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Abstract
Purpose  To investigate the predictive power of mono-exponential, bi-exponential, and stretched exponential signal models 
of intravoxel incoherent motion (IVIM) in prognosis and survival risk of laryngeal and hypopharyngeal squamous cell car-
cinoma (LHSCC) patients after chemoradiotherapy.
Materials and methods  Forty-five patients with laryngeal or hypopharyngeal squamous cell carcinoma were retrospectively 
enrolled. All patients had undergone pretreatment IVIM examination, subsequently, mean apparent diffusion coefficient 
(ADCmean), maximum ADC (ADCmax), minimum ADC (ADCmin) and ADCrange (ADCmax − ADCmean) by mono-
exponential model, true diffusion coefficient (D), pseudo diffusion coefficient (D*), perfusion fraction (f) by bi-exponential 
model, distributed diffusion coefficient (DDC), and diffusion heterogeneity index (α) by stretched exponential model were 
measured. Survival data were collected for 5 years.
Results  Thirty-one cases were in the treatment failure group and fourteen cases were in the local control group. Signifi-
cantly lower ADCmean, ADCmax, ADCmin, D, f, and higher D* values were observed in the treatment failure group than 
in the local control group (p < 0.05). D* had the greatest AUC of 0.802, with sensitivity and specificity of 77.4 and 85.7% 
when D* was 38.85 × 10–3 mm2/s. Kaplan–Meier survival analysis showed that the curves of N stage, ADCmean, ADC-
max, ADCmin, D, D*, f, DDC, and α values were significant. Multivariate Cox regression analysis showed ADCmean and 
D* were independently correlated with progression-free survival (PFS) (hazard ratio [HR] = 0.125, p = 0.001; HR = 1.008, 
p = 0.002, respectively).
Conclusion  The pretreatment parameters of mono-exponential and bi-exponential models were significantly correlated with 
prognosis of LHSCC, ADCmean and D* values were independent factors for survival risk prediction.
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ROI	� Region of interest
ROC	� Receiver operating characteristic
AUC​	� Area under the curve
PFS	� Progression-free survival
CI	� Confidence interval
HR	� Hazard ratio

Introduction

Laryngeal and hypopharyngeal cancers are common head 
and neck tumors, and squamous cell carcinoma is by far 
the most common type with a dominant proportion of 
nearly 95%. According to National Cancer Institute (NIH) 
statistics, oral cavity and pharynx cancer account for 2.8% 
of all new cancer cases and 1.8% of all cancer deaths, 
while laryngeal cancer accounts for 0.7 and 0.6%, respec-
tively. Overall, the 5-year relative survival rate for cancers 
of the oral cavity, pharynx, and larynx is approximately 
60–66% [1]. Currently, owing to the high response rate of 
radiotherapy and chemotherapy, these two methods are 
recommended as first-line treatments to preserve organ 
function [2]. However, not all patients can benefit from 
chemoradiotherapy (CRT). Patients with the same clinical 
staging could have completely different responses to CRT 
due to heterogeneity in tumor biology. A number of stud-
ies have suggested that for patients who are recommended 
CRT based on current clinical staging-oriented guidelines 
but have a poor response to CRT, surgery may be a better 
choice, especially for those with locally advanced cancer 
[3, 4]. One study showed that for T4N0-N3 tumors, total 
laryngectomy demonstrated an enhanced overall survival 
(hazard ratio [HR] = 0.80) compared to CRT [5]. There-
fore, early identification of patients with unfavorable 
responses and poor survival may provide an opportunity 
to tailor individualized treatment strategies accordingly, 
thus further improving overall survival [6].

With superb soft tissue resolution, no radiation, and 
multiple morphological and functional sequences, mag-
netic resonance imaging (MRI) has been widely used 
for the detection and diagnosis, TNM staging, treat-
ment response evaluation, and prognosis prediction of 
laryngeal and hypopharyngeal squamous cell carcinoma 
(LHSCC) [7, 8]. Intravoxel incoherent motion diffusion 
weighted imaging (IVIM-DWI) is an emerging functional 
MR technique developed to visualize and quantify micro-
scopic motions of water including molecular diffusion and 
microcirculation of blood in the capillary network, which 
integrates the effects of both diffusion and perfusion [9, 
10]. This makes it a potentially promising tool to visualize 

the tumor vasculature and oxygenation status in patients 
with head and neck squamous cell carcinoma (HNSCC), 
which is essential for predicting chemoradiotherapy resist-
ance [11]. This potential that decreased perfusion levels 
are associated with a higher treatment failure rate has been 
demonstrated in several previous studies [12–14], which 
may be attributed to the decreased reactivity of tumors to 
radiation induced free radical damage [15, 16].

The IVIM exponential model assumes the collective 
motion of blood water molecules in the network, flow-
ing from one randomly-oriented capillary segment to 
the next (at the voxel level) during the diffusion encod-
ing time, mimicking a collective random walk (“pseudo-
diffusion”) [10]. The mono-exponential model is used to 
calculate the apparent diffusion coefficient (ADC) values 
from diffusion weighted imaging, and the bi-exponential 
model is used to calculate the true diffusion coefficient 
(D), pseudo diffusion coefficient (D*), perfusion frac-
tion (f) values, and stretched exponential model for the 
distributed diffusion coefficient (DDC) and diffusion het-
erogeneity index (α) values. The measurement of ADC 
values can be affected by multiple factors, among which 
tissue perfusion and extracellular water molecular move-
ment are the most important. The bi-exponential model 
idealizes the irregular motion in the human body into 
perfusion-related fast dispersion and slow dispersion of 
water molecular motion. The stretched exponential model 
is a new method to fit the apparent diffusion attenuation 
characteristics that reflect a continuous distribution [17]. 
To date, studies have confirmed that the high ADC values 
measured before treatment of HNSCC indicate the pos-
sibility of micronecrosis in the tumor area, and could be 
used as an indicator to predict the short-term efficacy and 
long-term survival of concurrent chemoradiotherapy for 
HNSCC [18]. To our knowledge, previous studies have 
focused on investigating parameters derived from IVIM 
using one of the aforementioned models [19–21] or on 
the association between the parameters of one model and 
treatment response to chemoradiotherapy [22–24]. Some 
studies have shown that the IVIM bi-exponential model or 
combined ADC and bi-exponential model parameters are 
better than or at least not inferior to ADC alone in predict-
ing the treatment response and differential diagnosis of 
lymph node metastasis in HNSCC [14, 21, 22]. However, 
few studies have investigated the value of the three IVIM 
models in predicting long-term outcomes of laryngeal and 
hypopharyngeal carcinomas. A study of uterine cervical 
carcinoma showed that SCC had lower ADC, D, f, and 
DDC values and higher D* value than adenocarcinoma; 
the poorly differentiated group of SCC had lower D and 
DDC values, and adenocarcinoma had lower ADC and D 
values than the well-moderately differentiated group [25].
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Hence, the aim of this study was to compare the value of 
multi-parameters derived from IVIM mono-exponential, bi-
exponential, and stretched exponential signal models in pre-
dicting long-term outcomes of patients with laryngeal and 
hypopharyngeal carcinoma after chemoradiotherapy.

Materials and methods

Patients

This retrospective study was approved by the local institu-
tional review board (Cancer Hospital, Chinese Academy 
of Medical Sciences/National GCP Center for Anticancer 
Drugs, The Independent Ethics Committee, No.: NCC2017 
G-045), and informed consent was obtained from all the 
enrolled patients. The inclusion criteria were as follows: 
1) patients who had undergone baseline MRI including 
IVIM examination, before any anti-tumor treatment within 
2 weeks; 2) laryngoscopy revealed a mass in the larynx or 
hypopharynx and biopsy confirmed the histology of squa-
mous cell carcinoma; 3) clinical workup confirmed the 
absence of distant metastasis; 4) each patient had received 
standard chemoradiotherapy after MRI examination. We 
excluded those patients: 1) in whom IVIM images were 
degraded by severe swallowing artifacts; 2) whose tumor 
was too small (size less than 1 cm); 3) who had received 
previous anti-tumor treatment of any kind, or surgery 
after MRI examination. All patients received concur-
rent chemoradiotherapy comprising intensity modulated 
radiotherapy (IMRT) + concurrent chemotherapy + tumor 
radiosensitizer sodium glycididazole (CMNa). Radi-
cal radiation therapy was performed with 6 MVX linear 
accelerators, 2 Gy per day, five times per week, for a total 
of 33 irradiations. Concurrent chemotherapy drugs were 
paclitaxel + liposome 270 mg (IV drip day 1) and cisplatin 
40 mg (IV drip days, 2–4), starting from the first day of 
radiotherapy. Each cycle lasted for 21 days. Based on the 
inclusion and exclusion criteria, 50 patients were enrolled 
in this study between December 2014 and March 2016.

Primary endpoint

All enrolled patients were followed up after the completion 
of standard treatment every 3 months in the first 2 years 
and every 6 months in the third to fifth years by at least 
one of the following examination methods: MRI, CT, 
ultrasound examination, laryngoscopy, and biopsy at our 
hospital or other medical institutions. Among them, 34 
patients were followed up at our hospital to obtain defini-
tive imaging examination results and prognosis conditions, 
while 11 patients that could not visit the hospital in-person 

were followed up over the telephone to obtain information 
regarding the development of any new complications or 
adverse events. The primary endpoints were treatment fail-
ure and local control over 5 years. “Treatment failure” was 
defined as tumor progression, tumor recurrence, distant 
metastasis identified using follow-up imaging methods, 
and tumor-related death information obtained from tel-
ephone inquiries. In contrast, “local control” was defined 
as absence of tumor relapse, metastasis, or tumor-related 
death. The time from treatment initiation at our hospital to 
the endpoint of the study was regarded as progression-free 
survival (PFS).

MR Imaging protocol

All patients underwent 3.0  T MRI (GE Discovery MR 
750, US) using an 8-channel phased array head and neck 
combined coil. The routine clinical MR protocol included 
conventional fast spin echo T1-weighted imaging with fat 
suppression (repetition time/echo time, TR/TE = 660/9.3 ms) 
before and after administration of gadodiamide con-
trast agent (Gd-DTPA-BMA, 0.2 ml/kg, GE Healthcare, 
Ireland), and fast spin echo T2-weighted imaging with 
fat suppression (TR/TE = 5760/88.3  ms), field of view 
(FOV) = 260 mm × 260 mm, slice thickness of 4 mm, and 
slice spacing of 0.4 mm.

IVIM sequence scanning was performed using echo pla-
nar imaging (EPI) sequence with 12 b values (0, 10, 20, 
30, 50, 70, 100, 150, 200, 400, 800, and 1000 s/mm2). The 
number of collections (NEX) was set to 2 when the b value 
was between 0 and 200 s/mm2 and 3 when the b value was 
between 400 and 1000 s/mm2 (TR/TE = 250/79 ms). The 
remaining parameters were as follows: bandwidth = 250 kHz, 
FOV = 260 mm × 260 mm, matrix = 160 × 160, slice thick-
ness = 5 mm, and slice spacing of 1 mm.

To reduce artifacts, patients received oral codeine 20 min 
prior to examination. To enhance the stability of the signal-
to-noise ratio (SNR), the signal from each voxel within the 
region of interest (ROI) was integrated to obtain the total 
signal intensity distribution. The mean signal intensity for 
each b value was derived. On the GE AW 4.6 post-process-
ing workstation, the Functool software was used to draw 
the ROI on DWI images with b value of 800 s/mm2 by Ya 
Zhang (a radiologist with 5 years’ experience specializing in 
head and neck imaging) referring to the axial T1-weighted 
contrast enhanced images, which were then reviewed by a 
senior radiologist (Dehong Luo with more than 30 years’ 
experience), with any disagreement resolved through discus-
sion. A fixed circular ROI with an area of 25–50 mm2 was 
placed on the slice of the largest area of solid tumor tissue. 
In reference to T1-weighted, T2-weighted and T1-weighted 
contrast-enhanced imaging, cystic changes, necrotic areas, 
and hemorrhage were avoided. Measurements for each lesion 
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were repeated for three times to obtain the average value. 
The model calculation was derived from D Le Bihan’s study 
[9]. Mono-exponential model was selected to generate ADC 
mean, maximum, minimum and range (maximum- mini-
mum) values (ADCmean, ADCmax, ADCmin, ADCrange), 
while the bi-exponential model was selected to generate D, 
D*, and f values. In addition, stretched exponential model 
was used to generate DDC and α values.

(1)
S

S
0

= exp (−b∗ADC)

(2)
Sb

S
0

= (1 − f ) exp (−bD) + f exp [−b (D ∗ +D)]

(3)
Sb

S
0

= exp {−(b × DDC)�}

Formula (1) is a mono-exponential model, (2) is a bi-
exponential model, and (3) is a stretched exponential model. 
Where Sb and S

0
 are the signal intensity at the b-value of 

0–1000 and 0 s/mm2. Sb = S
0
× exp−bD is used to calculate 

D value, due to the hypothesis that for b values > 200 s/mm2, 
D* is obviously greater than D so that the effect on signal 
attenuation is negligible.

Statistical analysis

All data were statistically analyzed using SPSS 21.0 soft-
ware (IBM, USA). The measured results were represented 
as the mean ± standard deviation. Chi-square test was used 
for categorical variables and rank sum test was used for 
grade data. Continuous data were tested by independent 
sample Student’s t-test or Mann–Whitney U test. Receiver 
operating characteristic (ROC) curve analysis was per-
formed for all continuous variables and the area under the 
curve (AUC) was calculated. Kaplan–Meier survival curve 

Table 1   Patient characteristics 
and IVIM parameters of 
treatment failure and local 
control groups

* Smoking index = number of cigarettes smoked per day × number of years of smoking. The bold values of 
p-value indicate that the p-value of this parameter was less than 0.05.
UICC union for international cancer control, PFS progression-free survival; ADC apparent diffusion coef-
ficient map, D true diffusion coefficient, D*, pseudo diffusion coefficient, f perfusion fraction, DDC distrib-
uted diffusion coefficient, α diffusion heterogeneity index

Characteristic Treatment 
failure group 
(n = 31)

Local control group (n = 14) p-value

Age 57.10 ± 9.92 57.43 ± 8.80 0.915
Tumor site Hypopharynx 26 (83.90%) 10 (71.40%) 0.334

Larynx 5 (16.10%) 4 (28.60%)
Smoking index* 676.61 ± 484.70 583.21 ± 268.37 0.496
T stage 1 2 (6.45%) 2 (14.29%) 0.307

2 6 (19.35%) 3 (21.43%)
3 7 (22.58%) 4 (28.57%)
4 16 (51.61%) 5 (35.71%)

N stage 0 4 (12.90%) 6 (42.86%) 0.012
1 3 (9.68%) 3 (21.43%)
2 19 (61.29%) 4 (28.57%)
3 5 (16.13%) 1 (7.14%)

UICC stage I 1 (3.23%) 1 (7.14%) 0.239
III 3 (9.68%) 4 (28.57%)
IVA 16 (51.61%) 5 (35.71%)
IVB 11 (35.48%) 4 (28.57%)

PFS 13.97 ± 12.31 60.00 ± 0.00 0.000
Mono-exponential
model

ADCmean (10−3mm2/s) 1.00 ± 0.33 1.31 ± 0.26 0.005
ADCmax (10−3mm2/s) 1.51 ± 0.54 1.91 ± 0.33 0.016
ADCmin (10−3mm2/s) 0.60 ± 0.33 0.81 ± 0.25 0.036
ADCrange (10−3mm2/s) 1.28 ± 0.46 1.31 ± 0.43 0.854

Bi-exponential
model

D (10−3mm2/s) 0.92 ± 0.45 1.17 ± 0.32 0.009
D* (10−3mm2/s) 88.86 ± 66.48 33.27 ± 52.10 0.001
f (%) 28 ± 17 45 ± 20 0.01

Stretched exponential
model

DDC (10−3mm2/s) 0.24 ± 3.97 0.42 ± 2.18 0.333
α 0.59 ± 0.16 0.89 ± 0.74 0.061
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univariate analysis was performed to determine the pre-
dictors of PFS. The parameters with p < 0.1 were selected 
into the multivariate Cox regression model, and progres-
sive forward selection was used to determine independent 
predictors. p < 0.05 (double-tailed) was considered statisti-
cally significant.

Results

Patient population characteristics

During the 5 years of follow-up, 4 cases were withdrawn, 
and 1 case of cholangiocarcinoma occurred; therefore, 45 
patients were finally analyzed. The clinical characteristics 
of the enrolled patients (median age, 58 [35–79] years) are 
summarized in Table 1. There were 9 cases of laryngeal 
carcinoma (supraglottic region, n = 5; glottic region, n = 4) 
and 36 cases of hypopharyngeal carcinoma (pyriform fossa, 
n = 26; posterior pharyngeal wall, n = 8; postcricoid area, 
n = 2). Thirty-one cases were assigned to the “treatment 
failure group” because of local recurrence and progression 
(n = 22) and metastasis (n = 9), of which 29 cases had tumor-
related death. Fourteen cases were assigned in the “local 
control group” (Table 1). There was no significant differ-
ence in clinical data, including age, tumor location, smoking 

index, T stage and tumor stage between the two groups, 
while the N stage was significantly different (p = 0.012).

Analysis of IVIM parameters

The detailed parameters including ADCmean, ADCmax, 
ADCmin, ADCrange, and D, D*, f, DDC, and α values from 
the primary tumors of the two groups are summarized in 
Table 1. The treatment failure group showed significantly 
lower pretreatment ADCmean value (1.00 ± 0.33 × 10–3 
mm2/s vs 1.31 ± 0.26 × 10–3 mm2/s, p = 0.005), and lower 
ADCmax (1.51 ± 0.54 × 10−3 mm2/s vs 1.91 ± 0.33 × 10−3 
mm2/s, p = 0.016), and lower ADCmin (0.60 ± 0.33 × 10–3 
mm2/s vs 0.81 ± 0.25 × 10–3 mm2/s, p = 0.036), compared 
to local control group; however, ADCrange did not sig-
nificantly differ between the two groups. The pretreat-
ment D value was 0.92 ± 0.45 × 10−3 mm2/s, D* value was 
88.86 ± 66.48 × 10−3 mm2/s, and f value was 28 ± 17% in 
the treatment failure group. In the local control group, 
D value was 1.17 ± 0.32 × 10−3 mm2/s, D* value was 
33.27 ± 52.10 × 10−3 mm2/s, and f value was 45 ± 20%. The 
pretreatment D and f values in the treatment failure group 
were lower than those in the local control group, and D* 
value was significantly higher than that in the local control 

Fig. 1   A 57-year-old man with hypopharyngeal squamous cell 
carcinoma is presented. Over 14  months of follow-up, the patient 
developed lymph node metastasis. Axial contrast-enhanced 
T1-weighted image (a) shows an obviously enhanced primary tumor 
at left piriform fossa and nodal mass at levels II and III of neck. b 
IVIM image (b = 800  s/mm2 level) shows the mass was hyperin-
tense (white arrow). The three circles presented in the mass are 
the regions of interest (ROIs) sketched artificially in the typical 

area of the largest level of the mass, and are applied to each func-
tional map. Apparent diffusion coefficient map (ADC) c, ADC-
mean = 0.58 × 10−3mm2/s, ADCmax = 0.831 × 10−3mm2/s, ADC-
min = 0.12 × 10−3mm2/s, ADCrange = 1.218 × 10−3mm2/s; true 
diffusion coefficient (D = 0.673 × 10−3mm2/s) d, pseudo diffusion 
coefficient (D* = 67.5 × 10−3mm2/s) e, perfusion fraction (f = 26.6%) 
f, distributed diffusion coefficient (DDC = 0.513 × 10−3mm2/s) g and 
diffusion heterogeneity index (α = 0.729) h maps are shown.
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group (p < 0.05). Two representative cases with different 
survival outcome were shown in Figs. 1, 2.

For predicting long-term prognosis, the AUC of ADC-
mean, ADCmax, ADCmin and ADCrange were 0.774, 
0.741, 0.697 and 0.53, respectively. When the ADCmean 
was set as 1.15 × 10–3 mm2/s, sensitivity and specific-
ity of 74.2 and 71.4% were obtained for predicting the 

local long-term prognosis. Similarly, ADCmax was set at 
1.74 × 10–3 mm2/s with the sensitivity and specificity of 
74.2% and 71.4%, respectively. Furthermore, ROC analysis 
showed that D, D*, and f values had significant performance 
with AUCs of 0.747, 0.802, and 0.741, respectively, whereas 
DDC and α values had fairly inferior performance with 
AUC of less than 0.7 (p > 0.05). D* value had the greatest 

Fig. 2   A 66-year-old man with hypopharyngeal squamous cell car-
cinoma is presented. Over 60  months of follow-up, no disease pro-
gression occurred. Axial contrast-enhanced T1-weighted image 
(a) shows a moderate enhanced primary tumor at posterior phar-
yngeal wall. IVIM image (b = 800  s/mm2 level) shows the mass 
has a slightly hyperintense signal (white arrow) (b). The three cir-
cles presented in the mass are the ROIs sketched artificially in the 

typical area of the largest level of the mass, and are applied to each 
functional map. ADC map (c), ADCmean = 0.936 × 10−3mm2/s, 
ADCmax = 0.1.41 × 10−3mm2/s, ADCmin = 0.695 × 10−3mm2/s, 
ADCrange = 0.845 × 10−3mm2/s; D = 1.01 × 10−3mm2/s (d), 
D* = 29.6 × 10−3mm2/s (e), f = 48.3% (f), DDC = 0.619 × 10−3mm2/s 
(g) and α = 0.751 (h) maps are shown.

Table 2   ROC diagnostic 
efficiency of IVIM parameters

ROC analysis was performed for IVIM parameters to obtain the AUC, p value, and cut-off value, as well as 
the sensitivity and specificity calculated according to the cut-off value. The bold values of p value indicate 
that the p value of this parameter was less than 0.05
ADC apparent diffusion coefficient map, D true diffusion coefficient, D*, pseudo diffusion coefficient, f 
perfusion fraction, DDC distributed diffusion coefficient, α diffusion heterogeneity index, ROC receiver 
operating characteristic, AUC​ area under the curve

Parameter AUC​ p value Cut-off Sensitivity (%) Specificity (%)

ADCmean (10−3mm2/s) 0.774 0.004 1.15 74.2 71.4
ADCmax (10−3mm2/s) 0.741 0.01 1.74 74.2 71.4
ADCmin (10−3mm2/s) 0.697 0.036 0.67 67.7 64.3
ADCrange (10−3mm2/s) 0.530 0.75 1.16 48.4 64.3
D (10−3mm2/s) 0.747 0.009 0.90 67.7 85.7
D* (10−3mm2/s) 0.802 0.001 38.85 77.4 85.7
f (%) 0.741 0.01 42 80.6 64.3
DDC (10−3mm2/s) 0.591 0.333 1.11 87.1 42.9
α 0.676 0.061 0.69 74.2 64.3
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diagnostic efficacy among these parameters, with the sensi-
tivity and specificity of 77.4 and 85.7% when the threshold 
of D* was set at 38.85 × 10–3 mm2/s (Table 2, Fig. 3).

The Kaplan–Meier survival curve showed no signifi-
cant difference in T stage (T1 + T2 vs T3 + T4, p = 0.472). 
However, there were significant differences in N stage 
(N0 vs N1-3, p = 0.032). The patients were divided into 
two groups based on the cut-off value determined by ROC 
analysis. Kaplan–Meier survival analysis showed that the 
two survivor curves based on the cut-off values of ADC-
mean, ADCmax, ADCmin and D, D*, f, DDC, and α val-
ues were found significantly different (all p < 0.05), except 
ADCrange (p = 0.126) (Table 3, Fig. 4). The meaningful 
parameters in the Kaplan–Meier survival analysis were 
integrated into the multivariate Cox regression analysis, 
and a stepwise forward analysis was adopted. Cox regres-
sion analysis showed that ADCmean (HR = 0.125, 95% CI 
0.037–0.428, p = 0.001) and D* values (HR = 1.008, 95% 
CI 1.003–1.013, p = 0.002) were independently correlated 
with PFS.

Discussion

Exploration of the relationship between long-term outcomes 
and parameters of IVIM mono-exponential, bi-exponential, 
and stretched exponential signal models is of great impor-
tance to improve the interpretation of functional MRI find-
ings and clarify the predictive value of IVIM in clinical 
response. In this study, we verified that pretreatment IVIM 
parameters were associated with long-term outcomes of 
patients with LHSCC treated with chemoradiotherapy.

In our study, we found that patients in the treatment fail-
ure group showed significantly lower ADCmean, ADCmax, 
ADCmin, D, f values, and higher D* values than those in the 

local control group. However, DDC and α values showed no 
significance among the two groups with different prognoses. 
ADCmean and D* values were significantly correlated with 
PFS. In addition, to our knowledge, this is the first study that 
showed that the predictive efficiency of IVIM parameters 
estimated by mono-exponential and bi-exponential models 
was better than that of the stretched exponential model in 
terms of long-term prognosis.

DWI and ADC values have gradually been applied in 
clinical practice. Their function in clinical diagnosis, dif-
ferential diagnosis, and short-term efficacy evaluation have 
been confirmed by many studies [23, 26–28]. The number 
of bi-exponential model studies has gradually increased, and 
needs to be further explored for clinical application. How-
ever, only a few studies have focused on stretched exponen-
tial model in prognosis, especially in HNSCC. Currently, 
whether IVIM is valuable in predicting tumor prognosis and 
survival risk of LHSCC patients is still controversial. Hauser 
et al. [29] found that the ADC values of the primary lesions 
showed significant differences in different outcomes among 
patients with laryngeal and hypopharyngeal cancers, and the 
baseline D value of patients with better outcomes showed 
a lower trend. This was partially consistent with the results 
of this study, the D* value was the better parameter with 
high sensitivity and specificity in our study. In a follow-
up study of patients with advanced HNSCC with positive 
lymph node, Simona Marzi et al. found that regional con-
trol patients had lower pretreatment D and ADC values, and 
higher ADC values particularly in lymph nodes than regional 
failure patients, which may reflect the presence of necrotic 
areas with lower tumor oxygenation. The baseline values of 
D*, f, and D* × f were lower in patients with regional control 
[22], which was inconsistent with our study. This could be 
explained by the fact that they covered the largest cross-sec-
tional area of the lesion; however, we only covered a typical 

Fig. 3   ROC curves of IVIM parameters, containing the ADC mean, max, min and range values (a), D, f, DDC, and α values (b), and D* value 
(c).
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area avoiding necrotic areas. In addition, they studied lymph 
nodes, but we focused on primary tumors. In our study, the 
Functool software was segmented by b value = 200 s/mm2 to 
appropriately fit estimated perfusion-related parameters (D 
and f). The f value reflects the magnitude of the low b com-
ponent, which is associated with perfusion, and is negatively 
correlated with the high b component, which is associated 
with diffusion. A study by Thomas Hauser et al. showed 
that the initial f value was significantly higher in patients 
with locoregional failure than locoregional control, and the 
initial D value did not differ significantly [23]. However, in 
our study, the initial f value was lower in the failure group 
than that in the local control group, which meant that the 
treatment failure group had lower perfusion and higher dif-
fusion, and D value was significant in the survival analysis. 

This is most likely due to the fact that our failure group 
comprised not only local recurrence, but also metastasis 
and death. Furthermore, follow-up intervals were different 
between the two studies. In addition, since the f value is 
related to the b value’s setting and calculation formula, the 
b values we used (0–1000 s/mm2) produce Gaussian and 
non-Gaussian effects, which may artificially exaggerate the 
value and efficiency of the parameters.

The studies of Kim and King et al. [28, 30] showed that 
the ADC value of DWI could predict the differentiation 
degree of malignant tumor cells, and the differentiation 
degree of tumor is positively correlated with ADC value. 
In meningiomas, high-grade patients had lower ADC, D, f, 
and DDC values than low-grade patients; additionally, D and 
DDC were more efficient than f in differentiation [31]. These 

Fig. 4   Kaplan–Meier survival analysis of clinical characteristics and 
IVIM parameters. a–b show the survivorship curve of T and N stage. 
C–f show survivorship curve of ADCmean, max, min, and range val-

ues; g–i show the survivorship curve of D, D*, f values; j–k show the 
survivorship curve of DDC and α values.
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results were similar to bladder cancer [32]. Meanwhile, 
Zhang et al. found that α showed the highest diagnostic 
accuracy in differentiating benign and malignant lesions of 
renal cell carcinoma with AUC of 0.923, but had no impact 
in discriminating subtypes or grades [33]. As confirmed, 
tumor differentiation is correlated with treatment response 
and prognosis, and poorly differentiated tumors are more 
resistant to treatment. Hence, on the basis of IVIM param-
eters, we may obtain some information about the degree of 
tumor differentiation before biopsy. In our study, the pre-
dicted values of the mono-exponential and bi-exponential 
models were better than those of the stretch model. This was 
inconsistent with results of a previous study on cervical car-
cinoma [34]. The study found that DDC was the most useful 
parameter with an AUC of 0.948 for predicting treatment 
response. The reasons may be that the biological behavior of 
different tumor sites, tumor stage, ROI delineation method, 
and determination of follow-up end point events were dif-
ferent. In fact, there are very few comparative studies of the 
three models worldwide, especially regarding the long-term 
prognosis of tumors. Therefore, more studies are needed to 
confirm this hypothesis.

There were some limitations in our study. First, this was 
a retrospective study with a relatively small sample size. 
Second, the data were imbalanced, with the majority of 
patients having advanced-stage malignancies. Third, there 
were problems of recall bias and loss of follow-up, which 
warrants a study with larger sample size and more balanced 
data. Finally, the study did not deeply explore intra-tumor 
heterogeneity, or the correlation with the in vivo IVIM mod-
els’ functional parameters. We explored IVIM parameters 
with b values of 0 to 1000 s/mm2. A non-Gaussian effect 
might appear from 800 or even 600 s/mm2 in many tissues, 
including DWI data at higher b values in the IVIM analy-
sis, which might lead to the exaggeration of f value, if not 
analyzed properly. Thus, the next step of our work is to use 
open-source tools such as “https://​github.​com/​slevy​roset​
ti/​ivim-​toolb​ox” to assess the differences in b values and 
model fitting [35].

Conclusion

The quantitative parameters of the IVIM mono-exponential 
and bi-exponential models can predict the long-term prog-
nosis of laryngeal and hypopharyngeal carcinomas after 
chemoradiotherapy, and are more efficient than the stretched 
exponential model. Pretreatment ADC, D, f, and D* values 
were significantly correlated with PFS, and pretreatment 
ADCmean and D* values were independent predictors of 
survival risk.
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