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Abstract
Purpose Diffusion kurtosis imaging (DKI), an extension
of the popular diffusion tensor imaging (DTI) model, has
been applied in clinical studies of brain tissue changes. We
explored the value of DKI for the early detection of radia-
tion-induced changes in temporal lobe necrosis (TLN) after
radiotherapy (RT) for nasopharyngeal carcinoma (NPC).
Methods A total of 400 patients with NPC were retro-
spectively enrolled; all participants underwent MRI scans
0–7 days before RT, at 4 weeks during RT, and 1 month af-
ter completing RT. DKI-derived kurtosis parameters (mean
kurtosis [MK], axial kurtosis [Ka], radial kurtosis [Kr]), and
DKI-derived diffusion parameters (fractional anisotropy
[FA], mean diffusivity [MD], axial diffusivity [λa], ra-
dial diffusivity [λr]) were assessed in temporal lobe white
matter.
Results Analysis was performed for 20 patients with tem-
poral lobe necrosis following long-term follow-up. No brain
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abnormalities were visible on conventional MRI in any pa-
tient at 4 weeks during RT and 1 month after RT. Of all
DKI-derived parameters, MK was significantly lower at
1 month after RT than before RT (P < 0.05).
Conclusion This study indicates DKI can detect the early
presence of relatively subtle RT-induced brain abnormal-
ities before TLN in patients with NPC and may provide
a sensitive imaging technique for temporal white matter mi-
crostructural abnormalities that are silent on conventional
modalities but precede TLN after RT.
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Introduction

Nasopharyngeal carcinoma (NPC) has a unique geographic
distribution and varied incidence in different populations;
NPC is especially prevalent in southern China [1, 2]. Ra-
diotherapy (RT) remains the mainstay treatment for NPC
due to its anatomic complexity and radiosensitivity [3]. As
the temporal lobe is in close proximity to the nasopharyn-
geal cavity, temporal lobe toxicity is one of the limitations
on RT for NPC [4]. Moreover, white matter is more vul-
nerable to irradiation, compared to grey matter [4]. Radia-
tion-induced temporal white matter injury is classified into
three stages: the acute period (days to weeks after the initia-
tion of treatment), early delayed period (within 1–6 months
of completion of radiation), and late delayed period (after
6 months to many years following therapeutic radiation) [1,
5, 6]. Late delayed injury presents as necrosis and severe
functional impairments that are usually permanent and irre-
versible. However, radiation-induced temporal white matter
injury cannot be detected in patients with late delayed injury
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on routine magnetic resonance imaging (MRI)/computed
tomography (CT) examinations during the acute period or
early delayed period. Therefore, understanding of the radia-
tion-induced temporal microstructural alterations that occur
at the early stage in the white matter of patients with NPC
may enable modification of treatment planning and prevent
additional severe secondary damage to the brain.

In recent years, diffusion tensor imaging (DTI) has been
applied in NPC to detect radiation-induced temporal white
matter damage that is not visible using traditional imaging
modalities [6–8]. DTI is based on the fundamental assump-
tion that free water diffusion has a Gaussian displacement
probability distribution [9]. However, due to the presence of
barriers such as cell membranes and organelles that impede
the movement of water in most biological tissues [10, 11],
the assumption of this Gaussian form is not valid anymore.

Diffusional kurtosis imaging (DKI), as an extension of
the popular DTI model [12], characterizes the degree to
which diffusion deviates from Gaussian behavior. DKI-
derived diffusion parameters (fractional anisotropy [FA],
mean diffusivity [MD], axial diffusivity [λa], radial dif-
fusivity [λr]) and DKI-derived kurtosis parameters (mean
kurtosis [MK], axial kurtosis [Ka], radial kurtosis [Kr]) can
be used to better understand white matter microstructural
changes in the brain [12–15]. DKI has been successfully
applied in human studies on aging [16], attention deficit
hyperactivity disorder [17], cerebral glioma [18], epilepsy
[19, 20] and head and neck cancer [21], as well as in an-
imal models [22], as it can reflect both complex diffusion
and kurtosis alterations in the distribution properties of the
tissue compartments in white matter.

The aims of the current study were the following: (1) to
investigate whether DKI can detect the presence of white
matter microstructural changes in the temporal lobe in the
early phases following RT for NPC with temporal lobe
necrosis and (2) to explore whether DKI provides differ-
ent and complementary information on radiation-induced
changes in temporal white matter.

Patients and Methods

Patients

This study was approved by the Institutional Review Board
of Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital and was conducted in accordance with the Decla-
ration of Helsinki. Written informed consent was obtained
from all subjects.

Between June 2008 and July 2010, 400 patients (295
males and 105 females) aged between 18 and 81 (aver-
age 53) years old with NPC were studied. All patients had
been diagnosed with NPC by biopsy and undergone RT at

Shanghai Sixth People’s Hospital. In all, 20 patients with
stage III–IVa NPC who developed late temporal lobe necro-
sis following long-term follow-up were retrospectively en-
rolled in this study.

Patients with intracranial invasion, brain tumor or metas-
tases, diabetes, brain vascular lesions, hypertension, a pre-
vious history of radiotherapy, or who were left-handed or
had other major medical illness were excluded from the
study [6].

Radiotherapy Protocol

Patients were immobilized from the head to shoulders using
commercially available thermoplastic masks and individu-
ally customized bite blocks. CT images (3mm slice thick-
ness) were acquired from the top of the vertex to the level
of the carina of the trachea. Target volumes were delineated
on each axial planning CT slice, based on diagnostic CT
images supplemented with diagnostic MRI and/or PET-CT
scans. The gross tumor volume (GTV) included the gross
extent of the primary disease and involved lymph nodes. In-
volved lymph nodes were classified as all nodes with a short
axis ≥1 cm, nodes with a necrotic center, or nodes that were
FDG PET-avid. PTV1 (planning target volume) was defined
by adding a 3–5mm margin to the GTV, depending on the
proximity of the GTV to critical structures. PTV2 covered
areas at high risk for potential microscopic disease. PTV3
included the clinically negative bilateral cervical lymphatic
nodes down to the supraclavicular fossae (elective PTV).
Organs at risk were outlined in three dimensions with an
estimated planning organ-at-risk volume (PRV) margin of
2–10mm.

Intensity-modulated radiotherapy plans were generated
using the Pinnacle Treatment-Planning System. Irradiation
was delivered with 6MV photon energy using a linear ac-
celerator. The goals were to deliver the prescribed dose to
at least 95% of the PTV, and 95% of the prescribed dose to
at least 99% of the PTV, while meeting the following nor-
mal tissue constraints: spinal cord maximum dose <45Gy;
brain stem maximum dose <54Gy; temporal lobe maximum
dose <54Gy; eye ball maximum dose <54Gy; optical nerve
maximum dose <54Gy, mandible maximum dose <70Gy,
dose to 50% of the parotids volume <30Gy or mean dose
<26Gy, and as low a dose as possible to the lens. We also
attempted to keep the volume of tissue receiving >110% of
the prescribed dose to <1 cc.

Patients received radiotherapy at a dose of 66 cGy per
fraction for a total dose of 1980 cGy to the gross tumor,
delivered in 30 fractions over a total period of 6 weeks.
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Fig. 1 Magnetic resonance (MR) imaging shows right temporal lobe necrosis in a 40-year-old woman with nasopharyngeal carcinoma at 3.5 years
after radiotherapy. a Axial T1-weighted image shows right temporal lobe necrosis (arrow head) and brain edema (arrow); b axial T2-weighted
image shows right temporal lobe necrosis (arrow head) and brain edema (arrow); b, c T2-weighted image shows right temporal lobe necrosis
(arrow head) and brain edema (arrow); d, e coronal T2-weighted image shows right temporal lobe edema (arrow); f contrast-enhanced axial
T1-weighted image obtained with fat suppression shows contrast enhancement in right temporal lobe necrosis (arrow head) and brain edema
(arrow)

Image Acquisition

MRI was performed using a 3T MR Siemens Trio scan-
ner (Magnetom Verio, Siemens Healthcare, Erlangen, Ger-
many) with a 32 channel head coil at three time points:
0–7 days before initiation of RT, 4 weeks during RT, and
1 month after completion of RT. The protocol included axial
T1-weighted images, T2-weighted images, axial DKI, and
axial pre- and post-gadolinium T1-weighted images (Gd-
DTPA; 0.1mmol/kg). DKI scanning was acquired at a rep-
etition time of 3700ms, echo time of 109ms, 230mm2 field
of view, 256 × 256 matrix, 2.0mm slice thickness, and 30%
distance factor. The DKI sequence was carried out using b-
values of 0, 500, 1000, 1500, 2000, and 2500 s/mm2 in 30
different gradient encoding directions.

MRI Analysis

MRI findings were reviewed by two radiologists and a clin-
ician specializing in head and neck cancers in consensus.
The diagnostic criteria of temporal lobe necrosis (TLN) on
MRI were as follows:

● White matter lesions (WMLs): areas of finger-like le-
sions of increased signal intensity in the white matters
on T2-weighted images. The size, location and character-
istics of signal intensity abnormalities identified on T2-
weighted sequences were reviewed.

● Contrast-enhanced lesions: Nodular, rim or heteroge-
neous signal abnormalities seen on postcontrast, T1-
weighted images. The number, size, extent and char-
acteristics of T1-contrast enhancement were reviewed.
When the predominant pattern was multiple, small or
medium areas of enhancement intermixed with necrotic
foci rather than an area of solid enhancement, the features
of enhancement include two characteristic patterns – the
“Swiss cheese” and “soap bubble”. When the predom-
inant pattern was ill-defined and not well demarcated.
The enhancement margin was defined as a “spreading
wave front”.

● Cysts: areas of round or oval, well-defined lesions of
increased signal intensity on T2-weighted images, with
a thin or imperceptible wall. The size and number of
cysts were reviewed.
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Fig. 2 Axial views of diffusion kurtosis imaging (DKI)-derived parametric maps for a 40-year-old woman with nasopharyngeal carcinoma during
radiotherapy. a Fractional anisotropy (FA); b mean diffusivity (MD); c axial kurtosis (Ka); d radial kurtosis (Kr); e axial diffusivity (λa); f radial
diffusivity (λr); g mean kurtosis (MK)

● Local mass effect: shifting of the brain structures due to
the TLN nidus.

An example of temporal lobe necrosis detected by MRI
is shown in Fig. 1.

Image Postprocessing and Data Measurement

All image acquisitions were processed using Diffusional
Kurtosis Estimator (DKE) [23] and analyzed using MAT-
LAB tools created in-house. All measures (including FA,
MD, λa, λr, MK, Ka, and Kr) were reconstructed following
the standard configuration for DKE [23]. Maps of diffusion
and perfusion parameters are shown in Figs. 2 and 3. We
first identified the slice as close to the spectral location T2-
WI anatomy as possible. One uniform circular regions of in-
terest (ROI) was placed in each temporal lobe white matter
in the b = 0 images in two consecutive sections. A radiol-
ogist who was blinded to the patients’ identities manually
place the ROIs. A code was written to make sure that the
diameter for the circular region was 6mm. The size of the
ROIs was about 28mm2. Measures were acquired and aver-
aged within each individual ROI. Each lesion was measured
twice in two separate sessions spaced 2 weeks apart to en-
sure reproducibility and showed satisfactory intraobserver
agreement with an error of 4.0% coefficient of variance
only.

Follow-Up Protocol and Temporal Lobe Necrosis
Detected by MRI

Follow-up was calculated from the day of radiation therapy
completion to the date of the event or the last follow-up
visit. All patients were followed up for the first 3 months,
every 3 months for the next 1 years, every 6 months for the
next 2 years, and then annually. At each follow-up, disease
status and treatment toxicities were assessed by means of
head and neck MRI, chest radiography, abdominal ultra-
sound, physical examination, and, if indicated, whole body
bone scanning.

Statistical Analysis

All data are expressed as the mean ± standard deviation
values. Statistical analysis was performed using SPSS soft-
ware version 20.0 (SPSS, Chicago, IL, USA). Analysis of
variance (ANOVA) was used to compare the FA, MD, λa,
λr, MK, Kr, and Ka values for the temporal lobe across time-
points. A P-value <0.05 was considered statistically signif-
icant for all analyses.
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Fig. 3 Axial views of diffusion kurtosis imaging (DKI)-derived parametric maps for a 40-year-old woman with nasopharyngeal carcinoma at
1 month after radiotherapy. a Fractional anisotropy (FA); b mean diffusivity (MD); c axial kurtosis (Ka); d radial kurtosis (Kr); e axial diffusivity
(λa); f radial diffusivity (λr); g mean kurtosis (MK)

Results

None of the 20 patients displayed radiation-induced lesions
on T2-weighted or pre- and post-gadolinium T1-weighted
images during and 1 month after radiotherapy for NPC. A
total of 20 consecutive patients were analyzed in this study
(15 males and 5 females; mean ± standard deviation age
51.2 ± 13.9 years, range 18–76 years; Table 1).

A reduction in λa and increase in λr for the temporal lobe
white matter were observed at 1 month after RT, compared
to that before RT; however, these changes were not signif-
icant (P = 0.735 and 0.109, respectively; Table 2). FA was
slightly lower during RT than before RT (Table 2); though
this change was not significant (P = 0.498). MD tended to
be higher at 1 month after RT than before RT (Table 2),
but this trend did not reach significance (P = 0.517). Ka
tended to be higher and Kr tended to be lower at 1 month
after RT than before RT, though these differences were not
statistically significant (P = 0.573 and 0.620, respectively;
Table 2). However, MK was significantly lower at 1 month
after RT than before RT (P = 0.006; Table 2).

Discussion

To our best of our knowledge, this is the first DKI study
to evaluate the early diffusion and kurtosis features of tem-
poral lobe white matter following RT in patients with NPC
who developed temporal lobe necrosis. This research indi-
cates that DKI can detect radiation-induced abnormalities
in the temporal lobe white matter, even when no evidence
of changes were evident on conventional MR at earlier
phase, in agreement with two reports of an absence of early
changes on MRI in patients with late delayed temporal lobe
injury [20, 24].

FA, the most commonly used diffusion parameter, mea-
sures the directional anisotropy of water molecules [12]. In
this group of patients with NPC, although the change was
not significant, FA tended to decrease slightly in the early
phase after RT (Post-RT), consistent with several previous
studies [7–9, 24]. Most DTI investigations of radiation-in-
duced temporal lobe white matter injury have demonstrated
that FA decreases and MD increases 1 month after RT in
patients with NPC. For example, elevated FA and reduced
MD are often observed at 1 month after RT and reverse
on long-term follow-up [7, 8]. Previous studies indicated
that FA and MD values change dynamically over time, re-
flecting the dynamic nature of radiation-induced injury [25].
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Table 1 Characteristics of the 20 patients with nasopharyngeal cancer
whose temporal lobe white matter appeared normal on conventional
imaging at 4 weeks during radiotherapy (RT) and 1 month after RT

Patient no. Age (years) Sex Clinical tumor staging

1 42 Female III

2 51 Male III

3 50 Female III

4 43 Male IVa

5 51 Male III

6 60 Male III

7 53 Male IVa

8 41 Male III

9 42 Male IVa

10 76 Male III

11 76 Female III

12 52 Male III

13 69 Male IVa

14 62 Female III

15 60 Male III

16 33 Male III

17 54 Female III

18 18 Male III

19 46 Male III

20 45 Male III

The decrease in FA is typically attributed to axonal swelling
or disruption of ionic homeostasis resulting in an intra- and
extracellular water imbalance [25]. In the earlier phases, RT
can affect different types of cells within the central nervous
system, including neurons, glial cells, and blood vessels [6].
In addition, several factors such as reduced myelination or
increased axonal diameter may all contribute to a lower FA
value [6, 8]. In this study of patients with NPC, a significant
change in MD was not observed after RT which is not in
line with a previous study [24]. However this nonsignificant
change in MD in this study may be associated with lack of
change in overall water diffusion as an integrative change
in the cingulum of patients with NPC [26].

The parameter λa is believed to be sensitive to axonal
injury, whereas λr is sensitive to demyelination [6, 27–31].
Song et al. observed that an increase in λr with no change
in λa was indicative of demyelination [27]. In an animal
study of irreversible and reversible demyelination, λr in-
creased and λa and FA significantly decreased due to severe
myelin loss; most axons had a small diameter and were un-
myelinated [30]. In this study of NPC, λa slightly decreased
and λr slightly increased after RT, consistent with the re-
sults of previous studies [6, 20, 28], although the changes
in this study were not significant. The reduction in λa may
be caused by axonal loss or reduced diffusion of water
molecules. The elevation in λr may be due to an increase in
axonal diameter as a result of axonal swelling or demyelina-

tion [26]. We suggest that demyelination and axonal injury
are the hallmarks of temporal lobe white matter injury af-
ter RT in patients with NPC. MD, FA, and λr demonstrated
very little change between any of the observed time-points
in this group of patients, indicating that DKI-derived dif-
fusion parameters have a low sensitivity for temporal lobe
microstructural changes.

MK, the average apparent kurtosis along all diffusion
encoding directions, quantifies the degree of diffusion re-
striction or tissue complexity and has been shown to be
useful for assessing pathophysiological changes [14, 32,
33]. In the current study, a significant reduction in the MK
for the temporal lobe white matter was observed in the pa-
tients with NPC at 4 weeks during RT and 1 month after
RT. However, in another study [24], the white matter MK
values of patients with NPC were significantly lower in the
6-month group and 1-year group. MK may reduce earlier
than 6-month based on our results. A decrease in MK sug-
gests a loss of microstructural integrity and the presence
of degenerative processes associated with neuronal shrink-
age and changes in axonal and myelin density. Ka and Kr
measure the kurtoses along the directions parallel and per-
pendicular to the principal diffusion direction, respectively.
The reduced white matter MK and Kr values indicate de-
creased diffusional heterogeneity, which is likely to be re-
lated to reduced cell compartmentalization and an increase
in membrane permeability [14, 32–34].

The histological basis of the diffusional kurtosis changes
reported here is currently unknown. Several biological pro-
cesses may underlie the global decline in MK and Kr in
white matter following RT, such as myelin breakdown, in-
creased axonal membrane permeability, edema, fiber loss
and shortening, as well as a reduction in the density of
myelinated axons [35–38], all of which may increase tis-
sue homogeneity and decrease the variability in diffusivity
among tissue compartments. The reduction in Ka is likely
to be associated with the same biological processes in cross-
ing fibers perpendicular to the principal diffusion direction.
However, as cross-sectional changes are also observed in
predominantly noncrossing fibers, Ka may additionally be
linked to increased homogeneity along the principal diffu-
sion direction, probably due to an increase in extracellu-
lar space, which is presumed to have lower heterogeneity
than axons and glia [33]. In particular, MK and Kr were re-
ported to indicate more extensive microstructural abnormal-
ities compared with conventional diffusion metrics, such as
MD and FA [35].

There are two major limitations to this study. First, the
small size of the cohort may have limited the comparison of
disease severity and DKI parameters. Second, the underly-
ing tissue microstructure changes revealed by DKI can only
be speculated on the basis of limited prior work; further an-
imal studies will be needed to relate the alterations in the
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Table 2 Comparisons of DKI-derived diffusion and kurtosis parameters before, during and after radiotherapy in 20 patients with nasopharyngeal
cancer

Parameter Pre-RT In-RT Post-RT P-values

Mean SD Mean SD Mean SD P1 P2 P3

FA 0.388 0.027 0.379 0.024 0.375 0.035 NS NS NS

MD 0.959 0.011 0.978 0.017 0.987 0.013 NS NS NS

λa 1.431 0.081 1.416 0.101 1.406 0.065 NS NS NS

λr 0.769 0.010 0.775 0.016 0.779 0.009 NS NS NS

MK 1.118 0.116 1.093 0.047 1.018 0.034 NS 0.033 0.006

Ka 0.889 0.004 0.891 0.006 0.891 0.002 NS NS NS

Kr 1.284 0.103 1.250 0.088 1.250 0.061 NS NS NS

SD standard deviation, DKI diffusion kurtosis imaging, FA fractional anisotropy, MD mean diffusivity, λa axial diffusivity, λr radial diffusivity,
Ka axial kurtosis, Kr radial kurtosis, MK mean kurtosis, RT radiotherapy
NS P > 0.1, indicating no significant difference between adjacent groups
P < 0.05, indicating a significant difference between adjacent groups
P1 Pre-RT vs. In-RT
P2 In-RT vs. Post-RT
P3 Pre-RT vs. Post-RT

DKI parameters suggested by this study with physiologi-
cal and histological changes. However, our results suggest
that assessment of non-Gaussian directional diffusion using
DKI may provide a more sensitive indicator of temporal
lobe microstructural abnormalities in the early phase af-
ter RT in patients with NPC who developed temporal lobe
necrosis after long-term follow-up.

Conclusions

This study indicates that DKI has sensitivity for detect-
ing subtle local changes in tissue heterogeneity and may
provide a valuable early indicator of regional RT-induced
white matter microstructural damage to the temporal lobe
in patients with NPC.
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