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Objective: To investigate the feasibility of DKI in early detection of radio-insensitive nasopharyngeal carcinoma
(NPC) xenografts in nude mice.

Materials and methods: Seventy-two nude mice were implanted with CNE-1 (low radio-sensitive) and CNE-2
(high radio-sensitive) NPC cell lines, and their respective xenografts were obtained. Then, the NPC-bearing nude
mice were exposed to different doses of fraction irradiation, which are divided into non-irradiated group (GO),
10Gy group (G1), 20Gy group (G2), 30Gy group (G3), 3rd (G4) and 5th (G5) days after the entire dose (30y) of
irradiation. Subsequently, DKI was performed on each group. Tumor volumes, shrink rates, D and K parameters
were measured by two experienced radiologists. Student's t-test and receiver operating characteristic (ROC)
curve analysis were conducted in this study.

Results: The differences of volume shrinkage rate between CNE-1 and -2 were observed in G2 (P = 0.032), with
the shrink rates of 5.954% and 27.716%, respectively. The D values were reduced at G1 (Dg;, P = 0.001) and
then increased gradually after irradiation. The K values were increased at G1 (Kg;, P = 0.001) and then declined
sharply in CNE-2 (P < 0.01), but not in CNE-1 xenografts (P > 0.05). The respective AUC values for Dg; and
Kg1 were 0.875 and 0.917, with 66.7% and 83.3% sensitivity and 100% specificity, at the cutoff values of
1.27 x 10”3 mm?/s for parameter D and 0.88 for parameter K.

Conclusion: DKI can be used for early detection of radio-insensitive NPC xenografts prior to morphological
change, where Dg; and Kg; may be the most valuable indicators.

1. Introduction

Intensity modulated radiation therapy (IMRT) is the main ther-
apeutic strategy for nasopharyngeal carcinoma (NPC), which yields an
overall 5-year survival rate of 80% [1]. However, local residual and
recurrence still occur in a significant proportion of NPC patients, mainly
due to the loss of radio-sensitivity of NPC cells to X-rays. The devel-
opment of radio-resistance to IMAT has emerged as a major challenge
in the treatment of NPC. Thus, an early identification of IMRT radio-
resistance is key to develop effective treatment strategies and improve
clinical outcomes in NPC patients.

Diffusion weighted (DW) imaging is a non-invasive functional
magnetic resonance imaging (MRI) technique that can be used to (i)
assess tumor response to anti-cancer therapy; (ii) reflect the changes in
tumor metabolism earlier than based on morphological changes; and

(iii) predict the treatment outcomes via apparent diffusion coefficient
(ADC) measurement [2]. However, this imaging model assumes that the
diffusion of water molecules obeys Gaussian distribution, where the
water diffusion is similar to free diffusion and the diffusion-attenuated
DW MR signals follow a mono-exponential pattern. As a result, the
actual condition is quite different from assumption, in which the in vivo
water diffusion is more complicated and displays non-Gaussian beha-
vior. This distribution tends to have a higher peak and heavier tails as
compared to the Gaussian distribution of equal mean and variance.
Therefore, the model of standard DW imaging may require some im-
provements, in accordance with the actual displacement distribution of
water molecules in vivo.

Diffusional kurtosis imaging (DKI) is a DW model first described in
2005, which can measure the non-Gaussian property of water diffusion
[3]. The water diffusion in vivo is considered to be restricted diffusion
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instead of free diffusion, or in other words, the diffusion of water in
tissue is anisotropic. Depending on the nature of its properties, DKI can
better reflect the microstructural complexity of tissues [4]. Moreover,
DKI can be used to estimate the excess kurtosis of water diffusion in
vivo, which quantifies the deviation of tissue diffusion from Gaussian
pattern and diffusion coefficient is corrected for non-Gaussian bias.

For many years, a great deal of attention has been focused on the
DKI imaging of the central nervous system (CNS), including schizo-
phrenia, Alzheimer disease(AD), cerebral infarction, glioma, attention
deficit hyperactive disorder, etc. [5-9]. More recently, the application
of DK imaging has shift away from CNS diseases and move towards
cancers, including head and neck tumors. Jansen et al. [10] utilize DKI
technique to detect the microstructure of head and neck squamous cell
carcinoma, based on non-Gaussian distribution characteristics of water
molecules. They found that diffusion kurtosis model and experimental
data points fitting degree are higher as compared to the single ex-
ponential diffusion model, and the apparent coefficient of kurtosis
(Kapp) is about 2 times the apparent diffusion coefficient (Dapp).
Moreover, DKI has been shown to be superior to conventional DWI, for
the early prediction of refractory NPC [11]. However, there are few
reports on the use of DKI for the early prediction of tumor response to
IMRT in NPC.

Therefore, our study aimed to investigate the feasibility of DKI in
predicting radio-insensitivity of human NPC xenografts in nude mice
models. The potential of this imaging technique in the early assessment
of tumor response to radiotherapy in NPC xenograft models will serve
as a basis for supporting its future clinical application in early detection
of radio non-response NPC patients.

2. Materials and methods
2.1. Ethics statement

All experimental procedures were conducted in compliance with
institutional guidelines for the care and use of laboratory animals in
Fuzhou General Hospital of Nanjing Military Command, Fuzhou, China,
and in accordance with the general policies determined by the National
Institutes of Health Guide for Care and Use of Laboratory Animals.

2.2. Subjects

2.2.1. Construction of human NPC xenograft models

Four weeks old male Balb/C nude mice with immunological defi-
ciency were used in the study. All animals were maintained in a sterile
environment, with a relative humidity of 50% and temperature at 25 °C.
Both low and high radio-sensitivities NPC cell lines (CNE-2 and CNE-1,
respectively) were implanted on the right axilla of nude mice. The xe-
nograft tumors were harvested when they reach 1.5 cm in diameter. A
total of 72 nude mice were divided into two groups treated with CNE-1
(n = 36) and CNE-2 (n = 36), respectively. Further, the nude mice in
each group were randomly assigned into six groups, for the treatment
with fractional irradiation.

2.2.2. Fractional irradiation

All the NPC-bearing nude mice were anesthetized with 7.5 ul/g BW
of 5% chloral hydrate by intraperitoneal injection. The surface of nude
mice and xenografts were covered by diluted medical alginate, in order
to manipulate the radiation exposure dose on tissues. The total dose of
fractional irradiation was 30Gy, with 10Gy dose per fraction. Each
animal received a single dose of 10 Gy at each time-point, by using a
linear accelerator that produced X-ray with a voltage of 6 MV, dose rate
of 350 u/min, source and skin distance of 100 cm, and irradiation field
size of 3cm X 3 cm. The treatment conditions for the six groups of nude
mice were as follows: (i) GO group: the non-radiation control group; (ii)
G1 group:, the time-point after exposure to 10Gy; (iii) G2 group: the
time-point after exposure to 20Gy dose; (iv) G3 group: the time-point
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after exposure to 30Gy; (v) G4 group: 3 days post-irradiation time-point
after exposure to 30Gy; and (vi) G5 group: 5 days post-irradiation time-
point after exposure to 30Gy.

2.2.3. MR imaging

The examination of tumor response after fractional irradiation was
conducted with both T2WI and DK imaging. All the imaging data were
acquired using a clinical 3T-MRI scanner with parallel imaging
(Achieva, Philips) and a special mouse coil. An ice-water phantom was
used to validate the values of DK imaging. GO group received MRI scan
without any irradiation. G1, G2, and G3 groups received MRI scan on
the next day after irradiated with 10Gy, 20Gy and 30Gy doses, re-
spectively. G4 and G5 groups underwent MRI scans on days 3 and 5,
respectively, after receiving the entire dose of 30Gy.

The imaging protocol consists of MRI and DKI sequences:

1. Axial T2-weighted turbo spin-echo (TSE) sequence, with a TR/TE of
1500/180 msec, a slice thickness of 2mm, an inter-slice gap of
0 mm, a field of view (FOV) of 40 X 40 mrnz, an acquisition matrix
of 240 x 240, and a number of excitation (NEX) of 2;

. Coronal T2-weighted turbo spin-echo (TSE) sequence, with a TR/TE
of 1500/180 msec, a slice thickness of 4 mm, an inter-slice gap of
0mm, a FOV of 80 X 40 mm?, an acquisition matrix of 240 x 240,
and a NEX of 2;

. Axial DK imaging sequence with five b values (b = 0, 500, 1000,
1500 and 2000 s/mm?) and three orthogonal motion-probing gra-
dient directions were geometrically averaged to generate isotropic
DW (TR/TE of 1000/shortest msec, FOV of 40 x 40 mm?, acquisi-
tion matrix of 64 X 57, slice thickness of 4 mm, and inter-slice gap
of 0 mm). The sequence took approximately 16.3 min.

2.2.4. Image analyses

All images were transferred to a dedicated workstation (Extended
MR WorkSpace, Philips Medical, Best, Netherlands), and prospectively
evaluated by two experienced radiologists with at least 10 years of
experience in NPC MRI diagnosis. The DKI sequence data were post-
processed by using IDL63 software (IL, Chicago, USA). At first, the re-
gions of interest (ROI) along the lesion on T2WI-STIR images were
plotted manually. The area of ROI was kept as large as possible and
covered at least two-thirds of the lesion, in order to avoid the necrosis
zone. After that, each ROI was copied to D and K diagrams, to generate
the corresponding DKI parameter values. The D and K values of GO-G5
which represent mean diffusivity and mean kurtosis were defined as
Dgo-Dgs and Kgo-Kgs, respectively. The xenograft volumes of GO-G5
(Vgo-Vgs) were measured in both axial and coronal T2-weighted ima-
ging. The shrink rates of xenografts were calculated according to the
equation below: Shrink rategx = (Vgo — Vgx)/Vo X 100%, where “X”
represents the number of group.

2.2.5. Statistical analyses

Statistical analysis was performed by using software SPSS (version
20.0). The inter-rater reliability of each parameter was tested first by
spearman correlation test. The average value of each parameter was
measured by two radiologists in order to obtain the final value. Means
and standard deviations (SD) for DK values of xenografts were calcu-
lated from each scan. Continuous variables were compared with
Student's t-test, to determine the differences of xenografts parameters
between the two cell lines. In addition, receiver operating characteristic
(ROC) curve analysis was conducted to characterize DKI-derived
parameters (D and K) at a given time point. P values of < 0.05 were
regarded as statistically significant.
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Table 1
Spearman correlation coefficient of each parameter measured by the two
radiologists in the study.

Volume Sig. D Sig. K Sig.
CNE-1 GO 0.903 0.002 0.935 0.001 0.895 0.001
G1 0.885 0.011 0.924 0.001 0.874 0.001
G2 0.867 0.043 0.897 0.008 0.867 0.007
G3 0.844 0.012 0.874 0.044 0.878 0.015
G4 0.882 0.045 0.902 0.012 0.922 0.038
G5 0.866 0.033 0.856 0.005 0.898 0.027
CNE-2 GO 0.926 0.001 0.915 0.001 0.926 0.001
Gl 0.879 0.001 0.909 0.018 0.917 0.017
G2 0.852 0.005 0.887 0.035 0.871 0.042
G3 0.839 0.013 0.856 0.016 0.877 0.001
G4 0.892 0.019 0.912 0.046 0.925 0.019
G5 0.867 0.025 0.897 0.038 0.898 0.035
3. Results

3.1. The inter-rater reliability of each parameter

Table 1 shows the spearman correlation coefficient of each para-
meter measured by the two radiologists in the study. The spearman
correlation coefficient of tumor volume, D value and K value of the six
groups in CNE-1 ranged from 0.844-0.903, 0.856-0.935 and
0.867-0.922 respectively. The spearman correlation coefficient of
tumor volume, D value and K value of the six groups in CNE-2 ranged
from 0.839-0.926, 0.856-0.915 and 0.871-0.926 respectively. As listed
in Table 1, the significance of each correlation coefficient was < 0.05,
which suggested that each parameter in the study measured by the two
radiologists was reliable.

3.2. Shrink rate of CNE-1 and -2 xenografts during fractional irradiation

Table 2 shows the volumes and shrink rates of both CNE-1 and -2
xenografts receiving multiple fractional irradiation. There was no dif-
ference in the baseline volumes between the two groups (P = 0.242).
Likewise, no significant difference (P = 0.332) was observed for the
shrink rate between CNE-1 and CNE-2, during the first irradiation (G1).
Interestingly, the shrink rates of the two cell-line xenografts (CNE-
1 =5954% and CNE-1 = 27.716%) were significantly different
(P = 0.032), during the second irradiation (G2). These findings de-
monstrated that the tumor sizes of both NPC cell-line xenografts re-
gressed after fractional irradiation, and the differences only appeared
after G2.

Table 2
Volumes and shrink rates of CNE-1 and -2 xenografts during fractional irra-
diation.

CNE-1 CNE-2 P value
Volumes(mm?®)
GO 313.50 + 3.98 316.16 = 2.48 0.242
G1 304.67 *= 5.46 299.79 + 2.10 0.092
G2 294.83 = 8.86 247.33 = 4.71 0.000
G3 255.00 = 3.46 218.00 = 3.46 0.000
G4 225.83 = 2.92 191.33 + 2.94 0.000
G5 205.83 = 3.74 122.67 + 4.54 0.000
Shrink rate®
Gl 2.818 5.178 0.332
G2 5.954 21.771 0.032
G3 18.660 31.048 0.004
G4 27.964 39.483 0.000
G5 34.609 61.201 0.000

® Shrink rate = (Vgo — Vgx)/Vgo X 100%.

130

Magnetic Resonance Imaging 55 (2019) 128-132

3.3. DKI parameters between CNE-1 and -2 xenografts

Fig. 1 shows the parameter maps of a CNE-2 cell-line xenograft. The
changing trend of D and K parameters during fractional irradiation are
showed in Fig. 2. The D values of both CNE-1 and -2 xenografts de-
creased after the first irradiation (G1). Notably, the D values of G1 were
significantly lower than of GO in CNE-2 xenografts (P = 0.001), while
no significant difference was found for the D values between GO and G1
in CNE-1 xenografts (P = 0.785). As illustrated in Fig. 2A, the D values
for both CNE-1 and -2 xenografts increased gradually after the second
irradiation (G2). However, no significant difference was observed for
the D values between CNE-1 and -2 in GO (P = 0.019). As listed in
Table 3, the D values were significantly lower for CNE-2 in G2
(P < 0.001) and significantly higher in G4 and G5 (P < 0.05 and
P < 0.001, respectively) as compared to those in CNE-1.

Meanwhile, the K values were increased in both CNE-1 and -2 xe-
nografts, after the first irradiation (G1). As similar to D values, a sta-
tistically significant difference was observed for the K values between
GO and G1 in CNE-1 xenografts (P = 0.001), but not in CNE-2 xeno-
grafts (P = 0.143). As shown in Fig. 2B, the K values for both xenografts
declined sharply after the second irradiation (G2). Furthermore, the K
values of GO and G1 were significantly higher in CNE-2 than in CNE-1
(P < 0.01), but were significantly lower in other groups (P < 0.001)
(Table 2).

3.4. Diagnostic performance for predicting radio-insensitive xenografts

Dg; and Kg; parameters are the major characteristics that distin-
guish CNE-1 from CNE-2, due to the temporarily reverse change in G2
of CNE-2 xenografts. In addition, G1 is the critical time-point for tumor
size changes before entering G2. Therefore, Dg; and Kg; are the most
appropriate parameters for early prediction of radio-insensitive xeno-
grafts. Fig. 3 shows the ROC curves of the two parameters in predicting
radio-insensitive xenografts. The area under the curve (AUC) value of
Dg1 was 0.875, with 66.7% sensitivity and 100% specificity, when
Dgi > 1.27 x 103 mm?/s. Meanwhile, the AUC value of Kg; was
0.917, with 83.3% sensitivity and 100% specificity, when K < 0.88.

4. Discussion

Tumor cells proliferate more rapidly than normal cells, and thus
attributed to the higher cell density. Indeed, the distribution of water
molecules in tumor tissues is obviously lower than in normal tissues.
DWI is a functional MRI technique, which has been applied in clinical
settings to predict disease. DWI can detect the diffusion of water mo-
lecules in vivo by obeying Gaussian distribution, and the low ADC value
is mainly a consequence of increased cellular density and decreased
interstitial space [12,13]. Actual conditions, however, are generally
different from those defined by Gaussian distribution, due to the mi-
crostructure of tissues such as cells, blood vessels, etc. Hence, the dif-
fusion parameters of DWI possess a certain degree of bias. On the
contrary, DKI parameters assume that water molecules diffuse ac-
cording to non-Gaussian distribution, and thus reflect the actual diffu-
sion of water molecules in vivo by considering the factors of micro-
circulation, membrane water channels, cellular density, extracellular
space, etc. Therefore, in this study, we used DKI to predict the radiation
sensitivity of human NPC xenografts in nude mice.

Tumors with radio-resistance are inherently less sensitive to radia-
tion, and tend to shrink more slowly during radiotherapy. In this study,
we observed that the volume of NPC xenografts regressed after frac-
tional irradiation. At first, there was no difference on the tumor volume
reduction rate between the two cell lines. Upon the second irradiation,
we found that the shrinkage rate of CNE-2 was significantly higher than
that of CEN-1. These findings suggested that the radio-sensitivity of the
two NPC xenografts is not possible to be differentiated before the
second irradiation. After the initial exposure to radiation, even at a
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Fig. 1. Representative images of a CNE-2 cell-line xenograft. Picture a-c represents DWI (b = 1000), D and K map, respectively. The xenograft in DWI picture showed
as high signal (white arrow, picture a). Most area of xenograft show as red in D map (white arrow, picture b) and dark blue in K map (white arrow, picture c). The
blue area in D map (black arrow, picture b) and black area in K map (black arrow, picture c) represent the necrosis area in xenograft which can't be showed clearly in
DWI map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The changes in D and K values during fractional irradiation
*' P < 0.05v.s. GO #: P > 0.05 v.s. GO.

Table 3
The values and the comparison of D and K between CNE-1 and CNE-2 during

fractional irradiation.

CNE-1 CNE-2 p
D(x10~3mm?/s) GO 1.42 + 0.21 1.32 + 0.07 0.302
Gl 1.40 + 0.20 1.15 + 0.09 0.019
G2 1.51 = 0.11 1.21 + 0.06 0.000
G3 1.56 + 0.13 1.45 + 0.05 0.099
G4 1.66 + 0.08 1.80 + 0.09 0.017
G5 1.70 + 0.02 2.24 + 0.10 0.000
K GO 0.86 + 0.06 0.95 + 0.04 0.009
Gl 0.91 * 0.04 1.06 + 0.08 0.002
G2 0.83 * 0.05 0.70 + 0.04 0.001
G3 0.76 + 0.06 0.59 + 0.04 0.000
G4 0.69 * 0.08 0.47 + 0.03 0.000
G5 0.65 + 0.05 0.29 + 0.02 0.000

reduced dose, the cell membrane can be damaged and lead to the
dysfunction of active transmembrane transportation of water molecules
[14]. Anyhow, the water molecules from extracellular space can still
pass through the cell membrane via passive transportation, thereby
resulting in an increase of intracellular water content and cell density.
As a consequence, extracellular space becomes more compact and fur-
ther restricting the diffusion of the extracellular water molecules.

An increased dose of radiation can lead to the initiation of apoptosis
in xenograft cells [15]. The decreased number of tumor cells would
result in a lower cell density and followed by an enlargement of ex-
tracellular space. Larger extracellular space after cell apoptosis may
lead to isotropic microenvironment. Apparently, an induction of D
value and reduction of K value were observed during the fractional
irradiation of CNE-1 and -2 xenografts. In xenografts of CNE-2 cell-line,
D and K values transient changed reversely after the first irradiation,
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but similar changes were not observed in CNE-1 xenografts. The radio-
sensitive of CNE-2 is higher than CNE-2, and therefore the temporarily
reverse changes in D and K values during the initial stage of fraction
irradiation (G1) are clearly observed prior to morphological changes.
Similarly, the use of diffusional MR on head and neck squamous cell
carcinoma, hepatic metastases and metastatic ovarian cancer have
shown that the changes of MRI diffusional imaging biomarkers are
often earlier than that of tumor size [16-18]. Hence, the temporarily
reverse changes in D and K values may differentiate the micro-en-
vironment of G1 between radio-sensitive and -insensitive NPC xeno-
grafts. The respective AUC values of Dg; and Kg; were 0.875 and 0.917,
with 66.7% and 83.3% sensitivity and both 100% specificity, at the
cutoff values 1.27 x 10~ 3mm?/s for parameter D and 0.88 for para-
meter K. These results indicated that the NPC cells may be radio-
resistance, when D g; > 1.27 x 10" >mm?/s or K g; < 0.88. There-
fore, both Dg; and Kg; are the most valuable imaging markers for the
early detection of radio-sensitivity in NPC xenografts.

Furthermore, Jansen et al. [10] found that Kapp is twice as high as
Dapp in head and neck squamous cell carcinoma and the lymph node.
Obviously, the fitting degree of DKI parameters constructed from both
double exponential model and experimental data is higher than that of
DWI parameters constructed from single exponential model. Chen et al.
[12] also proposed that the D value of DKI and the ADC value of DWI
can both predict the efficacy of NPC chemotherapy, in which the D and
K parameters are superior to the ADC parameter. In fact, ADC para-
meter has been proposed as a valuable indicator for the early assess-
ment of tumor response to radiation therapy in NPC [19,20]. Notably,
the low pre-treatment ADC values in tumor tissues may contribute to
better treatment outcomes [21,22]. Nevertheless, Chen et al. [11] found
that K values are not significantly different between the response and
non-response groups during neoadjuvant chemotherapy of NPC. The
reasons for this are twofold; (i) the effects of radiotherapy and
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Fig. 3. ROC curves of DG1 and KG1 in picture A and B. The areas under the curve are 0.875 and 0.917, with sensitivity of 0.667 and 0.833 as well as specificity of

1.000 and 1.000, respectively.

chemotherapy on the ultrastructure of tumor tissues might be different;
and (ii) the complexity of tumor tissue is influenced by cell density,
uniformity of cell distribution, structure of tissue, etc.

5. Conclusions

The results of this study indicate that DKI has the potential to pre-
dict the radio-sensitivity in human NPC xenografts prior to morpholo-
gical alterations. In addition, Dg; and Kg; may be the most useful
parameters for early prediction of tumor response to radiotherapy.
However, the impacts of D and K values on the long-term survival and
recurrence risk of NPC have not been elucidated. Therefore, the find-
ings from this in vivo study should be further confirmed in adequately
designed prospective clinical trials.
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