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Utility of a Hybrid IVIM-DKI Model to Predict the Development  
of Distant Metastasis in Head and Neck Squamous Cell  

Carcinoma Patients

Noriyuki Fujima1*, Tomohiro Sakashita2, Akihiro Homma2, Daisuke Yoshida1,  
Kohsuke Kudo1, and Hiroki Shirato3,4

Purpose: To evaluate the diagnostic power of hybrid intravoxel incoherent motion (IVIM)-diffusion kur-
tosis imaging (DKI) model parameters in pretreatment for the prediction of future distant metastasis in 
head and neck squamous cell carcinoma (HNSCC) patients.
Materials and Methods: We retrospectively evaluated 49 HNSCC patients who underwent curative chemo-
radiation therapy. Diffusion-weighted image (DWI) acquired by single-shot spin-echo echo-planar imaging 
with 12 b-values (0–2000) was performed in all patients before any treatment. We calculated the IVIM-DKI 
parameters and the conventional apparent diffusion coefficient (ADC) in the ROI placed on the primary 
lesion. The presence of future distant metastasis was determined by histological findings or clinical 
follow-up.
Results: A univariate analysis revealed significant differences between the patients with distant metastasis 
and those without in slow diffusion coefficient (D) and kurtosis value (K). Highest diagnostic accuracy was 
obtained by the D value. In addition, a multivariate analysis revealed that the D value was an independent 
predictor of future distant metastasis.
Conclusion: The D and K values obtained by this hybrid IVIM-DKI model can be one of the diagnostic 
tools for the prediction of future distant metastasis in HNSCC patients.
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Introduction
Distant metastasis is one of the major causes of poor out-
comes in patients with a malignant lesion, including head 
and neck squamous cell carcinoma (HNSCC). Advances in 
treatment methods such as a combination of surgery, chem-
otherapy and radiotherapy have led to improved local 

control of primary lesions such as sinonasal cavity or 
pharynx squamous cell carcinomas (SCCs).1–3 However, 
patients may develop distant metastasis after treatment, 
even if the primary lesion was successfully controlled.4 In 
addition, systematic screening by whole-body scanning 
using CT or 18F-fluorodeoxyglucose (FDG) positron-emis-
sion tomography (PET)/CT at short intervals can be used to 
detect distant metastases in HNSCC patients after the cura-
tive treatment, but this may not be cost-effective. There-
fore, predictors of the occurrence of future distant metastasis 
are needed before the follow-up period.

In previous studies, several factors were related to the 
incidence rate of distant metastasis, such as T-stage, N-stage, 
the presence of extra-nodal spread, histological differentia-
tion, the achievement of local control by the initial curative 
treatment, history of continued smoking after treatment, and 
the patients’ specific genomic information before the treat-
ment.5–11 However, the diagnostic power varies among these 
reports. In addition, several factors related to histological 
information required the performance of an invasive surgical 
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procedure, and the information of genomic status was not 
always available. Additional supporting information will be 
also required to elevate the diagnostic power.

Diffusion-weighted imaging (DWI) obtained by MRI 
is an imaging technique that reflects tissue microstructural 
information by depicting the microscopic-level water dif-
fusivity in the tissue. By using monoexponential fitting to 
the obtained signal in DWI, water diffusivity has been 
semi-quantitatively assessed as the value of apparent dif-
fusion coefficient (ADC). In recent years, advanced fitting 
models for diffusion-weighted MRI such as intravoxel 
incoherent motion (IVIM) and diffusional kurtosis 
imaging (DKI) were reported for the non-invasive visuali-
zation of tissue structural information.12–16 A method for 
the simultaneous calculation of IVIM and DKI parameters 
was recently described as a hybrid IVIM and DKI model.17 
The information obtained by IVIM can simultaneously 
detect both fast diffusion (which may reflect the perfusion 
related diffusion) and slow diffusion (which may reflect 
the tissue related diffusion).18 DKI was described to detect 
the information related to the microstructural tissue het-
erogeneity.19 Such information can well describe the 
tumor characteristics and provide important clues to a 
patient’s prognosis. The utility of these techniques for the 
prediction of treatment outcomes in patients with HNSCC 
has been recently described in a few reports.20–22 Such 
microstructural information can also be used to help pre-
dict the development of distant metastasis in HNSCC 
patients. Our goal in the present study was to determine 
the diagnostic power of hybrid IVIM-DKI model param-
eters in pretreatment for the prediction of distant metas-
tasis in HNSCC patients.

Patients and Methods
Study population
The protocol of this retrospective study was approved by our 
institutional review board, and written informed consent was 
waived. We evaluated the 49 patients with HNSCC who were 
treated at our hospital from October 2010 to October 2015. 
All patients fulfilled the following inclusion criteria: 1) histo-
pathological diagnosis of SCC, 2) the patient had received a 
full course of curative chemoradiation therapy, 3) MRI 
including multiple b-value DWI was performed before any 
treatment, and 4) no distant metastasis was present at the pre-
treatment stage, confirmed by whole-body CT and PET/CT. 
The characteristics of the 49 patients were as presented in 
Table 1. The histopathological diagnosis was SCC in all 
patients. The treatment regimen was a super-selective arterial 
infusion of cisplatin with concomitant radiotherapy for all 
patients. The patients’ treatment details were as follows: an 
arterial infusion of cisplatin (100–120 mg/m2 per week for  
4 weeks) to the primary tumor’s dominant blood supply, 
using a microcatheter, with concurrent radiotherapy of a total 
of 70 Gy in 35 fractions.

The determination of distant metastasis
In all patients, clinical and radiological follow-ups were 
performed after the treatment to determine the final diag-
nosis related to the presence of distant metastasis. In all 
patients, follow-up CT with the scan interval of 3–12 
months and PET/CT with the scan interval of 6–12 months 
were respectively performed for the detection of distant 
metastasis. The CT scanning included the scan range of the 
chest and upper abdomen, and the PET/CT included the 
whole body. The strategy for identifying the presence/
absence of distant metastasis was as follows. (1. Histolog-
ical determination of the suspected lesion; (2. Appearance 
of multiple new lesions in the organ (especially lung) 
detected by CT or PET/CT and the constant development of 
these lesions. The follow-up period in each patient was ≥1 
year (the minimum follow-up period was set as 1 year). If 
any newly developed mass lesion was not detected by the 
follow-up CT or PET/CT during the entire follow-up 
period, the patient was classified as being in the non-distant 
metastasis group.

Table 1.  Patient characteristics (n = 49)

Number of patients

Age

  Range 46–77

  Median 61

  Average 60.6

Gender

  Male 42

  Female 7

Primary tumor site

  Nasal cavity 4

  Sinonasal cavity 25

  Oropharynx 17

  Hypopharynx 3

T-stage

  T1 0

  T2 6

  T3 14

  T4a 22

  T4b 7

N-stage

  N0 31

  N1 5

  N2a 1

  N2b 7

  N2c 5

  N3 0
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Magnetic Resonance Imaging Protocol
DWI
All MR imaging was performed using a 3.0 Tesla unit 
(Achieva TX; Philips Healthcare, Best, Netherlands) with a 
16-channel neurovascular coil. The DWI acquisition used 
single-shot spin-echo echo-planar imaging (EPI) with three 
orthogonal motion probing gradients. Twelve b-values (0, 10, 
20, 30, 50, 80, 100, 200, 400, 800, 1000, and 2000 s/mm2) 
were used. Diffusion images were acquired with a three-
directional trace scheme for each b-value. The other imaging 
parameters were: TR, 4500 ms; TE, 64 ms; DELTA (large 
delta; gradient time interval), 30.1 ms; delta (small delta; gra-
dient duration), 24.3 ms; flip angle, 90°; FOV, 230 × 230 
mm; 64 × 64 matrix; slice thickness, 5 mm × 20 slices; voxel 
size 3.59 × 3.59 × 5.00 mm; parallel imaging acceleration 
factor, 2; the number of signal averages = b-value of 0–100 s/
mm2 (one average), 200–800 s/mm2 (two averages) and 
1000–2000 s/mm2 (three averages); scanning time, 4 min 37 
s. In this sequence, for the reduction of image distortion in 
EPI, low in-plane matrix combined with the parallel imaging 
technique were applied to decrease the number of EPI factor 
as possible, as described above. Patients were instructed not 
to swallow, move their tongues, open their mouths, or make 
any other voluntary motion before DWI scanning. In addi-
tion, their heads were fixed firmly with the coil to prevent 
movement during scanning.

Conventional MRI
Conventional MRI was also obtained to evaluate the primary 
tumor. These images included (a) an axial T1-weighted image 
(T1WI) with a spin-echo sequence (TR, 450 ms; TE, 10 ms; 
FOV, 240 × 240 mm; 512 × 512 matrix; slice thickness, 5 mm; 
inter-slice gap, 30%; scanning time, 2 min 12 s) and (b) an 
axial T2-weighted image (T2WI) with a turbo spin-echo (TSE) 
sequence with fat suppression (TR, 4500 ms; TE, 70 ms; TSE 
factor, 9; FOV, 240 × 240 mm; 512 × 512 matrix; slice thick-
ness, 5 mm; inter-slice gap, 30%; scanning time, 2 min 06 s).

Data analysis
From the diffusion signal data, we calculated each parameter 
of hybrid bi-exponential function (the perfusion fraction [ f ], 
the pseudo-diffusion coefficient [D*], the true diffusion coef-
ficient [D], and the kurtosis value [K]) by using the signal 
intensity of all 12 b-values. To perform these parameter cal-
culations, we used the following equation:17
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where S(b) is the signal intensity at the b-value denoted by the 
subscript, S0 is the signal intensity at the b-value of 0, and  
b is b-factor in Eq. [1]. We fitted the signal intensity of 

b-values in Eq. [1] with least-square fitting using the Levenberg-
Marquardt algorithm. All parameter calculations were per-
formed using the mean signal intensity based on the ROIs. To 
improve the fitting accuracy and to prevent overfitting in all 
b-value fitting analyses of the hybrid bi-exponential models, 
we performed the fitting procedure by the following methods. 
In the bi-exponential analysis, first, the data of b > 200 s/mm2 
were fitted for the calculation of parameters D and K. In the 
second step, the curve was fitted for f and D* over all b-values 
by using Eq. [1], while keeping D and K constant. We also 
calculated the conventional ADC using two b-values (0 and 
1000). The following equation was used for the ADC 
calculation:

(Signal intensity of b = 1000) /  
(Signal intensity of b = 0) = exp(−1000*ADC)

ROI delineation and parameter calculations
Each tumor was delineated with a polygonal ROI on b0 images 
of the DWI in the analysis by a board-certified neuroradiolo-
gist with 19 years of experience. T1WI and T2WI were used as 
reference images for the delineation. Each b-value imaging 
datum, especially high b-value images, was also used to help 
detect the tumor’s solid component with reference to the ROI 
delineation. In addition, strong high-signal areas on the EPI-b0 
image and T2WI which suggested necrosis or cyst formation 
were excluded from the ROI. The tumor ROI was then copied 
in the EPI images of the DWI for each b-value (Fig. 1). If the 
tumor extended into two or more slices, the slice with the 
largest depiction of the tumor was used for the parameter cal-
culation. The DWI model parameter calculation was per-
formed by the ROI-based approach for the analysis because 
the calculation process can be performed with a high signal-
to-noise ratio (SNR)12. In the ROI-based approach, the IVIM 
parameter and the ADC calculations were performed as fol-
lows: 1) the mean value of each ROI in the multi b-value EPI 
was defined as the image signal intensity for each b-value, and 
2) by using the mean signal intensity in the ROI for each 
b-value, the IVIM parameters were calculated using the two-
step fitting as described above, and the ADC value was also 
calculated by simple linear fitting. In addition, to assess the 
goodness of fit in the IVIM/DKI model fitting, we calculated 
the coefficient of determination (R2 value; R2  =  1 − ESS/TSS, 
where ESS is the sum of the squared errors between the data 
points and the IVIM/DKI model fitting curve, and TSS is the 
sum of the squared differences between the data points and 
the mean value of all data points) in each tumor.

Statistical analysis
In a univariate analysis, we used the univariate logistic 
regression analyses to compare the pretreatment T-stage 
(T1–2 vs. T3–4), N-stage (N0–1 vs. N2–3), primary site 
(nasal or sinonasal vs. pharynx), presence/absence of local 
control, and the five diffusion parameters (ADC, f, D*, D  
and K) between the patients with future distant metastasis 
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and those without it. If a statistical significance was obtained 
for more than two parameters among all parameters, these 
parameters were further analyzed by multivariate logistic 
regression models to determine whether they had inde-
pendent predictive value with odds ratios and corresponding 
95% confidence intervals. The detected predictive values 
were also assessed using receiver operating characteristic 
(ROC) curves constructed for calculating the area under the 
curve (AUC). We determined the sensitivity, specificity, pos-
itive predictive value, negative predictive value and diag-
nostic accuracy by using the highest Youden index (Sensitivity 
+ Specificity − 1). P-values < 0.05 were considered signifi-
cant. SPSS software (IBM, Armonk, NY, USA) was used for 
all analyses.

Results
Among the 49 patients, ten metastatic lesions in eight patients 
were discovered during the follow-up period. The site of the 
metastasis was lung in seven patients, bone in one patient, 
kidney in one patient and liver in one patient. The distant 
metastasis of a kidney lesion in one patient was confirmed by 
histological resection, and the other distant metastases were 
all confirmed by clinical follow-up by CT and PET/CT (mean 
26 mos; range 12–52 mos).

We successfully obtained DWI parameters for the pre-
treatment primary tumor in all 49 patients. The patients’ 
characteristics, the details of the IVIM-DKI parameters and 
the ADC of the patients with distant metastasis and those 
without are presented in Table 2. The univariate logistic 

regression analyses revealed statistical significance in both 
the D and K values between the patients with distant metas-
tasis and those without. From the ROC curve analysis, we 
calculated the AUC, sensitivity, specificity, positive predic-
tive value, negative predictive value, accuracy and cut-off 
value (Table 3). Notably, the negative predictive value of D 
was the highest (=0.94).

The multivariate logistic regression analyses revealed that 
the D value was an independent predictor of distant metastasis 
(P = 0.009). The odds ratio was determined 2.28 with the 
range of 95% confidence intervals of 0.01–9.78. In contrast, 
the K value was revealed it was not significant parameter as a 
predictor of the distant metastasis (P = 0.39). The odds ratio of 
K was 0.06 with the range of 95% confidence intervals of 
0.0001–24.5. The results of the univariate and multivariate 
logistic regression analyses are summarized in Table 4.

In the fitting of each tumor ROI, the coefficient of deter-
mination (R2 value) was 0.96 ± 0.03. Figure 2 presents a case 
example of a directly obtained DWI signal intensity plot and 
the fitting curve.

Discussion
Our present findings demonstrated a significant difference in 
the slow diffusion coefficient D and the kurtosis value  
K obtained by the hybrid IVIM-DKI diffusion model between 
patients who are predicted to develop distant metastasis and 
those who are not predicted to develop metastasis. Several 
studies have described indicators that have a relationship to 
future distant metastasis,5–11 but the indicators differed among 

Fig. 1  Tumor ROI delineation. Each primary tumor was outlined by a polygonal ROI on b0 images of diffusion weighted image (DWI) 
(a, arrow). T2-weighted images (T2WI) (b) were used as reference images for the ROI delineation. The tumor ROI was then copied on the 
echo-planar imaging (EPI) of the respective b-values (c, arrows).

a b

c
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Table 2.  Patient characteristics and parameters of the patients with and without predicted distant metastasis

Presence of future distant metastasis

metastasis (+) metastasis (–)

Patients’ characteristics  
(no. of patients)

T-stage
T1 or 2 0 6

T3 or 4 8 35

N-stage
N0 or 1 4 32

N2 or 3 4 9

Location
nasal/sinonasal 3 26

pharynx 5 15

Local control/
failure

local control 4 32

local failure 4 8

IVIM-DKI parameter 
(parameter value)

f (% ×102) 0.11 ± 0.02 0.12 ± 0.05

D* (mm2/s) 17.7 ± 5.6 20.7 ± 8.9

D (mm2/s) 0.82 ± 0.08 0.96 ± 0.12

K 0.91 ± 0.08 0.82 ± 0.1

ADC (parameter value) ADC (mm2/s) 0.97 ± 0.09 1.07 ± 0.13

The data of intravoxel incoherent motion (IVIM)-diffusion kurtosis imaging (DKI)  parameters and the ADC are mean ±  
standard deviation (SD). D, true diffusion coefficient (×10−3 mm2/s); f, perfusion fraction (×102%); D*, fast diffusion 
coefficient (×10−3 mm2/s); K, kurtosis value (dimensionless); ADC, apparent diffusion coefficient (×10−3 mm2/s).

Table 3.  ROC analysis results

Parameter AUC Sensitivity Specificity PPV NPV Accuracy Cut-off value

D 0.808 0.78 0.76 0.41 0.94 0.76 0.85

K 0.767 0.75 0.68 0.31 0.93 0.69 0.88

AUC, area under curve; PPV, positive predictive value; NPV, negative predictive value; D, true diffusion coefficient 
(×10−3 mm2/s); K, kurtosis value (dimensionless).

these reports, and several factors that were revealed by one 
study were not confirmed as a predictor in another study.  
The patient characteristics and treatment details of the prior 
studies may have affected the results, and the true predictors 
have remained unclear. Notably, no quantitative noninvasive 
imaging parameter has been reported as a predictor of future 
distant metastasis in HNSCC patients. The present study’s 
results indicate that parameters obtained by the advanced dif-
fusion model of IVIM-DKI can be used as a diagnostic tool 
for the detection of high-risk patients who may suffer from 
future distant metastasis. The prediction of a tendency to 
develop distant metastases will also be useful information for 
the determination of the interval of clinical routine examina-
tions. Adjustments of follow-up strategies by using diffusion 
parameters can influence the patients’ quality of life and 
reduce healthcare costs.

In the current study, multivariate analysis revealed that the 
D value was an independent predictor for the future develop-
ment of distant metastasis. In regard to the tumor microstruc-
tural information such as histological features, in general, 
histological poorly differentiated SCCs tend to grow rapidly, 
and the prevalence rate of distant metastasis among these 
SCCs was rather higher than that of well-differentiated 
cases.8,11 Information obtained by DWI is generally said to 

Table 4.  Univariate and multivariate analysis results

Univariate analysis

Odds ratio P-value

T-stage 0.19 (0.009, 19.41) 0.071

N-stage 2.28 (0.01, 9.78) 0.11

Location of primary site 3.56 (0.73, 17.11) 0.18

Local control/failue 3.55 (0.73, 17.1) 0.11

f 0.21 (0.08, 0.69) 0.51

D* 0.94 (0.84, 1.05) 0.35

D 6.13 (3.24, 24.52) 0.0015*

K 4.31 (3.2, 19.45) 0.028*

ADC 3.82 (1.51, 17.85) 0.061

Multivariate analysis

Odds ratio P-value

D 2.28 (0.01, 9.78) 0.009*

K 0.06 (0.0001, 24.5) 0.39

The odds ratio data in parentheses are 95% confidence intervals.  
P value with * mean statistical significance. D, true diffusion  
coefficient (×10−3 mm2/s); f, perfusion fraction (×102%); D*, fast  
diffusion coefficient (×10−3 mm2/s); K, kurtosis value (dimension-
less); ADC, apparent diffusion coefficient (×10−3 mm2/s).
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reflect the tissue microstructural information indirectly by 
depicting the degree of water diffusivity in the tumor tissue. 
Yun et al. reported that the ADC is correlated with the histo-
logical differentiation in HNSCCs.23 In another report, the 
ADC had a significant correlation with the tumor cell den-
sity.24 These reports indicate that the ADC can reflect a certain 
degree of microstructural characteristics in tumor tissue. In 
addition, the D value obtained by the IVIM model was consid-
ered more sensitive to the tissue diffusion because the IVIM 
model divided the fast and slow diffusion components, since 
pure slow diffusion can be measured by excluding the fast dif-
fusion (perfusion-related diffusion) signal. Therefore, the D 
value might reflect the tissue characteristics more than the 
ADC. The D value may be related to the tumor microstructural 
information such as the tumor’s histological differentiation, 
and thus this parameter might be related to the occurrence rate 
of future distant metastasis. However, we did not determine 
the correlation between histological differentiation and diffu-
sion parameters in the current study. The histological diag-
noses were obtained by biopsy tissue for all patients, and the 
diagnosis of several patients was made using a very small 
tumor fragment; we suspect that such small tumor tissue did 
not necessarily reflect the entire tumor’s differentiation 
because of intratumoral heterogeneity. To clarify this issue, 
future studies are needed to compare diffusion parameters and 
the tumor histological differentiation diagnosed from a suffi-
cient volume of tumor tissue (e.g., by surgical total or subtotal 
resection).

Our present study’s univariate analysis also revealed 
that the K value was significantly higher in the patients 
who were predicted to develop distant metastasis, although 
it was not significant in the multivariate analysis. It is still 
unclear what tumor tissue characteristic is reflected by this 
value. Other research groups have speculated that this 
value might reflect aspects of tissue complexity such as 
cell shape and size, the balance of extracellular extravas-
cular space and cellular space, and other tissue structural 
information.19,21 Although the relationships among such 

Fig. 2  Hybrid intravoxel incoherent motion (IVIM)-diffusion 
kurtosis imaging (DKI) model fitting curves with  diffusion-weighted 
image (DWI)-signal plots. Representative fitting curves of the IVIM-
DKI hybrid model to all b-value signal data was presented.

information and the prevalence of future distant metas-
tasis remains unclear, the K value may reflect the micro-
structural complexity and its information that are indirectly 
related to the tumor aggressiveness or the tendency of 
tumor spread from the primary site and the rate of the 
occurrence of future distant metastasis.

Our study has several limitations. First, it was a retro-
spective study, and thus a fixed b-value was used only for 
the diffusion signal analysis. The appropriate arrangement 
of b-values for the short scanning time with the sufficient 
reliability was unclear. In addition, diffusion model param-
eters can vary if a different arrangement of b-values is used. 
We used a fixed b-value, however, diffusion parameters 
examined using other b-value arrangements may have 
higher predictive power for future distant metastasis. To 
address these limitations, further analyses are needed. 
Second, we did not assess the reproducibility when we per-
formed the calculations with the advance diffusion model. 
The scan-rescan variability can change the diagnostic 
power of diffusion parameters, and thus further analyses are 
needed for this issue too. Third, the number of patients was 
small. There were only eight patients with future distant 
metastasis, because the frequency of distant metastasis in 
HNSCC patients is not necessarily high. A detailed sub-
group analysis with large number of patients is needed for 
the determination of D and K values as predictors for the 
future distant metastasis, dividing the patients into groups 
based on the primary lesion, the metastasis site, the TNM 
stage and the presence of local control. In addition, the 
diagnostic power of diffusion parameters as a general prog-
nostic factor should be determined by comparing the overall 
survival rate, and also the degree of relation to the respec-
tive sub-categorized prognosis-related factors such as the 
presence of local control, future distant metastasis, and 
other factors that may affect the overall survival rate, in 
analyses of larger numbers of patients. In such analyses, the 
follow-up period should be longer (e.g., ≥2 years after the 
treatment), especially when the prediction of future distant 
metastasis is being assessed.

Conclusion
The D and the K values obtained using IVIM-DKI model can 
be one of the diagnostic tools used for the prediction of future 
distant metastasis in HNSCC patients. By using this tech-
nique, the follow-up strategy can be modified based on the 
individual patient’s diffusion parameter values obtained 
using the hybrid IVIM-DKI model.
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