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Abstract
Purpose To determine the correlation between intravoxel in-
coherent motion (IVIM) and dynamic contrast-enhanced
(DCE) magnetic resonance imaging (MRI) parameters.
Methods Thirty-eight newly diagnosed NPC patients were
prospectively enrolled. Diffusion-weighted images (DWI) at

13 b-values were acquired using a 3.0-T MRI system. IVIM
parameters including the pure molecular diffusion (D),
perfusion-related diffusion (D*), perfusion fraction (f), DCE-
MRI parameters including maximum slope of increase (MSI),
enhancement amplitude (EA) and enhancement ratio (ER)
were calculated by two investigators independently. Intra-
and interobserver agreement were evaluated using the
intraclass correlation coefficient (ICC) and Bland-Altman
analysis. Relationships between IVIM and DCE-MRI param-
eters were evaluated by calculation of Spearman’s correlation
coefficient.
Results Intra- and interobserver reproducibility were excellent
to relatively good (ICC=0.887-0.997; narrow width of 95 %
limits of agreement). The highest correlation was observed
between f and EA (r=0.633, P<0.001), with a strong corre-
lation between f and MSI (r=0.598, P=0.001). No correlation
was observed between f and ER (r=-0.162; P=0.421) or D*
and DCE parameters (r=0.125–0.307; P>0.119).
Conclusion This study suggests IVIM perfusion imaging
using 3.0-T MRI is feasible in NPC, and f correlates signifi-
cantly with EA and MSI.
Key Points
• Assessment of tumour perfusion is important in nasopharyn-
geal carcinoma.

• DCE-MRI provided perfusion information with the use of
intravenous contrast media.

• Perfusion information could be provided by non-invasive
IVIM MRI.

• IVIM parameter f correlated with DCE-MRI parameters.
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Abbreviations
CBV Cerebral blood volume
D Pure molecular diffusion
DCE Dynamic contrast-enhanced
DWI Diffusion-weighted images
D* Perfusion-related diffusion
EA Enhancement amplitude
ER Enhancement ratio
f Perfusion fraction
FOV Field of view
IVIM Intravoxel incoherent motion
ICC Intraclass correlation coefficient
LoA Limits of agreement
MRI Magnetic resonance imaging
MSI Maximum slope of increase
MVD Microvessel density
MTT Mean transit time
NEX Number of excitations
NPC Nasopharyngeal carcinoma
SPGR Spoiled gradient-recalled echo
TR Repetition time
TE Echo time
TICs Time-signal intensity curves
VEGFR-2 Vascular endothelial growth factor receptor 2

Introduction

Nasopharyngeal carcinoma (NPC) is rare throughout most of
the world, but has a markedly varied geographic and racial
pattern of incidence [1] and is endemic in several high-risk
populations, including individuals originating from China in
whom NPC accounts for 15–18 % of malignancies [2].

Assessment of local perfusion is an important component
of the diagnosis and evaluation of NPC [3, 4]. Dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI)
has been applied in oncology for the purpose of characterising
tumour perfusion. In previous studies concerning head and
neck cancer including NPC, DCE-MRI was shown to be
useful for distinguishing between undifferentiated carcinoma
and squamous cell carcinoma or lymphoma, and it also has
proven value for differentiating between recurrent tumours
and post-treatment fibrotic changes [5, 6]. However, DCE-
MRI cannot provide perfusion information without the use of
intravenous contrast media, which is particularly relevant in
patients with compromised renal function or individuals with
severe allergies who cannot tolerate intravenous gadolinium-
based contrast media [7].

Intravoxel incoherent motion (IVIM)-based diffusion-
weighted imaging (DWI) is a non-contrast-enhanced MRI
technique, which was initially developed by Le Bihan et al.
[8, 9]. IVIM perfusion-related parameters include: the

perfusion fraction (f), which describes the fraction of incoher-
ent signal that arises from the vascular compartment in each
voxel as a proportion of the total incoherent signal, and the
pseudo-diffusion coefficient (D*), which macroscopically de-
scribes the incoherent movement of blood in the microvascu-
lar compartment. Furthermore, a theoretical relationship has
been derived between the IVIM perfusion parameters f andD*
and the classical perfusion parameters cerebral blood volume
(CBV) and mean transit time (MTT) [10]. On this basis, we
assumed that we could identify IVIM perfusion parameters
associated with DCE-MRI parameters using DWI. If perfu-
sion parameters could be evaluated using DWI, then DWI
might potentially become a very valuable and convenient tool
for the comprehensive assessment of tumours.

A number of recent reports have described the measure-
ment of perfusion parameters using IVIM in various diseases
of different organs, such as the brain [11], salivary glands [12],
and head and neck cancer [13]. While initial reports of the use
of IVIM have been made in different tumour stages of NPC
and to compare NPC with post-chemoradiation fibrosis [14,
15], to our knowledge, no existing reports have compared the
relationship between IVIM parameters and DCE-MRI perfu-
sion parameters in primary NPC.

Therefore, the purpose of this study was to evaluate the
relationship between IVIM parameters of tumour perfusion
determined using DWI and DCE-MRI parameters in NPC, to
explore the possibility of noninvasively evaluating tumour
perfusion using DWI in the future.

Materials and methods

Study population

This prospective study was reviewed by the ethics committee
of our hospital, and all patients provided informed consent.
From April 2012 to October 2013, we prospectively enrolled
38 patients with newly diagnosed NPC forMRI examinations.
The maximum tumour area of each patient was determined
from axial contrast-enhanced and unenhanced MR images.

Conventional MRI

MR imaging was performed using a 3-T MR system (Signa
EXCITE HD; GE Healthcare, Milwaukee, WI, USA) with a
40 mT/m maximum gradient capability and employing a
standard receive-only head and neck coil. We first obtained
axial T1-weighted images [repetition time (TR)/echo time
(TE), 600/23 ms] and axial T2-weighted turbo spin echo
images with fat suppression [TR/TE, 5,200/137 ms; 4-mm
section thickness, 1-mm intersection gap; number of excita-
tions (NEX)=2] using a 512×288 imaging matrix.

Eur Radiol (2014) 24:3076–3087 3077



IVIM DWI

The IVIM DWI sequence was performed before contrast-
enhanced MRI. During the IVIM examination, 13 b-values
(0, 10, 20, 30, 50, 80, 100, 150, 200, 300, 400, 600 and 800 s/
mm2) were applied using a single-shot spin echo echo- planar
imaging sequence. The lookup table of gradient directions
was modified accordingly to allow multiple b-value measure-
ments in a single series. Parallel imaging was used with an
acceleration factor of 2. A local shim box covering the region
of the nasopharynx was applied to minimise susceptibility
artefacts. Fourteen axial slices covering the nasopharynx were
obtained with a 24-cm field of view, 4-mm slice thickness, 1-
mm slice gap, 3,000 ms repetition time (TR), 58 ms echo time
(TE), 128×128 matrix and 2 NEX. The nominal scan time
was 3min 45 s. Note that the signal-to-noise ratio (SNR) in the
raw EPI images from the multiple b-value acquisitions was
assessed as: SNR=0.655 S/SDair, where S is the mean signal
intensity in the ROI of NPC and SDair is the standard deviation
in the background ROI in air.

IVIM-MRI analysis

Pure molecular diffusion (D), perfusion-related diffusion (D*)
and the perfusion fraction (f) were calculated using segmented
biexponential analysis (Fig. 1). On the basis of IVIM theory,
the relationship between the signal intensities and b-values
can be expressed using the following equation:

Sb=S0 ¼ 1− fð Þexp −b˙Dð Þ þ f ˙exp −bD�ð Þ ð1Þ

where f is the microvascular volume fraction representing
the fraction of diffusion linked to microcirculation [16],D is a
pure diffusion coefficient, andD* represents perfusion-related
incoherent microcirculation; S0 and Sb are the signal intensi-
ties at b-values of 0 and 10, 20, 30, 50, 80, 100, 150, 200,
300,400, 600 or 800 s/mm2, respectively. As D* is much
greater than D [9], the effects of D* on signal decay at large
b-values (>200 s/mm2) can be ignored, and Eq. (1) can be
simplified as follows:

Sb=S0 ¼ 1− fð Þexp −b˙D
� � ð2Þ

All diffusion-weighted images were transferred to an Ad-
vantage Workstation using Functool software (version
AW4.3, General Electric Medical Systems) for post-
processing. All image analysis were performed with Multiple
ADC (MADC) software in Functool and fitted on a pixel-by-
pixel basis using the Levenberg-Marquardt algorithm, as pre-
viously described [17]. The three parameters were calculated
consecutively, in which the D value was determined by using

Eq. (2). The f and D* values were calculated by using a non-
linear regression algorithm for all b values.

DCE-MRI

Axial T1-weighted images (TR/TE, 7.0/3.3 ms) were obtained
using a three-dimensional (3D) spoiled gradient-recalled echo
(SPGR) sequence [240×240 mm2; field of view (FOV), 4-
mm slice thickness; 15° flip angle; 256×160 matrix size].
Gadolinium (gadopentetate dimeglumine; Magnevist; Bayer
HealthCare, Berlin, Germany) was intravenously injected
using a power injector (Medrad, Pittsburgh, PA, USA) at
0.2 ml/kg body weight and 2 ml/s. Ten MR data acquisitions
were obtained for each patient at an interval of 20 s (0-180 s).
DCE-MRI parameters [maximum slope of increase (MSI),
enhancement ratio (ER), enhancement amplitude (EA)] were
calculated on an Advantage Workstation using Functool soft-
ware (version AW4.3, General Electric Medical Systems).
MSI and ER colour maps were generated using Functool
software, and regions of interest (ROIs) were drawn around
the tumours on both the MSI and ER colour-coded images.
Analysis was performed on data averaged across the whole

Fig. 1 IVIM diffusion decay curves shown for a 39-year-oldmale patient
(a) and 46-year-old male patient (b) with newly diagnosed NPC. The
same patients are also shown in Figs. 2 and 3. The y-axis shows the signal
intensity (SI) ratio after application of the diffusion gradient to the
baseline SI (plotted in log scale); the x-axis shows the b-values (the b-
values 0, 10, 20, 30, 50, 80, 100, 150, 200, 300, 400, 600 and 800 s/mm2

were used for sampling). The perfusion (or pseudo-diffusion) effect is
observed as an early drop in the SI at b-values lower than 200 s/mm2. The
perfusion fraction (f) is the difference between the SI at b=0 s/mm2 and
the intercept of the biexponential fit for high b-values. D* (pseudo-
diffusion coefficient) is the curvature of the initial curve, and D (true
diffusion coefficient) was measured at b-values higher than 200 s/mm2
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ROI. ER was defined as follows: ER = (SImax – SIpre)/SIpre,
where SImax was the signal intensity at maximal contrast
enhancement, and SIpre was the unenhanced (“precontrast”)
signal intensity. TheMSI was calculated asMSI = max[S(ti+1)
– S(ti)],where max indicates maximum, S is signal intensity, ti
is the time point of the start of enhancement, and ti+1 is the
time point of maximal enhancement. EA was measured di-
rectly from the time-signal intensity curves (TICs).

ROIs and reproducibility of measurements

A single slice of the axial DCE-MRI of the maximal area of
each tumour was analysed in order to assess pairs of DCE-
MRI and IVIM-MRI images from almost identical parts of
each tumour. A ROI was manually placed on the tumour in
each image to include as much of the tumour area as possible
but exclude large vessels and visually large necrotic areas.
Contrast-enhanced and unenhanced T1-weighted MR images
were used as references to determine the tumour areas on the
corresponding IVIM and DCE-MRI images. Twenty-one
cases were measured in the primary tumours, and 6 cases
were measured in metastatic retropharyngeal lymph nodes.
Two investigators (Zheng-Gen Zhou, 15 years’ experience in
head and neck radiology, observer 1; Shui-Xing Zhang,
12 years of experience in head and neck radiology, observer
2) placed the ROIs and analysed all of the IVIM and DCE-
MRI images independently. The tumours did not have a
sufficiently large solid area for placing ROIs with a short-
axis diameter greater than 10 mm were excluded (Analysis of
tumours with small areas is often hampered by substantial
edge artefacts). The data generated by the two observers was
used to calculate interobserver reproducibility. To assess
intraobserver reproducibility, observer 2 reevaluated all of
the images, which were presented in a different order, 4 weeks
after the first session.

Statistical analysis

Normality testing was performed using the Shapiro-Wilk test
and homogeneity of variance testing using the Levene test.

Numerical data are reported as the mean±standard deviation
of all three sets of measurement. The intraclass correlation
coefficient (ICC) and coefficient of variation (CV) were cal-
culated to evaluate intra- and interobserver variability.We also
analysed the level of agreement (both inter- and intraobserver)
by plotting the differences between the two measurements
against the averages of the two measurements, according to
the method described by Bland and Altman (i.e. Bland-
Altman plots) [18]. The differences between the three sets of
data determined by the two observers (observer 2 had 2 sets)
were assessed using one-way ANOVA. The mean values of
the three sets of data were used for the correlation analysis.
Spearman’s rank correlation coefficient was calculated to
measure the association between the IVIM and MRI-DCE
parameters. All analyses (except Bland-Altman plots) were
performed using SPSS version 13.0 for Windows (SPSS,
Chicago, IL, USA). For all tests, two-tailed P-values<0.05
were considered statistically significant.

Results

Patients

Of the 38 patients with newly diagnosed NPC enrolled into
this study, 11 (29 %) patients were excluded from the study. In
eight patients, the tumours did not have a sufficiently large
solid area for placing ROIs with a short-axis diameter greater
than 10 mm; in three patients, image degradation was very

Table 1 Distribution of IVIM and DCE-MRI parameters

Reader 1 (n=27) Reader 2 first session (n=27) Reader 2 second session (n=27) Total (n=81) F P†

MSI (%/s) 349.770±127.343 347.041±120.250 349.151±120.317 348.654±121.144 0.004 0.996

ER (%) 99.695±27.211 100.341±29.341 105.866±34.179 101.967±30.131 0.336 0.715

EA 640.878±149.010 636.259±145.667 641.270±154.965 639.469±148.062 0.009 0.991

D (×10−3 mm2/s) 0.755±0.203 0.747±0.200 0.762±0.200 0.754±0.198 0.036 0.965

f 0.167±0.037 0.170±0.033 0.165±0.035 0.167±0.0348 0.160 0.852

D* (×10−3 mm2/s) 138.026±42.643 143.780±37.437 149.938±34.682 143.914±38.228 0.650 0.525

Data are mean±standard deviation. †One-way ANOVA. F is the statistic

�Fig. 2 DCE parameters for a 39-year-old male with NPC (same patient
as Fig. 1a). (a) A ROI was drawn around the entire tumour area on the
contrast-enhanced T1-weighted MR image; (b) MSI (maximum slope of
increase) map showing MSI=387.89 %/s; (c) ER (enhancement ratio)
map demonstrating ER=67.453 %; (d) TICs (time-signal intensity
curves) showing EA (enhancement amplitude)=758.6. IVIM
parameters for the same patient. (e) A ROI was drawn around entire
tumour area to measure signal intensity on the DW image at b=0; (f) D
(true diffusion coefficient) map showing D=0.998×10−3 mm2/s; (g) f
(perfusion fraction) map demonstrating f=0.163; (h) D* (pseudo-
diffusion coefficient) map showing D*=235×10−3 mm2/s
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severe. Thus, we studied 27 consecutive patients with NPC
(17 males, 10 females; mean±standard deviation age, 49.4±
12.4 years, range: 27–65 years). The mean±standard devia-
tion tumour size (determined by the maximum tumour areas
on axial contrast-enhanced and unenhanced MR images) was
214.4±131.1 mm2 (range, 79.6-481.3 mm2).

DCE and IVIM parameters

Normality testing showed that all DCE (MSI, ER and EA) and
IVIM (D, f and D*) parameters had approximately normal
distributions (all P>0.05), and the Levene test revealed that all
the variances were homogeneous (all P>0.05). Table 1 sum-
marises the mean and standard deviation values of the IVIM
and DCE parameters. There was no significant difference
between the three sets of DCE (MSI, ER and EA) and IVIM
(D, f and D*) parameters determined by observer 1 and 2 (P=
0.525-0.996). The IVIM diffusion decay curves are shown in
Fig. 1. Representative examples of the MRI-DCE and IVIM
images are shown in Figs. 2 and 3, illustrating the typical
colour changes in the respective parameter maps. SNR was
typically above 15 (range from 18.73 to 57.99) for all b-
values.

Intra- and interobserver reproducibility

Intra- and interobserver reproducibility for measurement of
the DCE (MSI, ER and EA) and IVIM (D, f and D*) param-
eters are presented in Table 2. Excellent intra- and interob-
server reproducibility was obtained for all DCE parameters
(MSI, ER and EA) and the IVIM parametersD and f, with ICC

values ranging from 0.955 to 0.997 and 0.945 to 0.988,
respectively. Intra- and interobserver reproducibility for D*
was relatively good, with ICC values of 0.922 and 0.887,
respectively. The intraobserver CV ranged from 4.420 % to
11.286 %, and the inter-observer CV ranged from 7.813 % to
14.162 %. Bland-Altman plots for the DCE parameters and
IVIM parameters revealed small absolute intra- and interob-
server (Fig. 4) variability, and the 95 % LoAs (limits of
agreement) for the DCE and IVIM parameters are presented
in Table 3.

Correlations between parameters of DCE and IVIM

The correlations between the DCE parameters (MSI, ER and
EA) and IVIM perfusion-related parameters (f and D*) were
assessed using Spearman’s r values and are presented in
Table 4. The highest correlation was observed between f and
EA (r=0.633, P<0.001; Fig. 5a). A strong correlation was
also found between f and MSI (r=0.598, P=0.001; Fig. 5b).
However, statistically significant correlation was not observed
between f and ER (r=-0.162; P=0.421) or between D* and
any DCE parameter including MSI (r=0.125; P=0.536), ER
(r=-0.226; P=0.257) and EA (r=0.307; P=0.119).

Discussion

According to IVIM theory [8], the use of a more sophisticated
approach to describe the relationship between signal attenua-
tion in tissues with increasing b-values would generate quan-
titative parameters that separately reflect tissue perfusion and
tissue diffusivity. The behaviour of protons that display signal
attenuation in DWI is termed IVIM. Using biexponential
analysis, it is possible to derive IVIM parameters that quanti-
tatively describe tissue perfusion (pseudo-diffusion coeffi-
cient,D*), the perfusion fraction of tissues (f) and tissue water
diffusivity (D) [8, 19, 20].

The f value measures the fractional volume of capil-
lary blood flowing in each voxel. Direct correlations
have been suggested between f and the extent of normal

�Fig. 3 DCE parameters for a 46-year-old male with NPC (same patient
as Fig. 1b). (a) A ROI was drawn around entire tumour area on the
contrast-enhanced T1-weighted MR image; (b) MSI (maximum slope of
increase) map showing MSI=155.42 %/s; (c) ER (enhancement ratio)
map demonstrating ER=98.620 %; (d) TICs (time-signal intensity
curves) showing EA (enhancement amplitude)=390.1. IVIM
parameters for the same patient. (e) A ROI was drawn around entire
tumour area to measure signal intensity on the DW image at b=0; (f) D
(true diffusion coefficient) map showing D=0.444×10−3 mm2/s; (g) f
(perfusion fraction) map demonstrating f=0.123; (h) D* (pseudo-
diffusion coefficient) map showing D*=175×10−3 mm2/s

Table 2 Intra- and interobserver
reproducibility in the assessment
of IVIM and DCE-MRI
parameters

Parameter Intraclass coefficient correlation (95 % CI) Coefficient of variation (%)

Intraobserver Interobserver Intraobserver Interobserver

MSI 0.996 (0.990-0.998) 0.988 (0.974-0.995) 4.420 7.813

ER 0.990 (0.979-0.996) 0.963 (0.920-0.983) 6.982 8.649

EA 0.997 (0.993-0.999) 0.985 (0.967-0.993) 4.834 7.978

D 0.991 (0.980-0.996) 0.977 (0.950-0.990) 5.275 8.306

f 0.955 (0.902-0.980) 0.945 (0.879-0.975) 8.099 10.646

D* 0.922 (0.828-0.964) 0.887 (0.751-0.948) 11.286 14.162
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angiogenesis with intact vessels in terms of basement
membrane thickness and pericyte coverage; therefore, f
may be an indicator of vascular permeability [10, 21].
D*, which is determined as the signal intensity ratios of
blood capillaries, is linked to perfusion, which in turn

may be dependent on tumour microvessel attenuation.
D* was reported to be proportional to the mean capil-
lary segment length and average blood velocity; thus, it
is reflective of tumour vascularity [8]. Additionally, f
and D* are significantly correlated with the microvessel

Fig. 4 Bland-Altman plots of intraobserver reproducibility for the DCE parametersMSI (a), ER (b) and EA (c), and IVIMparameters f (d),D* (e) andD
(f). Bland-Altman plots of interobserver reproducibility for the DCE parameters MSI (g), ER (h) and EA (i), and IVIM parameters f (j),D* (k) andD (l)

Table 3 Intra- and interobserver variation in the assessment of IVIM and DCE-MRI parameters

MSI (%/s) ER (%) EA f D* (×10−3 mm2/s) D (×10−3 mm2/s)

Intraobserver −29.8-35.3 −11.6-10.3 −27.8-37.1 −0.032-0.025 −48.1-36.6 −0.07-0.08
Interobserver −53.3-49.1 −29.0-17.9 −76.4-66.4 −0.025-0.036 −51.3-39.0 −0.13-0.10

Values are presented as 95 % limits of agreement (LoA; mean interdevice difference, spans of limits of agreement)
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density (MVD), which is commonly used as a surrogate
marker of angiogenesis [22].

The time-signal intensity curve (TIC) profiles obtained by
DCE-MRI can indicate tumour tissues in which biomarkers of
angiogenesis are present: MSI correlates with the pericyte
coverage index and expression of vascular endothelial growth
factor receptor 2 (VEGFR-2), and EA correlates with expres-
sion of VEGFR-2 [23]. Both semiquantitative and quantitative
DCE-MRI analysis may potentially help to characterise the
neovasculature and permeability in NPC. The neovasculature
of tumours in patients with higher T-category NPC exhibit
increased permeability and perfusion; therefore, DCE-MRI
may be helpful as an adjunct technique for evaluating NPC
[4]. In this study we investigated the semiquantitative DCE-
MRI parameters (MSI, ER and EA) in patients with NPC. The
major limitation of this semiquantitative method is that it does
not accurately and directly reflect the concentration of contrast
agent in the tissue of interest, rather it captures the information
from the signal intensity curves. However, Huang et al. [4]
demonstrated the robustness of these semiquantitative
methods to indirectly reflect tissue physiology in NPC com-
pared to the quantitative method. Furthermore, the advantage
of semiquantitative analysis is that it provides a more straight-
forward quantification of DCE-MR images that is directly
related to the enhancement pattern of the tumour, which is
feasible in routine clinical practice.

One important issue related to IVIM and DCE-MRI is
reproducibility. Patel et al. [24] reported good to excellent
reproducibility for D and f, especially when using a
navigator-triggered acquisition, in the evaluation of liver cir-
rhosis (CV<6 % for D; < 12 % for f) and found that D* had
the poorest reproducibility (CV of 14.6 % for navigator-
triggered and free breathing acquisitions). In a recent study
[7], the ranges of the interobserver agreement values for D, f
and D* determined by IVIM in the breast were excellent (D
and f) to relatively good (D*). Furthermore, the distribution of
the IVIM imaging parameters (D, f and D*) obtained in this
study is almost similar to those of the study by Lai et al. [14,
15] in NPC using a 3.0-T MRI (Philips Healthcare).

The number of b-values used for extracting perfusion-
sensitive information during DWI varies between studies
and ranges from four to more than ten. A larger number of

b-values provides more data support for the estimates and, in
particular, enables parameter uncertainties to be evaluated.
The accuracy of estimating D* improved with sampling (i.e.,
as the number of b-values increased) in the 0–200 s/mm2

range [16, 24]. Using an 11 b-value DWI sequence, Guiu
et al. [25] applied seven b-values (0, 5, 15, 25, 35, 50, 100 s/
mm2) to model this first part of the biexponential decay
encompassing both D and D*. A 13 b-value DWI sequence
was used in this study, of which 9 b-values were applied to
model this part of the biexponential curve. Susceptibility
artefacts increase with the use of higher b-values, typically
around 1,000 s/mm2. Furthermore, the poor signal-to noise
ratio (SNR) obtained at higher b-values decreases the accura-
cy of IVIM calculations. Consequently, we tried to minimise
this effect by setting the maximum b-value to 800 s/mm2. As a
result, we obtained excellent to relatively good intra- and
interobserver reproducibility for the IVIM parameters, and
the Bland-Altman plots for the IVIM parameters also con-
firmed small absolute intra- and interobserver variations.

Regarding the reproducibility of measuring DCE-MRI pa-
rameters, Miyazaki et al. [26] recently reported excellent
reproducibility when measuring the hepatic perfusion index
(a semiquantitative perfusion parameter) in patients treated
with an antiangiogenic compound. The intra- and interobserv-
er reproducibility of measuring the DCE-MRI parameters in
our study was excellent to good.

Of note, in the present study, reproducibility referred to
observer. The test-retest reproducibility was not addressed
because it was not ethical to assign MRI examination twice
on the same patients.

Although no publications on the relationship between SNR
and the accuracy of DWI estimation have been reported, it has
been shown that, for DWI estimation, an SNR of 10-15 of the
raw images allows accurate ADCs for DWI acquisition [27,
28]. The use of local shim, parallel imaging and improved
SNR at 3.0 T yielded high-quality IVIM DW imaging in our
study. Given the high SNRs (>15 for all b-values) in the
current study, the quantitation of D, D*, and f should not be
affected substantially by the SNR variations between different
b-values.

The relationship between perfusion parameters measured
using IVIM versus those measured with DCE-MRI is unclear.
In theory, there should be close agreement between perfusion
parameters quantified by DWI and other techniques [20]. Le
Bihan and Turner reasoned that, even with the use of freely
diffusible tracers, delivery of the tracer to the tissues is still
dependent on intravascular flow; thus, it is highly likely that
there is a relationship between tissue perfusion measured
using DWI and tracer kinetic methods [10]. In a contradictive
opinion article, Henkelman [29] suggested that IVIM does not
measure tissue perfusion in the same manner as DCE-MRI
does, as IVIM is more sensitive to blood volume transit
through a voxel. Data corroborating or contradicting these

Table 4 Correlations between IVIM and DCE-MRI parameters in NPC

f D*

r P-value r P-value

MSI 0.598† 0.001 0.125 0.536

ER −0.162 0.421 −0.226 0.257

EA 0.633† <0.001 0.307 0.119

† Statistically significant (P<0.05), Spearman’s rank correlation
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opinions are sparse, even in neuroimaging. In the published
literature, IVIM-derived perfusion indexes have been reported
to correlate with perfusion parameters derived using other
techniques. One study [30] of the brains of 28 volunteers
compared IVIM-based analysis with assessment of relative
cerebral blood flow and relative cerebral blood volume using
dynamic susceptibility contrast enhancement imaging, and
found that f correlated well with the relative cerebral blood
volume, and D* correlated with cerebral relative blood flow.
Another study of the brains of seven patients showed that f
correlated well with the dynamic susceptibility contrast

parameter cerebral blood volume [11]. However, Patel et al.
[24] suggested that IVIM liver perfusion measurements were
not equivalent and did not correlate with DCE-MRI perfusion
parameters.

In the present study, f correlated significantly with EA and
MSI, while D* had no significant correlation with any DCE
parameter. Unexpectedly, D* did not correlate with the IVIM
perfusion-related parameters, in contradiction to IVIM theory.
Of the IVIM parameters, the reproducibility of measuring D*
was relatively poor; the values for f lay within a relatively
narrow range, whereas the values of D* were more variable.

Fig. 5 a Correlation between EA
and f. EA correlated significantly
with f (r=0.633, P<0.001). b
Correlation between MSI and f.
MSI correlated significantly with
f (r=0.598, P=0.001)
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Furthermore, D*may more accurately reflect the true dynam-
ics of flow than DCE, in which flow is artefactually reduced
because of contrast leakage [11]. Of course, the precise rea-
sons leading to these results need further research; for exam-
ple, in a larger cohort of patients NPC and including measure-
ment of biomarkers of angiogenesis.

The IVIM method has a number of theoretical advantages
compared to the more commonly usedMRI perfusion method
DSC. IVIM may have a potentially higher resolution and is
more sensitive to incoherent flow arising in small vessels,
while the DSC signal is polluted by signal from large arteries
and veins [31]. Furthermore, IVIM can be performed without
the administration of exogenous contrast medium, making it a
safer and more convenient evaluation method for patients,
especially individuals with renal insufficiency.

This study has several limitations. Two major limitations
are the relatively small patient cohort and the absence of the
measurement of angiogenesis biomarkers. A similar analysis
on a larger cohort of patients with NPC accompanied by
measurement of angiogenesis biomarkers to compare IVIM
perfusion-related and DCE parameters may provide more
reliable results. Another major limitation of this study is the
constraint on tumour size in the DCE and IVIM analyses. As
stated in the Materials and methods section, we excluded
tumours that were too small from the analysis. Furthermore,
IVIM DWI was unsuccessful in approximately 8 % of the
patients in our study because of severe image degradation
resulting from magnetic field inhomogeneities at the air-
bone and air-soft tissue interfaces around the skull base and
motion artefacts caused by physiological activity, similarly to
a previous DWI study of the nasopharynx [32].

Conclusion

In conclusion, we present our initial clinical experience with
IVIM in NPC, which demonstrates that IVIM can produce
clinically relevant high-resolution perfusion maps. We found
that the IVIM parameter f correlates significantly with the
DCE parameters EA and MSI. As it measures perfusion
directly, locally and without the need for contrast agent, the
use of IVIM to assess tumour perfusion should be more
widely investigated in large laboratory and clinical studies in
the future.
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