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a b s t r a c t
Purpose: To evaluate the value of pure molecular diffusion(D), perfusion-related diffusion (D*), perfusion fraction (f) and apparent diffusion coefﬁcient (ADC) based on intravoxel incoherent motion (IVIM)
theory for differential diagnosis of metastatic lymph nodes (LNs) in head and neck squamous cell carcinoma(HNSCC).
Materials and methods: 29 patients with HNSCC and 20 patients with lymph node hyperplasia (LNH) were
enrolled in this retrospective study, underwent magnetic resonance (MR) examination. IVIM Diffusionweighted imaging (IVIM-DWI) was performed with 13 b values. D, D*, f and ADC values were compared
between two groups. The diagnostic value of ADC, D, D* and D·D* value were evaluated by Receiver
operating characteristic (ROC) curve. Two radiologists measured D, D*, f and ADC values independently.
Results: 33 malignant LNs in HNSCC group and 22 benign LNs in LNH group (minimum diameter, ≥5 mm)
were successfully examined, ADC(P < 0.05), D (P < 0.01) and f (P < 0.01) were signiﬁcantly lower in malignant LNs than that in benign LNs, whereas D* was signiﬁcantly higher (P < 0.01). The area under the ROC
curve (AUC) for D·D* was 0.983 and was larger than that for D* (0.952), D (0.78) and ADC (0.67).
Conclusion: Our results indicate that IVIM DWI is feasible in the diagnosis of LN metastasis. D was signiﬁcantly decreased in malignant LNs reﬂected increased nuclear-to-cytoplasmic ratio tissue, and D*
was signiﬁcantly increased reﬂected increased blood vessel generation and parenchymal perfusion in
malignant LNs.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Squamous cell carcinoma (SCC) accounts for 5% of all malignant
tumors over the world [1]. It is the most common malignancy in
the head and neck region. A multitude of metastatic LNs is often
associated with a poor prognosis [2]. In some cases, the presence
of LNs metastasis can be found before a signiﬁcant clinical sign
of primary head and neck tumors was observed. The detection of
cervical node metastasis often helps for the preoperative determination of the necessary extent of neck dissection in patients with
HNSCC. For differentiating benign LNs from metastatic LNs, node
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biopsy is deﬁnitive, but this method is invasive and dependent
on experienced operator. In noninvasive imaging methods, computed tomography (CT) and MRI have been used for the detection.
However, these image methods can differentiate malignant LNs
from benign LNs accounting to the imaging features (the maximum
diameter was ≥10 mm, the minimum diameter was ≥6 mm, central necrosis, indistinct nodal margins) with nonspeciﬁc diagnostic
value [3].
Diffusion-weighted imaging (DWI) produces contrast due to differences in water diffusivity in distinct tissues. However, some
studies have examined that diffusion estimation can be substantially confounded by perfusion based on the incoherent motion of
blood in sufﬁciently random microvascular network at the macroscopic level. Increased perfusion and vascularisation of metastatic
cervical LNs in HNSCC compared to benign LNs have been reported
[4–6].
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Fig. 1. Box plots of a D*, b f, and c D comparing patients with malignant LNs and patients with benign LNs. The top and bottom of the boxes indicate the ﬁrst and third
quartiles, respectively. The length of box represents the interquartile range, within which 50% of the values were located. The solid line within each box is the median. The
error bars show the minimum and maximum values (range), with outliers indicated as dots.

The intravoxel incoherent motion (IVIM) model [7] was developed to permit the simultaneous quantiﬁcation of the signal
stemming from both diffusion component (diffusion coefﬁcient
D) and vascular component (perfusion parameter f, D*) noninvasively. This advanced imaging technique is based on DWI with
an increased number of b-values. By analyzing the multiple bvalue DWI data, a pronounced signal decay at low b-values can
be acquired in well perfused tissue [8]. By applying an inversion
recovery DWI sequence with blood suppression, previous studies
have conﬁrmed, that this non-monoexponential, pronounced signal decay at low b-values is caused by signal from the vascular
component due to a combination of blood ﬂow, blood volume and
T2-signa l[9]. By using a biexponential ﬁt on DWI data, the perfusion parameter f, D* and the perfusion free diffusion coefﬁcient D
can be separated [9,10]. In contrast to the conventional ADC-value
affected by cellularity and perfusion effects [8], the three new surrogate markers are related to tissue microstructure (D) and to the
vascular component (f, D*).
Therefore, application of IVIM analysis may be more advantageous and sensitive than conventional DWI in the evaluation of
LNs metastasis of HNSCC. The purpose of our study was to characterize the perfusion parameter f, D* and the diffusion coefﬁcient D
in metastatic LNs of HNSCC.

2. Materials and methods
2.1. Ethics statement
The study was approved by the local ethics committee

2.2. Patients
From September 2013 to December 2014, 49 consecutive
patients were enrolled in this retrospective study. All the patients
underwent IVIM-DWI. subsequent surgery or biopsy were performed within 2 weeks. The subjects were divided into 2 groups,
group A comprised 29 patients with diagnosed HNSCC and group
B comprised 20 patients with LNH. Among the A group, 20 were
men and 9 were women; their age ranged from 19 to 68 years,
with a mean age of 48 years. The primary cancers were of the larynx (n = 6), tongue (n = 2), nasopharynx (n = 13), nasal cavity (n = 4),
oropharynx (n = 4). Among the LNH group, 12 were men and 8 were
women; their age ranged from 16 to 56 years, with a mean age of
41 years. LNs with a short axis of at least 5 mm [3] were included
in this study. All patients of HNSCC group underwent IVIM before
chemoradiotherapy.

2.3. MRI protocol
MR imaging examinations of the LNs of HNSCC were performed
using a 3.0-T whole-body system (Signa Excite HD, GE Healthcare,
Milwaukee, WI) with a 40-mT/m maximum gradient capability and
a standard receive-only head and neck coil. The imaging protocol included axial T1-weighted spin-echo images (repetition time
(TR)/echo time (TE) 600/23 ms, 4 mm section thickness with a 1mm intersection gap and number of excitations (NEX) equal to
2), and axial T2-weighted turbo spin-echo images with fat suppression (TR/TE 5200/137 ms; 4 mm section thickness, with 1 mm
intersection gap and NEX = 2) using a 512 × 288 imaging matrix.
2.4. IVIM DW imaging sequence
The IVIM DW imaging sequence was performed after conventional MR sequence. Thirteen b values (0, 10, 20, 30, 50, 80, 100, 150,
200, 300, 400, 600 and 800 s/mm2 ) were applied with a single-shot
diffusion-weighted spin-echo echo-planar sequence. The lookup
table of gradient directions was modiﬁed to allow multiple b value
measurements in one series. Parallel imaging was used with an
acceleration factor of 2. A local shim box covering the HNSCC
scanning area was applied to minimize susceptibility artefacts. In
total, 20 axial slices covering the HNSCC scanning area for patients
respectively were obtained with a 24-cm ﬁeld of view, 4 mm slice
thickness, 1 mm slice gap, 3000 ms TR, 58 ms TE, 128 × 128 matrix
and NEX = 2. The nominal scan time was 3 min 45s
2.5. IVIM DW MRI analysis
2.5.1. ADC value
The ADC value was calculated by ﬁtting diffusion weighted
images at b = 0 and four non-zero b values(200, 400, 500 and
600s/mm2) into Eq. (1).
Sb/S0 = exp(-bADC)

(1)

2.5.2. D, D* and f value
According to IVIM, the signal intensities and b values are related
as follows:
Sb /S0 = (1−f )exp(−bD) + fexp(−bD ∗ )

(2)

Where S0 = signal intensity at the b value of 0; Sb = signal intensity
at the b value denoted by the subscript; D = true diffusion coefﬁcient of a water molecule; D* = pseudo-diffusion coefﬁcient due to
microcirculation; and f = microvascular volume fraction, indicating
the fraction of diffusion related to microcirculation. Because D* is
roughly one order of magnitude greater than D[8], −b D* would be
less than−3 at a high b value (>200 s/mm2 ), and the term fexp(−b
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Fig. 2. Receiver operating characteristic (ROC) curve generated according to the D, ADC, D*, D•D* value. The AUC under the ROC curves of D was 0.78, larger than that of
ADC(0.67), The AUC under the ROC curves of D•D* was 0.983. larger than that of D* (0.952).

D*) would be less than 0.05f and can therefore be neglected. In this
case, Eq. (2) can be simpliﬁed as follows:
Sb /S0 = (1−f )exp(−bD)

(3)

Hence, for high b values (300, 400, 600 and 800 s/mm2 ) Sb was
ﬁrst ﬁtted to Eq. (3) using a linear model, and the true diffusion
coefﬁcient D was calculated. Although we had previously calculated
the f value, its accuracy was not acceptable; f was recalculated using
Eq. (2). Then, we ﬁtted Sb for all b values using Eq. (2) with a ﬁxed
D value using the nonlinear Levenberg–Marquardt method. When
ﬁtting Eq. (2), the initial estimated values for f and D* were set as
the previously calculated f value from Eq. (3) and 10 × 10−3 mm2 /s,
respectively. Subsequently, the f and D* were obtained.
2.6. ROI
For these quantitative analyses, a region of interest (ROI) analysis was performed. Two experienced radiologist ﬁrst identiﬁed
the corresponding area on the diffusion weighted images by comparing these data with morphological images. Then ROIs were
drawn on diffusion weighted images including the whole volume
of the LNs while excluding large necrotic areas and adjacent cervical vessels. One patient was excluded from analyses because of a
macroscopically completely necrotic lymph node metastasis. The
signal intensities within each ROI were averaged ﬁrst and subsequently the IVIM-parameter D, D* and f were calculated.
2.7. Statistical analysis
Mean values of all IVIM parameters were measured independently by two experienced radiologists in our department. A
nonparametric Mann–Whitney test was used to compare IVIM
parameters between malignant and benign lymph nodes. The D,
D*, and ADC were assessed using a Receiver operating characteristic (ROC) curve to estimate the diagnostic tolerance. According
to previous study [11], we treated D and D* values as covariate
respectively and the benign or malignancy as dependent variable
to calculate the prediction probability through logistic regression

Table 1
IVIM parameters of malignant lymph nodes and benign lymph nodes.
Parameter
∗

−3

2

D (×10 mm /s)
D (×10−3 mm2 /s)
f (%)
ADC(×10−3 mm2 /s)

Malignant LNs

Benign LNs

P valuea

120.89 ± 26.94
0.57 ± 0.12
0.20 ± 0.02
1.08 ± 0.26

68.78 ± 17.72
0.74 ± 0.21
0.32 ± 0.05
1.25 ± 0.19

0.0001
0.0001
0.0001
0.035

Unless otherwise indicated, data are means ± standard deviations.
a
Mann–Whitney U test for differences in IVIM parameters between malignant
lymph nodes and benign lymph nodes.

analysis, then the D• D* prediction probability values were also used
as the test variables for ROC analysis. All analyses were performed
using SPSS version 19.0 for Windows (SPSS, Chicago). P < 0.05 was
considered signiﬁcant.

3. Results
IVIM DWI was successful in 46 of 49 patients, 33 malignant LNs
from A group and 22 benign LNs from B group were successfully
examined. All the LNs were conﬁrmed histologically by surgery or
biopsy. IVIM DWI was unsuccessful in the remaining 3 patients
with HNSCC because of susceptibility artefacts around the skull
base and paranasal sinuses (2 NPC cases) or motion artefacts due
to swallowing (1 laryngeal carcinoma case).
Values of the IVIM parameters for cases of malignant and
benign LNs are presented in Table 1. Our data demonstrated that
ADC(P = 0.035), D (P < 0.0001) and f (P < 0.0001) were signiﬁcantly
lower in the malignant LNs than in the benign nodes, whereas D*
was signiﬁcantly higher (P < 0.0001) in the malignant LNs.
Box plots comparing D, D*and f between malignant and benign
LNs are shown in Fig. 1. As shown in Fig. 2, the ROC analysis indicated that when both sensitivity and speciﬁcity were
adjusted to produce the highest accuracy, the optimal D and ADC
thresholds for distinguishing malignant LNs from benign LNs were
0.726 × 10−3 mm2 /s and 1.14 × 10−3 mm2 /s respectively. The D*
value cut-off point was determined to be 83 × 10−3 mm2 /s for
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Fig. 3. IVIM DW images from a 28-year-old man of the LNH diagnosis. a Axial T2-weighted MR image and b DWI image. c Signals decayed bi-exponentially with b value,
as shown by the ﬁtting curve (red line). Within the range of low b values (0–200 s/mm2 ), the slope of this distinctive signal decay curve was smaller, and indicate a high D
value. The calculated diffusion- and perfusion-related parameters are also displayed. Parametric imaging enabled the presentation of the d D*, e f and f D parameters.

malignant LNs. Fig. 2 shows that the AUC for D·D* (0.983) was larger
than D* (0.952), D (0.78) and ADC (0.67).
IVIM DW images of benign LNs (Fig. 3) and malignant LNs
(Fig. 4), which were performed with 13 b values (in the range
0–800 s/mm2 ) are shown. The diffusion-weighted signal decayed
in a bi-exponential manner within the range of low b values (0–200 s/mm2 ). In addition, the slope of the signal ﬁtting
curve (Fig. 3c) in the malignant LNs was larger than that in the
benign LNs(Fig. 4c), especially within the range of low b values
(0–200 s/mm2 ). This result may demonstrate that the DWI signal
was higher in the malignant LNs; thus, the value of D was lower in
the malignant LNs than in the benign nodes.
4. Discussion
King [12] and Jin Zhong [13] have investigated diffusion properties of metastatic LNs using conventional ADC model. This model
assumes that diffusion-weighted signals should decay monoexponentially with b value. However, the blood ﬂow in the capillary

network contributes to the diffusion-weighted signal and decreases
in a bi-exponential fashion at lower b values (<200 s/mm2 ). Because
the IVIM model ﬁts the signal decay with a bi-exponential decay,
the IVIM parameters (D, f, and D*) may reﬂect water diffusion and
blood perfusion more accurately [7]. f and D* are related to blood
perfusion, and D is related to water diffusion. The IVIM model
has been used to investigate breast cancer [14], hepatocellular
carcinoma [15], pancreas [16], hepatic ﬁbrosis [17]. IVIM technique has also been used to investigate HNSCC in Previous studies
[18,19], some previous studies applied IVIM technique in the NPC
[20,21]. However, few of studies have performed IVIM DW MRI of
metastatic lymph nodes in head and neck region, Lu, Y [22] stated
the differences between primary head and neck tumors and nodal
metastasis using IVIM model. Hauser, T [23] evaluated the potential
predictive value of IVIM parameters considering therapy response
of lymph node metastasis.
IVIM model depends on the underlying tissue architecture. For
example, a recent study demonstrated that bi-exponential models for IVIM may be used to model the DW-MRI signal decay of
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Fig. 4. IVIM DW images from a 55-year-old man of the NPC diagnosis. a Axial T2-weighted MR image and b DWI image. c Signals decayed bi-exponentially with b value,
as shown by the ﬁtting curve (red line). With this distinctive signal decay curve proﬁles, the unique diffusion- and perfusion-related parameters of this NPC patient were
calculated and displayed. Within the range of low b values (0–200 s/mm2 ), this ﬁtting curve demonstrates a large slope, meaning a low D value. Parametric images enabled
the presentation of the d D*, e f and f D parameters.

tumor tissues, suggesting that most tumor tissue voxels exhibit
both perfusion and diffusion and that diffusion in tumor tissues is
either free or restricted [24]. Furthermore, the ADC models are too
simple to account for the complex incoherent motions in tumors
because they do not consider blood perfusion in tumor tissues.
Therefore, Guiu recently suggested that the ADC model should
be abandoned [25] because it ﬁts a bi-exponential decay with a
mono-exponential equation, which is mathematically unacceptable except in cases when the b values used are less affected by
the perfusion process (i.e. >200 s/mm2 ). In such cases, the result
of the ADC model simply corresponds to the calculation of D,
which is the true water diffusion coefﬁcient, reﬂecting both intra-

and extracellular molecular diffusion. In our study, the diffusionweighted signals at four b values (300, 400, 600 and 800 s/mm2 )
were ﬁtted using a mono-exponential equation to calculate D,
which, together with local shim, a short TE, parallel imaging and
improved SNR at 3.0 T, may have allowed the calculation of a
more reliable value for D. We found that D was signiﬁcantly lower
in cases of malignant lymph node than in case of benign lymph
node (mean, 0.57 ± 0.12 × 10−3 mm2 /s vs 0.74 ± 0.21 × 10−3 mm2 /s,
respectively; P < 0.001), indicating that D was restricted in malignant lymph nodes. Simultaneously, the ROC curve (Fig. 2) suggest
that IVIM DWI has clinical potential to distinguish two LNs on the
basis of their D values with a threshold of 0.726 × 10−3 mm2 /s. The
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signiﬁcant differences in D values between two groups investigated in the present study may be due to hypercellular tissue in
malignant nodes, an increased nuclear-to-cytoplasmic ratio and
stromal tissues would reduce water diffusivity [26], and appear to
exhibit higher D values. That result is in satisfactory agreement
with previous studies [13]. In addition, because IVIM DWI exclude
the inﬂuence of perfusion in D estimation, our D values were mildly
lower than the ADC values estimated in conventional DWI reported
by Jin Zhong [13]. Our D estimation indicates the restricted diffusion
in malignant LNs, therefore, D value could improve the accuracy
in the distinction between benign and malignant nodes. Fig. 2
demonstrated that the AUC for D (0.78) was larger than ADC (0.67).
Therefore, D value will be more accurate than ADC in differential
diagnosis.
The D* value is associated with perfusion in IVIM theory (Eq.
(2)), and perfusion levels may depend on LNs microvessel attenuation. Furthermore, the D* value is determined according to the
signal intensity ratios of the blood capillaries. In our study, D*
was more than 10 times greater than D, which explains why
D* has a stronger inﬂuence on signal decay when b is less than
200 s/mm2 . In addition, the accuracy of D* estimations improves
with increased sampling in the 0–200 s/mm2 range [27]. Yonggang Lu [22] Using an 17-b DW imaging sequence reported that
11 b values (0, 13, 17, 23, 30, 40, 53, 70, 92, 122 and 161 s/mm2 )
could be used to model the ﬁrst portion of the bi-exponential
decay curve, encompassing both D and D*. In our study, a 13-b
DW imaging sequence was used, and 9 of these b values (0, 10,
20, 30, 50, 80, 100, 150, 200s/mm2 ) were applied to model this
region of the bi-exponential curve. The results showed a mean
D* value for metastatic LNs that was in agreement with that
on NPC tumor of a previous study (152.96 ± 27.41 × 10−3 mm2 /s)
[20] and on metastatic nodes by Lu (ranging from 76.18 to
180.39 × 10−3 mm2 /s) [24]. However, Lu [22] on metastatic nodes
showed a lower D*(50.47 ± 26.98 × 10−3 mm2 /s) lower than our
results, and lower than their previous study [24]. This discrepancy found may be attributed to different pathological
types of tumor and different characteristics of the patient
population. Furthermore, we found a signiﬁcant increase in
D* for metastatic nodes (mean, 120.89 ± 26.94 × 10−3 mm2 /s vs
68.78 ± 17.72 × 10−3 mm2 /s; P < 0.0001), thereby conﬁrming that
D* is sensitive to differences in metastatic nodes perfusion. This
increase may result from differences in the histologic structure of
malignant metastatic nodes, which has abundant vessels. In the
current study, Fig. 2 demonstrated that the AUC for D•D* (0.983)
was larger than D* (0.952), D (0.78) and ADC (0.67). this result suggest that a combination of D and D* may be a more useful biomarker
than ADC for the diagnosis and differentiation of metastatic lymph
nodes in high-risk populations.
In IVIM theory, the f value may represent the level of blood
perfusion. In our study, the mean value of f for malignant LNs
was 0.20 ± 0.02, this result was similar to recent studies, a previous study reported the mean value of f for the NPC was
16.44 ± 2.01%[20]. However, the metastatic LNs showed a lower
f estimation than that with benign LNs, although malignant LNs
have been associated with increased capillary perfusion. This result
is similar to those in previous study, we found that f was significantly decreased in primary NPC, lower than that with enlarged
adenoids [20]. We have explained that f is dependent on TE, especially for tissues with considerably shorter transversal relaxation
times than blood. f value appear positive correlation with perfusion [28] in loose tissues (with a long T2, such as breast), and is
relatively accurate. In the more dense tissues (with a short T2,
such as squamous cell carcinoma), f value is not stable [20], T2
attenuation would be more obvious with a longer TE, the signal
decays further at low b values, which means that the f value will
increase. This effect would likely be signiﬁcant for IVIM imaging of

organs with short T2 times. However, in the IVIM approach, relaxation effects are neglected, which may be appropriate when the
relaxation time of the tissue of interest is similar to that of blood.
However, when these relaxation times diverge, e.g. in cases of
metastatic and benign LNs, the extracted perfusion-related parameters may depend on measurement parameters such as TE and
TR. Indeed, different tissues demonstrated completely different T2
times [29], e.g. cases of metastatic and benign LNs . In the current study, this TE-dependence effect was also signiﬁcant, which
may result from that malignant LNs demonstrated the shorten T2
times. Consequently, IVIM theory neglect the effects of TE, so it is
applicable to tissues with long T2 time.
The current study had certain limitations. As an example, few
cases of HNSCC nodes were included in the series, and we did
not evaluate the difference between different pathological types of
HNSCC metastatic LNs. Secondly, motion artefacts increase with the
use of higher b values, typically approximately 1,000s/mm2 , that
would cause diffusion related signal decay. We tried to minimize
this effect by setting the maximum b value to 800s/mm2 . Additionally, TSE-based diffusion weighted image, or readout segmented
EPI (RESOLVE sequence) will be applied in the future research to
reduce susceptibility artefacts
In conclusion, D was signiﬁcantly reduced in malignant metastasis lymph nodes compared with benign nodes, reﬂects the
restriction of water diffusion due to hypercellular tissue. D* was
signiﬁcantly increased, because of the increased blood vessel generation and parenchymal perfusion in patients with HNSCC. These
results demonstrate that bi-exponential models of IVIM maybe the
preferred technique for the differentiation and preoperative assessment of LNs in HNSCC.
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