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Abstract Radiation-induced local white matter (WM)
damage has been observed by diffusion tensor imaging
(DTI) within a priori-defined regions of interest following
radiotherapy (RT) for nasopharyngeal carcinoma (NPC). In
this study, we aimed to detect WM changes throughout the
brain of NPC patients by DTI. Tract-based spatial statistics
(TBSS) was used to analyze DTI data from 81 NPC
patients. Fractional anisotropy (FA) and mean diffusivity
(MD) were quantified across the whole brain in separate
groups: pre-RT, and <6, 6-12, and >12 months post-RT.
We found that fractional anisotropy values were signifi-
cantly lower in the right frontal, parietal, and occipital WM
<6 months post-RT compared with pre-RT and remained
significantly lower in the right frontal and parietal WM at
>12 months. MD values were significantly higher in the
right occipital, bilateral temporal, right occipital-temporal
junction, left parietal, left centrum semiovale, and left
frontal-parietal junction WM <6 months post-RT and
remained higher in the right occipital WM at >12 months.
This study suggests that changes in white matter
microstructure following RT for NPC were widespread,
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complex, and dynamic. Diffusion tensor imaging with
TBSS analysis allows for early non-invasive detection of
RT-induced WM damage.
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Introduction

Radiation therapy (RT) is the current treatment of choice
for nasopharyngeal carcinoma (NPC). However, RT not
only kills tumor cells but also damages adjacent tissue,
especially the lower temporal lobes, because they are
within the RT target volume. Radiation-induced brain
injury (RBI) is a major neurologic complication following
RT for NPC, negatively impacting prognosis and quality of
life [1]. The prevalence of radiation-induced brain injury
ranges from 4 to 18 % [2]. The typical brain response to
RT has been divided into three phases based on the timing
of symptom onset. Both the acute effects occurring during
the first weeks following RT and early delayed or subacute
effects typically appearing 1-6 months after completion of
RT are generally reversible, while the late delayed effects
appearing more than 6 months after RT are generally
irreversible and even progressive [3-5].

Magnetic resonance (MR) diffusion tensor imaging
(DTI) is currently the only noninvasive imaging modality
for characterizing subtle changes in white matter (WM)
microstructure in vivo [6, 7]. Diffusion tensor imaging
provides a measure of water diffusion within each voxel as
expressed by mean diffusion (MD) and direction depen-
dence of diffusion (or fractional anisotropy, FA). These
metrics can be used to construct images of nerve fiber
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pathways (tractography) and estimate changes in fiber
numbers and myelination during development and disease
[7]. In general, lower FA and higher MD suggest disruption
of fiber integrity. Recent studies have revealed that DTI
can be used for early detection of localized radiation-in-
duced damage in brain parenchyma following RT, even if
there are no visible lesions on conventional MR images
[8-13]. However, these studies investigated only alter-
ations in local WM fiber integrity within prespecified
regions of interest (ROI). Tract-based spatial statistics
(TBSS) is an observer-independent approach for accurate
and automatic analysis of DTI data that can detect group-
wise microstructural differences in the major WM path-
ways of the brain [14]. Also, TBSS analysis of DTI data
does not require smoothing and has more precise alignment
[15]. In vivo tractography may reveal changes in WM
associated with the early stages of neurological and psy-
chiatric disorders, thereby aiding in diagnosis and
treatment.

In this study, we used DTI and TBSS to compare white
matter (WM) microstructure at different times after RT in
NPC patients.

Materials and methods
Subjects

Eighty-one NPC patients (mean age 44.26 & 9.91 years,
range 19-65 years, 21 females) were enrolled and divided
into four groups according to the time before and after
completion of RT: GI1 (pre-RT, n = 23), G2 (0-6 months
post-RT, n = 21), G3 (>6-12 months post-RT, n = 20),
and G4 (>12 months post-RT, n = 17), matched on age,
gender ratio, and education level (Table 1).

All NPC patients were confirmed pathologically, with
staging from T1NOMO to T4AN2MO (Union for International
Cancer Control, Seventh Edition, 2009) (Table 2). No
patient had previously been treated by RT. The primary
tumor and the upper neck above the caudal edge of the
cricoid cartilage were treated with intensity-modulated
radiation therapy (IMRT) techniques. According to Inter-
national Commission on Radiation Units and Measure-
ments (ICRU) reports 50, 62, and 83, we contoured the

gross target volume (GTV), clinical target volume (CTV),
and organs at risk (OARs) on sectional CT or MRI. A
3-mm margin was used to generate the corresponding
planning target volume and planning organs at risk volume
(PTV/PRV) with necessary modifications. The prescribed
dose of gross tumor volume of the primary (GTV-P) was
66-74 Gy, gross tumor volume of cervical lymph nodes
metastased (GTV-N) was 64-68 Gy, CTV 1 (i.e., high-risk
regions) was 56-60 Gy, and CTV 2 (i.e., low-risk regions)
and CTV-N (i.e., cervical nodal regions) was 50-54 Gy.
The daily dose of irradiation was 1.8-2.0 Gy (5 days a
week), which was carried out with a linear accelerator
(linac; 6 MV X-rays; Elekta Synergy). In all patients, 59
patients received concurrent chemotherapy, and 22
received adjuvant chemotherapy. The concurrent
chemotherapy regimen was consisting of five to six cycles
of injection cisplatin (CDDP; 40 mg/m?) weekly. Among
patients receiving three to four cycles of adjuvant
chemotherapy, seventeen received CDDP(75 mg/m?) on
day 1 and 5-fluorouracil (5-FU; 500 mg/m?) on days 1-5,
and five patients were treated with CDDP and docetaxel
(both dosed at 75 mg/m?) on day 1, and these cycles were
repeated every 3 weeks. We contoured the OARs, such as
the brain stem, spinal cord, temporal lobe, eye, lens, optic
nerve, chiasm, salivary glands, temporomandibular joint,
mandible, and so on, according to their three-dimensional

Table 2 TNM stage of

nasopharyngeal carcinoma Stage  No. of patients %
patients T stage
1 12 14.8
2 20 24.7
3 34 42.0
4 15 18.5
N stage
0 14 17.3
1 19 23.5
2 48 592
UICC stage
1 3 3.7
1I 15 18.5
111 48 59.3
IVy 15 18.5

Table 1 Demographic and clinical characteristics of nasopharyngeal carcinoma patients

Characteristics Gl (Pre-RT) n=23) G2 (0-6m)(n=21) G3(>6-12m)(n=20) G4 (>12m) (n = 17) F/;(2 value P value
Age (years) 47.04 + 9.56 41.48 + 12.40 41.75 + 7.62 46.88 + 8.24 1.407 0.237
Male/female 18/5 13/8 16/4 13/4 2417 0.660
Education (years) 9.91 £ 3.40 10.48 £+ 3.53 10.45 £+ 3.32 10.29 + 3.12 0.098 0.983

Pre-RT before radiotherapy, m months
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anatomical boundaries on CT-MRI fusion. The whole
organs should be outlined, including those in CTV, but not
GTV. According to the Radiation Therapy Oncology
Group (RTOG) 0615 and 0225, the limiting dose of the
organs at risk was set as follow: brain stem <54 Gy, spinal
cord <45 Gy, temporal lobe <54-60 Gy, optic nerve and
chiasm <54 Gy, lens <9 Gy, D50 of parotid gland
<30-35 Gy, temporomandibular joint <50 Gy, and
mandible <60 Gy. Exclusion criteria were age less than 18
or greater than 65 years, intracranial primary tumors or
metastases, intracranial invasion, neurovascular lesions,
head trauma, previous intracranial surgery, hypertension,
heart disease, diabetes, hyperlipidemia, metabolic disease,
major psychiatric or neurological disorders, left-handed-
ness, the existence of brain abnormalities on conventional
or enhanced MRI, and contraindications to scanning.

Image acquisition

All MR imaging data were acquired using a 3.0 T GE
clinical scanner (SIGNA EXCITE GE Medical Systems,
Milwaukee, WI, USA) with an eight-channel head coil.
The routine MRI brain protocol included T1-weighted, T2-
weighted, and T2-FLAIR images for every subject to detect
intracranial lesions. Diffusion tensor imaging scans
employed a single-shot echo-planar imaging sequence and
array spatial sensitivity encoding technique with the fol-
lowing parameters: repetition time (TR) 12,000 ms, echo
time (TE) 75.5 ms, field of view (FOV) 240 mm?, matrix
128 x 128, slice thickness 2 mm, NEX = 1, and flip angle
of 90°. Images were collected along 25 non-collinear dif-
fusion gradient directions with b values of 1000 and O s/
mm? (non-diffusion weighted).

Data processing and TBSS analysis

The FMRIB Software Library (FSL, http://www.fmrib.ox.
ac.uk/fsl, version 4.19) was used for preprocessing DTI
data. First, diffusion tensor images were corrected for head
movements and eddy current distortion using the FDT tool.
Second, a binary brain mask was obtained for each par-
ticipant from the respective b = 0 image using the BET
tool. The diffusion tensor was then calculated voxel by
voxel using dtifit to generate maps of fractional anisotropy
(FA) and mean diffusivity (MD).

Voxel-wise analysis of multisubject diffusion data was
performed using TBSS as follows. (1) Original FA data
were converted into the appropriate format. (2) All FA
images were transformed into Montreal Neurological
Institute (MNI) space by nonlinear registration. (3) We
created the mean FA image and the skeletonized mean FA
image using an FA threshold of 0.2. (4) We projected all
subject FA images onto the mean FA skeleton. (5) Voxel-

wise statistics on multisubject FA data were then computed
in the skeleton space. Areas of statistically significant
difference (P < 0.05) among the different groups were
identified and corrected for multiple comparisons by family
wise error correction (FWE) with threshold-free cluster
enhancement [16].

Statistical analyses

Data were analyzed using the Statistical Package for Social
Sciences 13.0 (SPSS for Windows, Chicago, IL, USA).
One-way analysis of variance (ANOVA) was performed to
compare age and years of education among the different
groups. The Chi-square test was performed to assess dif-
ferences in gender ratio. A two-tailed P value <0.05 was
considered statistically significant.

Results
Demographic data

There were no significant differences in age, gender ratio,
and duration of education among groups (G1-G4) (Table 1).

Changes in fractional anisotropy (FA)

Compared with the pre-RT group (Gl), FA was signifi-
cantly lower in the right frontal, parietal, and occipital WM
in NPC patients assessed within 6 months after RT (G2)
(Fig. 1; Table 3). While values increased gradually there-
after, FA remained significantly lower in the right frontal
and parietal WM in NPC patients evaluated by DTI
>12 months post-RT (G4) compared with the pre-RT
group (Table 4).

Changes in mean diffusibility (MD)

Compared with the pre-RT group, MD values in the right
occipital, bilateral temporal, right occipital-temporal
junction area, left parietal, left centrum semiovale, and left
frontal-parietal junction area WM were significantly
higher within 6 months post-RT (Fig. 2; Table 5). Values
decreased thereafter in most regions but were still elevated
in the right occipital WM in the >12 months post-RT
group compared with the pre-RT group (Table 6).

Discussion
Radiation therapy effectively destroys cancerous tissues,

but may also damage adjacent healthy tissue, a particu-
larly severe adverse effect in tissues with limited
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Fig. 1 Differences in fractional anisotropy (FA) values between the
0-6 months post-radiotherapy (RT) group and the pre-RT group of
nasopharyngeal carcinoma (NPC) patients. Areas in blue exhibit no
significant difference in FA by group-wise comparison. Red areas

regenerative capacity, such as the adult mammalian
central nervous system. In contrast to DTI and TBSS
analysis, most conventional neuroimaging modalities are
of limited value for assessing early abnormalities of the
microstructure of white matter due to radiotherapy. To
the best of our knowledge, this is the first study to
investigate changes in whole-brain WM microstructure
after radiotherapy (RT) using DTI and TBSS in
nasopharyngeal carcinoma patients. Patients showed

@ Springer

denote regions of significantly lower FA (red arrows) in the
0-6 months post-RT group compared with the pre-RT group. Arabic
numerals indicate the location of each section in Montreal Neuro-
logical Institute (MNI) coordinates

radiation-induced brain injury involving regions of nor-
mal-appearing WM beyond the target field. Furthermore,
these abnormalities were most severe within 6 months
after radiotherapy, and different brain regions exhibited
distinct rates of recovery thereafter.

In accordance with previous DTI studies [9, 10], DTI
indices were found significantly changed in the temporal
WM, very likely because subregions of the temporal lobe
are closer to the nasopharyngeal target volume and are
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Table 3 Brain regions with Brain regions L/R Voxels MNI coordinates (mm) Peak ¢ score P value

abnormal FA values in the

0—6 months post-RT group X Y Z

compared with the pre-RT

group (P < 0.05, FWE Lower FA

corrected) Frontal WM R 55 23 16 -19 5.5277 <0.0001
Occipital WM R 57 32 —-80 -1 5.9544 <0.0001
Parietal WM R 65 27 —62 45 4.5864 <0.0001

L left, R right, MNI Montreal Neurological Institute

Table 4 Brain regions with Brain regions L/R Voxels MNI coordinates (mm) Peak t score P value

abnormal FA values more than

12 months post-RT group X Y Z

compared with the pre-RT

group (P < 0.05, FWE Lower FA

corrected) Frontal WM R 55 23 16 —19 25155 0.0162
Parietal WM R 65 27 —62 45 2.4543 0.0188

Fig. 2 Differences in mean diffusivity (MD) values between the
0-6 months post-RT group and the pre-RT group of NPC patients.
Areas in blue show no significant difference by group-wise

inevitably encompassed in the radiation field, which causes
a radiation dose that may exceed the tolerance limit of
neural tissue. Also, TBSS analysis revealed significant
changes in DTTI indices in parietal, frontal, occipital, and
cerebellar WM regions well beyond the irradiation zone.
This damage outside the irradiation zone may arise from
radiation-induced cerebrovascular injury with ensuing
ischemia or metabolic disruption, autoimmune vasculitis
[17, 18], cellular oxidative stress and membrane lipid
peroxidation [19], and (or) release of diffusible neurotoxins

comparison. Red areas exhibit significantly higher MD values (red
arrows) in the 0—6 months post-RT group compared with the pre-RT
group

that can trigger demyelination or fiber dysfunction of dis-
tant tissues [20].

The fractional anisotropy, a normalized measure of
anisotropy calculated from the diffusion tensor, is sensitive
to microstructural changes in WM integrity [21]. A higher
FA often reflects greater fiber density, more numerous
fibers, more myelinated fibers, and (or) more coherent fiber
orientation. MD should be interpreted in terms of changes
of the diffusion coefficient in the extracellular space, which
reflects overall diffusivity. Increased MD indicates more
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Table 5 Brain regions with

Brain regions
abnormal MD values &

L/R  Voxels MNI coordinates (mm) Peak t score P value

0-6 months post-RT group X Y VA

compared with the pre-RT

group (P < 0.05, FWE Higher MD

corrected) Occipital WM R 127 30 —82 -3 —59456 <0.0001
Occipital WM R 69 37 =75 =5 —3.6101 0.0008
Temporal WM R 74 52 —43 -3 —5.8621 <0.0001
Occipital-temporal junction area R 64 23 —54 —1 —4.9454 <0.0001
Occipital WM R 94 17 —72 5 —4.6469 <0.0001
Temporal WM L 88 —46 —43 13 —6.3585 <0.0001
Parietal WM L 57 -37 —34 30 —4.7024 <0.0001
Centrum semiovale L 67 —42 —14 26 —-5.9277 <0.0001
Frontal-parietal junction area L 97 —40 =5 41 —5.2751 <0.0001
Parietal WM L 62 -23 -59 30 —3.7421 0.0005
Parietal WM L 66 —26 —46 43 —5.3720 <0.0001

Table 6 Brain regions with Brain region L/R Voxels MNI coordinates (mm) Peak t score P value

abnormal MD values more than

12 months post-RT group X Y VA

compared with the pre-RT

group (P < 0.05, FWE Higher MD

corrected) Occipital WM R 69 37 =175 =5 —2.0772 0.0446

free water molecules contained in the brain tissues. In the
present study, FA was lower in the WM underlying the
right frontal, parietal, and occipital lobes and MD values
were significantly higher in the right occipital, bilateral
temporal, right occipital-temporal junction, left parietal,
left centrum semiovale, and left frontal-parietal junction
WM within the first 6 months following RT. Consistent
with previous studies [8, 22-24], these changes recovered
gradually, but FA remained lower in the right frontal and
parietal WM, and MD remained higher in the right occipital
WM for over 1 year. The lower FA and higher MD
observed in normal-appearing WM within 6 months after
RT may reflect transient cerebral edema and demyelination,
while the ensuing reversals may be due to recovery from
edema, oligodendrocyte regeneration, clearance of debris
by inflammatory cells, and ultimate remyelination
[13, 25-27]. Alternatively, the sustained decrease in FA
within the right frontal and parietal WM and the sustained
increase in MD in the right occipital WM may represent
permanent damage. However, much additional work is
required to reliably correlate DTI results with specific
pathophysiological processes induced by brain irradiation.

This study has several limitations. First, the spatial
resolution of TBSS limits analysis to major WM tracts and
is insufficient to detect fine changes in regional WM
structure. Therefore, higher resolution voxel-based
approaches across the whole brain are needed to validate
our results. Second, we did not monitor the effects of

@ Springer

chemotherapeutics, which could potentially influence in
FA and MD of white matter tracts, not all the patients
received the same scheme of chemotherapy. Radiotherapy,
combined with chemotherapy, can improve the survival
rate of patients with advanced nasopharyngeal carcinoma.
However, there have been a few long-term follow-up
studies on the impact of chemotherapy on brain structure
and function. Further study with a larger population is
warranted.

In conclusion, we employed DTI and TBSS to investi-
gate changes in whole-brain white matter properties at
different time points after radiotherapy for NPC. The
effects of radiation on the microstructure of WM were
generally transient but involved multiple brain regions
beyond the irradiation focus. In vivo measurements of WM
integrity using DTI may facilitate early detection of radi-
ation-induced brain damage in NPC patients, allowing for
therapeutic modifications to reduce the risk of irreversible
brain radiation injury.
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