 × 220 mm2; matrix, 

192 × 192; and thickness, 4.0 mm [15].

Perfusion images were obtained using the DSC technique with a gradient echo-

EPI sequence: TR/TE, 1,600/30 ms; FOV, 240 × 240 mm2; matrix, 128 × 128; thickness, 

5.0 mm; a total of 30 dynamic frames. The remaining 60% of the contrast agent was 

injected at a rate of 4 mL/s, followed by 20 mL of saline flush at the same rate [7].

Image Processing

The DWI data and DSC data were transferred to a post-processing workstation 

(syngo.via, Siemens Healthcare). ADC map were automatically generated by the 

scanner software using standard method. DSC data were first corrected for motion. The 

arterial input function was defined in the tissue from the middle cerebral artery 

contralateral to the enhancing lesion [7, 16]. DSC parameters, including CBV, cerebral 

blood flow (CBF), mean transit time (MTT), and time to peak (TTP) were obtained 

after processing. The eddy current distortions and head motion were corrected by global 

affine transformations for DKI data using FMRIB Software Library (version 6.0, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). DKI data were processed with Diffusional 

Kurtosis Estimator (version 2.6, https://www.nitrc.org/projects/dke/) to obtain its 

metrics, including mean kurtosis (MK), axial kurtosis (Ka), radial kurtosis (Kr), mean 

diffusivity (MD), and fractional anisotropy (FA). DKI parameters were measured by 

using MRIcron software (version 6.6.2013, http://www.nitrc.org/projects/mricron/) 

[14]. 

http://www.baidu.com/link?url=gqao51SlCBVYWNHtB08gfiOlVGXYXC_gD85CHd5iAt46pVqfUnEO3Nsx_I_KAwC-QAJA0nVc8SdVh6OKan-NIDDHf-y5Dh4lDpQCTfHR7xW
http://www.nitrc.org/projects/mricron/
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ADC map, DSC and DKI parameter maps were co-registered to the axial CE-

T1WI, respectively. Conventional MRI sequences were used to visualize the gross 

features such as cystic change, necrosis, hemorrhage, enhancing lesions, and 

perilesional edema. Multiple regions of interest (ROIs) were placed manually within 

the enhanced lesion on CE-T1WI while excluding the necrotic, cystic change and 

hemorrhages, and automatically marked on ADC, DSC and DKI parameter maps. If 

multiple enhanced lesions were present, the ROI was placed on the biopsied lesion, and 

subsequently measured as described above. These ROIs were drawn on the most 

hyperaemic areas as shown on the color maps (Figure 1). Only the ROI that showed 

the maximum/minimum value for each parameter, has been selected to represent the 

ADC value, DSC and DKI parameters. The ADC value, DSC and DKI parameters were 

normalized with a separate ROI drawn in the contralateral normal appearing white 

matter of the centrum semiovale to compute standardized parameters, i.e., relative ADC 

(rADC), rCBV, relative cerebral blood flow (rCBF), relative mean transit time (rMTT), 

and relative time to peak (rTTP), relative mean kurtosis (rMK), relative axial kurtosis 

(rKa), relative radial kurtosis (rKr), relative mean diffusivity (rMD), and relative 

fractional anisotropy (rFA).

Two independent radiologists with 15 and 8 years of experience in neuroradiology 

and blinded to the pathological results performed image analysis. Each parameter value 

on the enhancing lesion was measured thrice, followed by the calculation of the total 

mean value of each parameter for each patient.

Statistical Analysis

Statistical analysis was performed using SPSS (version 19.0, IBM) and Medcalc 

(version 15.2.2, Ostend) software. Clinical characteristics were compared between the 

two groups using the χ2 test for categorical data and the t-test for non-categorical 
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variables. The Shapiro-Wilk test was used to determine whether the non-categoric 

variables were normally distributed. Inter-group differences between two groups with 

respect to relative DKI parameters and relative DSC parameters were compared using 

the Mann-Whitney U test. Receiver operating characteristic (ROC) curves were 

generated for DKI, DSC and DWI parameters to compute the areas under ROC curve 

(AUCs), which were used to evaluate the diagnostic relevance of each parameter. 

Multivariate stepwise logistic regression analysis was performed for variables to 

determine the best predictor of differentiation between the two groups. Differences with 

P < 0.05 were considered to be a significant difference.

Results

Patients

The clinical characteristics of the patients are summarized in Table 1. A total of 

34 patients (24 men and 10 women; mean age, 47 years; range: 21 to 70 years) with 

high-grade gliomas (WHO III-IV, astrocytomas) after completing standard treatment 

were included for data analysis. Based on pathological results of repeat surgery (n = 14, 

including 14 patients with tumor recurrence) or biopsy (n = 20, including 8 patients 

with tumor recurrence), patients were assigned into one of the two groups, including 12 

patients with pseudoprogression (Figure 2) and 22 patients with tumor recurrence 

(Figure 3). Patients were typically treated with a total dose of 60 Gy in 2 Gy daily 

fractions. None of the clinical characteristics, including sex, age, pathological grading, 

isocitrate dehydrogenase (IDH) mutation, Karnofsky Performance Status score, and 

radiation dose, were significant predictors of recurrent glioma or pseudoprogression 

(all, P > 0.05). 

IDH mutation status
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Among them, 27 patients obtained molecular information from the first surgery, 

of which 10 patients developed pseudoprogression and 17 patients recurred. IDH 

mutation occurred in 13 (48.1%) of the 27 patients, among which 7 patients developed 

to pseudoprogression (70% of the 10 cases in the pseudoprogression group), and 6 

patients developed to tumor recurrence (35.3% of the 17 cases in the recurrence group). 

IDH mutations appeared to have a higher probability of pseudoprogression than 

recurrence, but there was no statistical difference between the two (P = 0.089). 

DWI, DKI and DSC parameters for the differentiation

rADC values were lower in the glioma recurrence group than in the 

pseudoprogression group (P = 0.033). rMK, rKa, rCBV and rMTT values were higher 

in the glioma recurrence group than in the pseudoprogression group (P < 0.001, P = 

0.033, P < 0.001, P = 0.012, respectively). There were no significant differences in rKr, 

rMD, rFA, rCBF, and rTTP values between glioma recurrence and pseudoprogression 

(all, P > 0.05) (Table 2). The box-and-whiskers graphs for the DWI, DKI and DSC 

parameters are shown in Figure 4.

The AUCs of rADC, rMK, rKa, rCBV and rMTT values used to differentiate 

glioma recurrence from pseudoprogression were 0.723 (P = 0.041), 0.879 (P < 0.001), 

0.723 (P = 0.030), 0.890 (P < 0.001) and 0.765 (P = 0.001), respectively (Figure 5). 

The cut-off value, accuracy, sensitivity, and specificity of rADC, rMK, rKa, rCBV and 

rMTT are summarized in Table 3.

Multivariable analysis to identify the best predictor of the differentiation

For multivariable analysis, we included rMK, rKa, rCBV, rMTT and rADC, and 

all of the parameters showed significant differences between glioma recurrence and 

pseudoprogression (all, P < 0.05). Multivariable stepwise logistic regression analysis 

showed that rMK (P = 0.006) and rCBV (P = 0.009) were significant predictors for 
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differentiating glioma recurrence from pseudoprogression, whereas rKa (P = 0.524), 

rMTT (P = 0.556) and rADC (P = 0.097) were not. The combination of rMK and rCBV 

reached an AUC of 0.924 (P < 0.001), an accuracy of 88.24%, a sensitivity of 86.36%, 

and a specificity of 91.67% (Table 3).

Discussion

This study assessed DKI in differentiating recurrent tumors from 

pseudoprogression, and evaluated the added value of DKI in combination with DSC 

MRI in this differentiation. Our study showed that rMK can differentiate recurrent 

tumor from pseudoprogression with high diagnostic accuracy, and its application value 

alone is similar to that of rCBV. Another finding is that using the combination of DKI 

and DSC MRI improves diagnostic performance compared to either technique alone.

rMK values were significantly higher in the glioma recurrence group than in the 

pseudoprogression group, which can be used to distinguish physiological differences 

between the two groups. As known, MK can reflect the difference of tumor internal 

heterogeneity, and the greater the parameter value of MK, the more complex the 

structure [9]. Tumor recurrence was confirmed to be associated with more tumor 

angiogenesis, greater nuclear atypia, and increased cell density, whereas 

pseudoprogression is characterized by radiation-induced vascular changes leading to 

vasodilation, edema, and increased capillary permeability [17]. This results in a more 

complex structure of recurrent tumor than pseudoprogression, resulting in a higher MK 

value. Thus, MK is meaningful in terms of classification, consistent with the latest 

research finding by Wu et al. [14]. rKa reflects the integrity of axons and the density of 

fiber bundles [18], which was slightly higher in recurrent tumor, but most of the 95% 

confidence interval of the two still overlap. We did not observe differences in another 

kurtosis parameter, rKr affected by myelin integrity and axonal density [18], which 
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could be explained by the fact that we focused on only specific regions, i.e., enhanced 

lesions, rather than analyzing the entire lesion. After chemoradiotherapy, axial rupture 

and demyelination were observed in both regions to varying degrees, leading to 

different changes in the above two parameters. Actually, differences in rMD and rFA 

between the two groups have been controversial [19, 20], partly due to the orientation 

of extracellular matrix, extent of cellular death, and vascular changes. Changes in MD 

and FA due to micronecrosis or changes in the viscosity of the medium may offset the 

decrease or increase in MD or FA in glioma recurrence, resulting in MD and FA values 

similar to those of pseudoprogression. Studies with larger data sets would be conducted 

to verify the result. DKI may serve as a novel imaging biomarker for differentiation by 

characterizing the heterogeneity of the microenvironment. 

DKI parameters can be used to evaluate the IDH genotype of astrocytoma, and the 

MK, Ka and Kr values of IDH-mutant were significantly lower than those of IDH-wild 

type in the previous study [12]. IDH mutation is associated with pseudoprogression 

[21]. According to the molecular information, the proportion of IDH-mutant and IDH-

wild type in our cases was close, which may be the reason that the 95% confidence 

interval of DKI parameters was relatively wide and the difference between the 

recurrence and pseudoprogression groups was not significant.

Our study produced significantly higher rCBV and rMTT values in the recurrence 

group than in the pseudoprogression group. rCBV was the most accurate parameter in 

the application of DSC MRI to distinguish between recurrence and pseudoprogression, 

as in most previous studies [5, 6, 8]. Newly formed immature blood vessels of recurrent 

tumors can produce increased blood volume, as well as proportions of tumor cells, 

resulting in significantly higher CBV values [22, 23]. The higher CBV in tumors are 

associated with poor prognosis after radiotherapy, suggesting that a large number of 
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tumor-induced angiogenesis are related to more active tumor growth [24]. According 

to a meta-analysis [8], the threshold of rCBV ranged from 0.9 to 2.15, with pooled 

sensitivity and specificity of both 88%. In comparison, when we used the mean rCBV, 

we observed that a threshold of 1.35 led to a sensitivity of 86.36% and specificity of 

83.33%.

It is clear that increased contrast enhancement due to a disrupted blood-brain 

barrier may be affected by several factors, including acute changes after surgery or 

radiotherapy, chemotherapy, as well as MRI technical issues and administration of 

gadolinium [25]. ROC analysis showed that both rMK and rCBV demonstrated good 

classification ability and presented a similar diagnostic accuracy in distinguishing 

tumor recurrence from pseudoprogression. To our knowledge, there are no studies 

combined DKI and DSC MRI for distinguishing recurrent tumor and 

pseudoprogression. Multivariate logistic regression analysis of the imaging parameters 

indicated that the best classification of tumor recurrence and pseudoprogression was 

achieved using the rMK and rCBV. The combined use of the two parameters improved 

the diagnostic performance compared with either technique alone, and is probably 

related to the fact that changes associated with the treatment of lesions are complex and 

variable [25]. Therefore, mean rMK and rCBV may be influenced by the parameters 

from both tumoral and nontumoral components. Multiparametric MRI has recently 

become a topic of research interest in differentiating glioma recurrence from 

pseudoprogression [26, 27]. Quantitative analysis of DKI and DSC MRI parameters 

from the enhanced lesions can be used to assess treatment response in patients with 

high-grade gliomas, which may contribute to individualized treatment management and 

better clinical decision-making.

ADC is a simple and easily accessible DWI parameter, has been shown to be 
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extremely useful in the clinical evaluation of brain tumors. Moreover, ADC values in 

the recurrent group were significantly lower than those in the pseudoprogression group, 

which was consistent with the results of previous study [28]. However, its AUC was 

lower than some of DKI and DSC parameters in our study, and ADC was excluded in 

the analysis of multivariate logistics regression. The possible reason was that compared 

with DKI, ADC was a parameter based on the Gaussian motion of water molecules and 

could not accurately reflect the heterogeneity of tumor recurrence. Despite studies 

showing that DKI provide largely comparable measures of diffusivity, the longer 

acquisition times compared with ADC does not seem to provide additional prognostic 

value [29]. But the complexity of the tissue increases after chemoradiotherapy, ADC 

may not be a reliable parameter compared with DKI, a technique based on non-

Gaussian distribution of water molecules.

The present study has some limitations, including a retrospective analysis design 

and a relatively small sample size study conducted in a single institution, and the 

number of tumor types was disproportionate. We use histopathology as the reference 

standard of imaging results, which may have decreased our evaluation of the combined 

DKI and DSC model. Further studies with larger sample sizes are needed to confirm 

our findings. Second, the ROI-based approach has location and/or organizational 

composition bias. ROI of each lesion was plotted three times to minimize this bias. 

Third, the longer scanning time of DKI limits its clinical application. The optimal 

scanning protocol needs to be further explored.

Conclusion

DKI may be a valuable non-invasive tool in differentiating glioma recurrence from 

pseudoprogression, and its use in combination with DSC MRI can improve diagnostic 
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performance in assessing treatment response compared with either technique alone.
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pseudoprogression

Table 2. DKI, DSC and DWI parameters of glioma recurrence and pseudoprogression

Table 3. Receiver operating curve analysis of DKI, DSC and DWI parameters in 

differentiating glioma recurrence from pseudoprogression

Figure legends

Figure 1: Placement of ROIs. A 50-year-old male developed pseudoprogression after 

treated glioma. 

Figure 2. A 70-year-old man with treated glioblastoma was biopsied to be a 

pseudoprogression. A newly enhancing lesion in the left frontal and temporal lobes was 

detected on CE-T1WI with decreased CBV, MTT, MK, Ka, Kr and FA values, except 

for CBF, TTP and MD values.

Figure 3. A 21-year-old man with tumor recurrence confirmed by repeat surgery was 

initially a glioblastoma. An increasing enhanced lesion in the right frontal and temporal 

lobes was detected on CE-T1WI with increased CBV, CBF, MTT, TTP, MK, Ka and 

Kr values, except for MD and FA values.

Figure 4. The box-and-whiskers graphs for the DKI, DSC and DWI parameters.

Figure 5. ROC curves of DKI, DSC and DWI parameters for differentiating glioma 

recurrence from pseudoprogression. A, ROC curves of rMK, rCBV, and the combine. 

B, ROC curves of rKa, rMTT and rADC. Combine = rMK + rCBV. 
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Table 1. Clinical characteristics of patients with glioma recurrence or 

pseudoprogression

Characteristics Total 

(n = 34)

Recurren

ce

(n = 22)

Pseudoprogre

ssion

(n = 12)

P value

Sex (n) 0.502

Male 24 (70.6%) 16 

(72.7%)

8 (66.7%)

Female 10 (29.4%) 6 (27.3%) 4 (33.3%)

Age (years) 0.607

Mean±SD 47±14.07 44±

13.18

51±15.10

Range 21-70 21-64 23-70

Grade (n) 0.439

WHO III 15 (44.1%) 9 (40.9%) 6 (50%)

WHO IV 19 (55.9%) 13 

(59.1%)

6 (50%)

IDH status (n) 27 17 10 0.089

Mutant 13 (48.1%) 6 (35.3%) 7 (70%)

Wild 14 (51.9%) 11 

(64.7%)

3 (30%)

KPS score (n) 0.297

≥ 60 25 (73.5%) 15 

(68.2%)

10 (83.3%)
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< 60 9 (26.5%) 7 (31.8%) 2 (16.7%)

Radiation Dose 

(Gy)

0.332

Median 60 60 60

Range 50-64.2 54-60 50-64.2

SD, standard deviation; IDH, isocitrate dehydrogenase; KPS, Karnofsky 

Performance Status. 

Table 2. DKI, DSC and DWI parameters of glioma recurrence and 

pseudoprogression

Parameters Recurrence (n = 

22)

Pseudoprogression (n = 

12)

P 

value

D

KI
rMK 1.01 (0.81, 1.09) 0.80 (0.60, 0.98)

< 

0.001

rKa 1.00 (0.77, 1.14) 0.94 (0.65, 1.08)
0.03

3

rKr 0.88 (0.63, 1.12) 0.76 (0.56, 1.06)
0.06

1

rMD 0.89 (0.59, 1.11) 0.94 (0.75, 1.25) 0.31
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3

rFA 1.00 (0.55, 1.75) 1.14 (0.93, 2.04)
0.07

2

D

SC
rCBV 1.93 (0.88, 4.08) 0.85 (0.56, 2.08)

< 

0.001

rCBF 1.89 (1.38, 3.84) 1.68 (0.45, 2.12)
0.14

0

rMTT 1.60 (0.24, 2.98) 0.66 (0.30, 1.58)
0.01

2

rTTP 1.07 (0.94, 1.41) 1.06 (0.75, 1.14)
0.07

2

D

WI
rADC 1.09 (0.76, 1.29) 1.38 (0.85, 1.56)

0.03

3

rMK, relative mean kurtosis; rKa, relative axial kurtosis; rKr, relative radial 

kurtosis; rMD, relative mean diffusivity; rFA, relative fractional anisotropy; rCBV, 

relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, relative 

mean transit time; rTTP, relative time to peak; rADC, relative apparent diffusion 

coefficient.

Table 3. Receiver operating curve analysis of DKI, DSC and DWI parameters in 
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differentiating glioma recurrence from pseudoprogression

Paramet

ers

AUC (95%CI) Cut-off 

value

Accu

racy (%)

Sensi

tivity (%)

Speci

ficity (%)

P 

value

rMK 0.879 (0.721, 

0.965)

0.889 82.35 95.45 66.67 < 

0.001

rKa 0.723 (0.544, 

0.862)

0.960 70.59 77.27 75 0.

030

rCBV 0.890 (0.735, 

0.971)

1.348 82.35 86.36 83.33 < 

0.001

rMTT 0.765 (0.589, 

0.893)

1.276 73.53 63.64 75 0.

001

rADC 0.723 (0.544, 

0.862)

1.292 82.35 100 58.33 0.

041

Combine 0.924 (0.780, 

0.987)

- 88.24 86.36 91.67 < 

0.001

AUC, area under the curve; CI, confidence interval; rMK, relative mean kurtosis; rKa, 

relative axial kurtosis; rCBV, relative cerebral blood volume; rMTT, relative mean 

transit time; rADC, relative apparent diffusion coefficient; Combine = rMK + rCBV.
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Highlights

• Diffusion kurtosis imaging (DKI) is a potential non-invasive imaging biomarker of 

response that may help differentiate glioma recurrence from pseudoprogression.

• DKI and dynamic susceptibility contrast-enhanced (DSC) MRI may have a 

complementary predictive value for the discrimination. 

• The combined use of DKI and DSC MRI can improve the diagnostic performance in 

assessing treatment response than either technique alone.


