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Dynamic MRI follow-up of radiation encephalopathy in the
temporal lobe following nasopharyngeal carcinoma radiotherapy
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Abstract. The natural course of radiation encephalopathy
following nasopharyngeal carcinoma (NPC) radiotherapy
remains poorly understood. The present study aimed to
investigate the magnetic resonance imaging (MRI) character-
istics and evolution of radiation encephalopathy. A series of
162 follow-up MRI examinations from 68 NPC patients with
radiation encephalopathy in the temporal lobes were analyzed
retrospectively. Each component of radiation encephalopathy
was defined as follows: i) contrast enhanced lesions were
enhanced lesions on contrast enhanced T1-weighted images
(TIWTI); ii) white matter lesions were lesions of homogeneous
hyperintensity on T2-weighted images (T2WI) and hypointen-
sity on TIWT; iii) cysts were round or oval well-defined lesions
of hyperintensity on T2WI; iv) hemosiderin deposition were
nodular or annular hypointense lesions with lower hypoin-
tense than normal white matter on both TIWI and T2WI;
v) gray matter lesions were defined as disruption or erosion
of hyperintensity in the cortex on T2WI. Contrast enhanced
lesions, white matter lesions, gray matter lesions, cysts and
hemosiderin deposition were detected in 105 (100.0%),
98 (93.3%), 94 (89.5%), 2 (1.7%) and 2 (1.7%) cases of the
105 initial diagnosed temporal lobe lesions. Contrast enhanced
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lesions were the most commonly observed, followed by white
matter lesions, gray matter lesions, temporal lobe atrophy, cysts
and hemosiderin deposition. In addition, 12 new lesions were
identified during the follow-up, 4 of which presented as solid
enhanced nodular lesions. Importantly, in 11 of the 117 (9.4%)
affected temporal lobes, solid enhanced nodular lesions were
observed to be the only initial abnormalities to occur. For those
enhanced nodular lesions measuring <0.8 cm, no necrosis could
be detected. On the contrary, all the contrast enhanced lesions
measuring >2.0 cm exhibited a necrotic core. To the best of our
knowledge, the present study revealed for the first time solid
enhanced nodular lesions as the earliest MRI abnormalities of
radiation encephalopathy following NPC radiotherapy.

Introduction

Nasopharyngeal carcinoma (NPC) is a common malignancy
in Southeast Asia, particularly in the south of China (1).
Radiotherapy is the primary standard radical treatment for
NPC. However, radiation affects normal tissues such as the
temporal lobe, salivary gland and cochlea, and accounts for
various severe delayed complications and sequelae, including
radiation encephalopathy, salivary xerostomia and hearing
impairment (2,3). Radiation encephalopathy, which was first
described in 1930 by Fischer and Holfelder (4), is one of
the complications of NPC patients previously treated with
radiation. The 3- and 5-year incidence of radiation encepha-
lopathy have been reported to be 10.8 and 34.9%, respectively,
following two-dimensional radiotherapy (2D-RT) (5). In
Hong Kong, radiation encephalopathy in the temporal lobe
accounts for 65% of all mortalities due to radiation-induced
complications in patients with NPC (6). While NPC patients
have a long-term survival following chemoradiotherapy,
radiation encephalopathy is becoming an important factor
affecting NPC patients' quality of life (7). Therefore, it is vital
that radiation encephalopathy is correctly identified to avoid
unnecessary additional investigations or even inappropriate
treatment. Radiation encephalopathy is generally regarded as
a progressive and irreversible process (8). Autopsy findings
have shown that histological features of radiation encepha-
lopathy include reactive white matter edema, rarefaction of
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myelin or even demyelination, fibrinoid changes in the blood
vessels, coagulative necrosis and cysts with reactive gliosis in
the walls (9,10). Pathological examination is the gold-standard
evaluation. However, brain biopsy is an invasive method, and
cannot be used to evaluate the whole lesion or to follow-up
the evolution of radiation encephalopathy. Magnetic resonance
imaging (MRI) has been demonstrated to be a useful and
noninvasive method to evaluate radiation encephalopathy and
its evolution (11,12), although the natural course of radiation
encephalopathy remains poorly understood.

At present, intensity-modulated radiotherapy (IMRT) is
widely employed in the management of NPC, and a highly
conformal dose could be delivered to the planned target volume,
which enables significantly better organ sparing compared
with 2D-RT (5). However, radiation encephalopathy was
detected in ~5% of patients following IMRT (13). Therefore, it
is still of clinical interest to analyze the MRI characteristics of
radiation encephalopathy.

In the present study, a series of follow-up MRI examina-
tions from 68 NPC patients with radiation encephalopathy
in the temporal lobes were analyzed retrospectively. All the
patients had been previously treated with radical radiotherapy
for NPC. The objective of the present study was to provide an
improved understanding of the MRI characteristics and evolu-
tion of radiation encephalopathy, which may help to diagnose
and treat radiation encephalopathy as early as possible.

Materials and methods

Clinical data. A total of 68 radiation encephalopathy patients
were recruited for the present study. All of them had been
previously treated with radical radiotherapy for NPC. The
patient cohort consisted of 42 men and 26 women, with a
mean age of 50.3 years (range, 22-70 years). Approval for
the present retrospective analysis of the patients' data was
obtained from the Ethics Committee of the Second Affiliated
Hospital, Zhejiang University School of Medicine (Hangzhou,
China). Informed consent was obtained when the patients were
treated. All patients had pathologically confirmed NPC. Of
these, 67 patients received a radical 2D-RT regimen with a
dose of 70 Gy, while 1 patient had a first radical 2D-RT course
with a dose of 70 Gy, followed by a second radiation course
with a dose of 56 Gy for NPC recurrence 13 years after the
first radiotherapy.

Regardingthe 2D-RT data, the exactradiation dose delivered
to the temporal lobes was not available. In order to estimate
the approximate volume and dose delivered to the temporal
lobes, the dose distribution and dose-volume histogram of
a patient treated with 2D-RT were reconstructed (Fig. 1).
For this purpose, target volume and organs at risk were
contoured by planning computed tomography. The dosimetric
parameters V50, V60 and V70, represent the temporal lobe
volume that received radiation dose greater than 50, 60 and
70 Gy, respectively. The inferior-medial aspect of the temporal
lobe received the highest radiation dose, as the V50, V60, V70
and mean dose of the inferior-medial aspect were remarkably
higher than those of the whole temporal lobe (Table I). The dose
to 0.5 ml of the temporal lobe volume of the bilateral temporal
lobes and their inferior-medial aspects were both higher than
the dose tolerance of 69 Gy suggested by Sun et al (14).
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In the Second Affiliated Hospital, Zhejiang University
School of Medicine, NPC patients are recommended to have
contrast enhanced nasopharyngeal MRI examination every
3 months in the first 2 years, then every 6 months between
3 and 5 years, and every year thereafter. However, the majority
of patients in the present study did not receive regular MRI
examination after the third year. Brain MRI was performed if
any temporal abnormality was detected. Patients with radiation
encephalopathy were identified by head and neck radiologists.
The diagnostic standards for radiation encephalopathy of NPC
were as follows: i) Having a history of radiotherapy for NPC;
ii) having an abnormal signal intensity in the temporal lobe of
the brain, which was identified by follow-up MRI examinations;
and iii) having temporal lobe lesions, which were detected
=6 months after radiotherapy (12). Patients with imaging or
endoscopic evidence of tumor invading the cavernous sinus
or the floor of the middle cranial fossa adjacent to the injured
temporal lobes were excluded from the study. Patients with
clinical or laboratory evidence of brain infarction, infection or
tumors were also excluded from the study.

MRI scan technique. MRI was performed using two 1.5-Tesla
systems, Signa HDxt 1.5T (GE Healthcare Life Sciences,
Chalfont, UK) and MAGNETOM Sonata 1.5T (Siemens AG,
Munich, Germany) at the Second Affiliated Hospital of
Zhejiang University School of Medicine. Two MRI proto-
cols were used. The first protocol was a standard follow-up
NPC MRI protocol for patients with NPC. Sequences for the
first protocol included an axial T2-weighted fat-suppressed
sequence, an axial T1-weighted spin-echo sequence and a
contrast enhanced T1-weighted spin-echo sequence in the
axial, coronal and sagittal planes following a bolus injec-
tion of 0.1 mmol gadopentetate dimeglumine (Gd-DTPA)
(Magnevist; Schering AG; Bayer Leverkusen, Germany) per
kg of body weight. The second protocol was modified to target
the brain. Sequences for the second protocol included an axial
T1-weighted spin-echo sequence and an axial T2-weighted
turbo spin-echo sequence. Post-contrast axial, sagittal and
coronal T1-weighted imaging was performed following an
intravenous bolus injection of 0.1 mmol clinical gadolinium
chelate per kg of body weight, and the imaging parameters
were the same as for pre-contrast imaging.

MRI appearance of radiation encephalopathy. A total of
68 NPC patients underwent 162 follow-up MRI examinations
upon the occurrence of radiation encephalopathy. For each
patient, the two temporal lobes were assessed separately. The
radiation encephalopathy lesions in the gray and white matter
were assessed by MRI, and the diagnosis of each component
of radiation encephalopathy was based on the following defini-
tions (6): i) Contrast enhanced lesions were defined as enhanced
lesions on contrast enhanced T1-weighted images, with or
without necrosis. According to the appearance and the charac-
teristics of lesion enhancement, contrast enhanced lesions were
divided into four groups as follows: Solid enhanced nodular
lesions; enhanced nodular lesions with a necrotic center;
finger-like enhanced lesions; and dotted and patchy enhanced
lesions, often along with temporal lobe atrophy. Dotted and
patchy enhanced lesions usually have lower enhancement
intensity compared with that of the other enhanced lesions
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Table I. Dosimetric parameters of bilateral temporal lobes, and their inferior and medial aspects, in the patient of Fig. 1, who was
treated with 70 Gy two-dimensional radiotherapy.

Inferior and medial Inferior and medial aspects

Parameter Left temporal lobe Right temporal lobe aspects of the left temporal lobe of the right temporal lobe
V50 16.3 cm?® 10.5 cm® 9.3 cm’ 6.7 cm?
V60 139 cm® 8.4 cm® 8.5 cm’ 6.1 cm®
V70 3.8 cm’ 1.2 cm? 22 cm’ 12 cm?
Dy sec 72.06 Gy 70.85 Gy 71.75 Gy 70.83 Gy
D,can 22.34 Gy 1745 Gy 62.19 Gy 61.30 Gy

V50, temporal lobe volume that received =50 Gy; V60, temporal lobe volume that received =60 Gy; V70, temporal lobe volume that received
=70 Gy; Dy s, dose to 0.5 ml of the temporal lobe volume; D, .,,, mean dose.

Figure 1. Dose distribution and dose-volume histogram of a patient treated with two-dimensional radiotherapy to 70 Gy. (A) The yellow, green and blue curves
represent the isodose curves of 70, 60 and 50 Gy, respectively. (B) A transverse planning computed tomography image shows the delineation of the inferior and
medial aspects of the bilateral temporal lobes (green, left; orange, right). (C) Dose-volume histogram for the temporal lobes. The blue curve corresponds to the
left temporal lobe, while the yellow curve corresponds to the right temporal lobe. The green and orange curves correspond to the inferior and medial aspects
of the left and right temporal lobes, respectively.

mentioned above. ii) White matter lesions were defined as
lesions of homogeneously high signal intensity on T2-weighted
images and low signal intensity on T1-weighted images. White
matter lesions were grouped into three categories as follows:

Local (small focal areas in the temporal lobe), moderate (larger
confluent areas in the temporal lobe) and diffuse (large diffuse
areas extending to the majority of the temporal lobe). iii) Cysts
were defined as round or oval well-defined lesions, thin-walled,
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Figure 2. A solid enhanced nodular lesion was detected as the only abnormality to occur at 11 months following radiotherapy. Axial (A) T1- and (B) T2-weighted
images show no abnormality in the left temporal lobe, while post-contrast (C) axial and (D) coronal T1-weighted images show a solid enhanced nodular lesion
(white arrow) in the inferior and medial aspects of the left temporal lobe. (E-H) Lesion changes in the left temporal lobe are shown in a follow-up MRI
examination 5 months later. (E) Axial T1-weighted image shows minimal hypointensity in the left temporal lobe. (F) Axial T2-weighted image shows a local
white matter lesion with hyperintensity in the gray-white matter junction of the left temporal lobe. Post-contrast (G) axial and (H) coronal T1-weighted images

show an enhanced nodular lesion with necrosis.

of very high signal intensity on T2-weighted images. The cysts
were evaluated for size, signal intensity on T1-weighted images
and enhancement of the cyst wall following the administration
of contrast medium. iv) Nodular or annular hypointense lesions
that were more hypointense than normal white matter on both
T1- and T2-weighted images were considered as hemosiderin
deposition. v) Gray matter lesions of radiation encephalopathy
were defined as disruption or erosion of hyperintensity in the
cortex on T2-weighted images. vi) Temporal lobe atrophy was
considered if there was a subjective decrease in the size of the
temporal lobe on MRI. In the process of review of follow-up
MRI examinations, the head and neck radiologists excluded
patients with clinical or laboratory evidence of brain tumor,
infarction, infection or NPC invading the tissue of the middle
cranial fossa.

The interval time between radiotherapy and the first detec-
tion of any of the above lesions characteristic of radiation
encephalopathy was calculated. The median interval time
between radiotherapy and the first MRI detection of radiation
encephalopathy was 37 months (range, 12-156 months), and
the mean interval time was 46.5 months. For the purpose of
evaluating the full range and evolution of radiation encepha-
lopathy, the appearance of each component of radiation
encephalopathy was assessed in every MRI examination.

Evolution of individual lesions and changes over time. For the
purpose of evaluating the evolution of each individual lesion
of radiation encephalopathy, each type of lesion was assessed
over the course of 162 follow-up MRI examinations upon
radiation encephalopathy occurrence. To analyze the overall

pattern of abnormalities in radiation encephalopathy, the asso-
ciation between white matter lesions and contrast enhanced
lesions was assessed for each MRI examination.

Results

Initial temporal lobe abnormalities at the first MRI diagnosis of
radiation encephalopathy. A total of 105 injured temporal lobes
were identified at the initial MRI examination in the 68 cases
of radiation encephalopathy analyzed in the present study.
Unilateral and bilateral temporal lobe lesions were detected in
31 (45.6%) and 37 (54.4%) of the 68 patients, respectively. For
the cases with unilateral lesions, 16 were identified in the left
temporal lobe, and the other 15 in the right temporal lobe.

Contrast enhanced lesions were detected in all 105 temporal
lobes. Among these, 57 temporal lobes presented with solid
enhanced nodular lesions, 24 exhibited enhanced nodular
lesions with a necrotic center, 12 had finger-like enhanced
lesions, and 12 had dotted and patchy enhanced lesions. White
matter lesions were detected in 98 (93.3%) of the 105 temporal
lobes. Local, moderate and diffuse white matter lesions were
detected in 41, 21 and 36 temporal lobes, respectively. Gray
matter lesions were observed in 94 (89.5%) of the 105 temporal
lobes. Cysts and hemosiderin deposition were noticed in
2 temporal lobes. No temporal lobe atrophy was observed at
the MRI examination when radiation encephalopathy was first
diagnosed.

It is important to mention that, in 7 affected temporal
lobes, solid enhanced nodular lesions were presented as the
only initial abnormality (Fig. 2). For these 7 solid enhanced
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Figure 3. Evolution of a contrast enhanced lesion. (A) A post-contrast coronal T1-weighted image reveals a solid enhanced nodular lesion with homogeneous
hyperintensity in the left temporal lobe. (B) The lesion enlarged in size 4 months later, and presented as an enhanced nodular lesion with necrosis. (C) After
6 months, a finger-like enhanced lesion was observed. (D) A dotted and patchy enhanced lesion appeared 12 months later, along with temporal lobe atrophy.

Figure 4. Evolution of a white matter lesion. (A) Axial T2-weighted image reveals a local white matter lesion in the inferior and medial aspects of the right
temporal lobe at 29 months following radiotherapy. (B) Axial T2-weighted image shows a larger confluent area of hyperintensity in the right temporal lobe
6 months later, alongside a moderate white matter lesion. (C) Axial T2-weighted image shows a large diffuse region of hyperintensity extending to the majority
of the right temporal lobe 5 months later, alongside a diffuse white matter lesion. White matter lesions extended to the gray-white matter junction.

nodular lesions, the previous negative MRI examinations were
performed at a median time of 5.5 months prior to MRI detec-
tion of radiation encephalopathy. The median time interval was
<10.5 months (range, 2.5-24.5 months) for patients detected
with =2 MRI components of radiation encephalopathy, e.g.,
contrast enhanced lesions, white matter lesions, cysts, gray
matter lesions or temporal lobe atrophy.

New MRI abnormalities detected during the follow-up process
of radiation encephalopathy. During the follow-up process,
12 cases originally presented as unilateral temporal lobe
lesions were observed to exhibit new lesions in the other side

of the temporal lobes. Solid enhanced nodular lesions were
initially detected as the only abnormality in 4 temporal lobes,
and contrast enhanced lesions together with white matter
lesions were detected in the other 8 temporal lobes. Regarding
the enhanced patterns, solid enhanced nodular lesions,
enhanced nodular lesions with a necrotic center and finger-like
enhanced lesions were newly detected in 7, 1 and 4 temporal
lobes, respectively.

New local white matter lesions were noticed in all the
11 temporal lobes where solid enhanced nodular lesions
were initially detected as the only abnormality, and the time
interval between the detection of a solid enhanced nodular
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lesion and the appearance of local white matter lesions was
3.0-24.5 months (mean, 7.8 months).

Evolution of MRI abnormalities during the follow-up process
of radiation encephalopathy. Contrast enhanced lesions
usually originated from the gray-white matter junction of the
inferior-medial aspect of the temporal lobes. Solid enhanced
nodular lesions increased in size and tended to be necrotic at
a mean maximal diameter of 1.5 cm (range, 0.8-3.0 cm). The
incidence rate of a necrotic core for enhanced nodular lesions
of size <1, 1.0-1.5, 1.6-2.0 and >2 cm in diameter was 7.7, 41.5,
81.8 and 100.0%, respectively. For those enhanced nodular
lesions measuring <0.8 cm, no necrosis could be detected. On
the contrary, all the contrast enhanced lesions that were larger
than 2 cm displayed a necrotic core. Enhanced nodular lesions
with a necrotic center continued to increase in size, extended
to the gray-white matter junction of the superior-lateral aspect
of the temporal lobes and formed finger-like enhanced lesions.
Subsequently, the lesions decreased and regressed both in size
and signal intensity, as indicated by the dotted and patchy
enhanced lesions shown in Fig. 3.

White matter lesions also originated from the gray-white
matter junction of the inferior-medial aspect of the temporal
lobes, and developed from local lesions to moderate and
diffuse white matter lesions with time (Fig. 4). Diffuse white
matter lesions decreased both in size and signal intensity with
the occurrence of temporal lobe atrophy. However, the devel-
opment from diffuse white matter lesion to local white matter
lesion was not detected in the present study.

In the current study, 77 temporal lobe lesions underwent
=2 follow-up MRI examinations following radiation encepha-
lopathy occurrence. The evolution pattern of contrast enhanced
lesions and white matter lesions could be classified asincreasing,
decreasing or stable in extent or size. Contrast enhanced
lesions and white matter lesions were observed to change with
the same evolution pattern in 72 (93.5%) of 77 temporal lobes:
Increasing, decreasing, increasing followed by decreasing and
stable in 33 (42.9%), 14 (18.2%), 13 (16.9%) and 12 (15.6%)
of the 77 temporal lobes, respectively (Fig. 5). The median
interval time between the first MRI examination of radiation
encephalopathy and lesion increasing was 10.5 months, while
the corresponding interval time for decreasing lesions was
20.5 months. In the other 5 (6.5%) temporal lobes, different
evolution patterns were observed: White matter lesion stable
and contrast enhanced lesion increasing in 3 temporal lobes,
and white matter lesion decreasing and contrast enhanced
lesion stable in 2 temporal lobes (Table II).

All the cysts that occurred subsequent to necrosis presented
as round or oval well-defined lesions with hypointensity on
T1-weighted images and hyperintensity on T2-weighted
images. Cyst wall enhancement could be occasionally detected
on post-contrast T1-weighted images (Fig. 6). Hemosiderin
deposition was observed as hypointensity on both T1- and
T2-weighted images, accompanied by hemorrhage of hyper-
intensity on both T1- and T2-weighted images in certain cases.

Gray matter lesions arose in 89.5% of temporal lobes at the
first MRI detection of radiation encephalopathy, and reached
98.3% at the last follow-up. Gray matter lesions progressed
mildly and slowly, and presented as disruption or erosion of
the cortex on both T1- and T2-weighted images, with contrast
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Figure 5. Evolution pattern of an increasing white matter lesion and an
increasing contrast enhanced lesion. (A) Post-contrast coronal T1-weighted
image shows a solid enhanced nodular lesion in the right temporal lobe.
(B) Axial T2-weighted image shows a local white matter lesion in the right
temporal lobe. (C-F) In the following two magnetic resonance imaging
examinations, the contrast enhanced lesion extended successively, accom-
panied by extending of the white matter lesion. (C) The contrast enhanced
lesion in the right temporal lobe extended to form an enhanced nodular lesion
with a necrotic center. (D) The local white matter lesion in the right temporal
lobe extended to form a moderate white matter lesion. (E) The enhanced
nodular lesion with a necrotic center in the right temporal lobe continued to
extend to be a larger size. (F) The moderate white matter lesion in the right
temporal lobe extended to form a diffuse white matter lesion.

enhancement on post-contrast T1-weighted images (Fig. 7).
Temporal lobe atrophy occurred at the late stage of radiation
encephalopathy.

The MRI abnormalities detected during the continuous
follow-up MRI examinations are presented in Table III, which
indicated the dynamic changes of the different abnormal MRI
components.

At the end of the follow-up period, unilateral radiation
encephalopathy was noticed in 19 patients, while bilateral
radiation encephalopathy was detected in 49 patients, with a
total of 117 injured temporal lobes in all the 68 cases. Contrast
enhanced lesions and white matter lesions were detected
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Table II. Association between WMLs and CELSs in temporal lobes, and their changes over time.

CEL increasing, =~ CEL decreasing, = CEL increasing followed = CEL stable,
Lesion evolution n (%) n (%) by decreasing, n (%) n (%)
WML increasing 33 (42.9)* 0(0.0) 0(0.0) 0(0.0)
WML decreasing 0(0.0) 14 (18.2) 0(0.0) 2(2.6)
WML increasing followed by decreasing 0(0.0) 0(0.0) 13 (16.9) 0(0.0)
WML stable 339 0(0.0) 0(0.0) 12 (15.6)

“Both increasing WMLs and CELs were detected by follow-up MRI examination in 33 of 77 (42.9%) temporal lobes. WML, white matter

lesion; CEL, contrast enhanced lesion.

Figure 6. Example of magnetic resonance images of a cyst lesion from a 55-year-old female patient. (A) Axial T2-weighted image shows an oval cyst with inner
hyperintensity and outer annular hypointensity. (B) Axial T1-weighted image shows the oval cyst with inner hypointensity and outer annular hyperintensity.
(C) Axial post-contrast T1-weighted image shows the cyst with annular enhancement.

in all the 117 temporal lobes. At the late stage of radiation
encephalopathy, the majority of diffuse white matter lesions
were detected together with finger-like or dotted and patchy
enhanced lesions. Gray matter lesions, temporal lobe atrophy,
cysts and hemosiderin deposition were detected in 115 (98.3%),
24 (20.5%) and 6 (5.1%) of the 117 temporal lobes, respectively.

Discussion

To the best of our knowledge, the present study is the first to
describe solid enhanced nodular lesions as the earliest MRI
abnormalities of radiation encephalopathy following NPC
radiotherapy. In the present study, at the time of the initial
MRI diagnosis of radiation encephalopathy, contrast enhanced
lesions were detected in all the injured temporal lobes, while
white matter lesions were detected in 93.3% of cases, followed
by gray matter lesions, cysts and hemosiderin deposition.
Importantly, a solid enhanced nodular lesion was observed to
be the first and only MRI abnormality of radiation encepha-
lopathy in 11 out of the 117 involved temporal lobes, and was
the only imaging pattern of MRI abnormality for several
months (range, 3.0-24.5 months; mean, 7.8 months) before a
second component of MRI abnormality (usually a local white
matter lesion) appeared in the MRI follow-up. Concerning the
earliest MRI abnormality, the present findings are inconsistent
with previous studies, in which contrast enhanced lesions were
reported to occur subsequently or concurrently with white
matter lesions. In the study by Wang et al (15), white matter

Figure 7. Magnetic resonance images of a gray matter lesion. Axial (A) T1-
and (B) T2-weighted images show disruption of the gray matter (white arrow)
together with temporal lobe atrophy. Post-contrast (C) axial and (D) coronal
T1-weighted images show dotted contrast enhancement of gray matter in the
cortex (white arrow). Panels B and D show temporal lobe atrophy.
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Table III. Composition of abnormal MRI components at continuous FU MRI examinations.

Diagnostic

MRI* 1st MRI 2nd MRI 3rd MRI 4th MRI
(n=117) FU (n=77) FU (n=51) FU (n=20) FU (n=5)

Radiation encephalopathy components N % N % N % N % N %
Contrast enhanced lesions 117 1000 77 1000 51 1000 20 100.0 5 100.0
Solid enhanced nodular lesions 64 547 20 26.0 2 39 0 0.0 1 20.0
Enhanced nodular lesions with necrotic centers 25 214 25 325 12 235 4 20.0 1 20.0
Finger-like enhanced lesions 16 13.7 21 273 19 373 6 300 O 0.0
Dotted and patchy enhanced lesions 12 103 11 143 18 353 10 500 3 60.0
White matter lesions 106 90.6 77 1000 51 1000 20 1000 5 100.0
Local 44 376 17 22.1 2 39 0 00 O 0.0
Moderate 21 179 20 26.0 9 17.6 3 150 3 60.0
Diffuse 41 350 40 519 40 784 17 850 2 40.0
Cysts 2 1.7 0 0.0 4 7.8 2 100 2 40.0
Hemosiderin deposition 2 1.7 3 39 3 59 3 15.0 1 20.0
Gray matter lesions 98 838 75 974 51 1000 20 1000 5 100.0
Temporal lobe atrophy 0 00 11 14.3 8 15.7 9 450 4 80.0

“Initial temporal lobe lesions, 105; new temporal lobe lesions detected during FU, 12; total number of lesions, 117. MRI, magnetic resonance

imaging; FU, follow-up.

lesions were reported to be the only lesion to occur alone, and
were detected in 100% of all the injured temporal lobes. On
the contrary, only 82.5% of the injured temporal lobes exhib-
ited contrast enhanced lesions in that study. In another report,
Chan et al (6) also reported white matter lesions as the only
abnormal finding of MRI, and contrast enhanced lesions were
observed in 89% of all the injured temporal lobes. The median
time interval between previous negative MRI examinations and
a subsequent MRI detections of radiation encephalopathy was
10.5 months in the present study, compared with 20.5 months
in the study by Wang et al (15). Shorter MRI examination
intervals may have the advantage of identifying earlier MRI
abnormality of radiation encephalopathy.

Although NPC patients are recommended to receive
contrast enhanced nasopharyngeal MRI examination
according to the aforementioned follow-up schedule, the
majority of patients in the present study did not receive
regular MRI examination after the third year. As patients
with radiation encephalopathy are usually asymptomatic
at the early stage, the injured temporal lobes were detected
incidentally in numerous patients. Thus, the first MRI detec-
tion of radiation encephalopathy could occur at any stage of
the disease course, from early to late stage. Therefore, there
is an obvious limitation to estimate the exact timing of the
occurrence and development of each MRI pattern of radiation
encephalopathy. Theoretically, shorter intervals between each
MRI examination may reveal more information closer to the
natural history of radiation encephalopathy. The median time
interval between a previous negative MRI examination and a
subsequent MRI detection of radiation encephalopathy was
10.5 months in the present series, compared with 20.5 months
in the study by Wang et al (15). At the first MRI diagnosis of
radiation encephalopathy, solid enhanced nodular lesions were

detected as the only initial abnormality in 7 affected temporal
lobes. For these 7 cases with solid enhanced nodular lesions,
the time interval between the first MRI detection of radiation
encephalopathy and the previous negative MRI examination
was shorter than that for those with multiple MRI compo-
nents at the time of detection of radiation encephalopathy
(5.5 vs. 10.5 months, respectively). In the follow-up process,
12 cases that originally presented as unilateral temporal lobe
lesions were observed to exhibit new lesions in the other side
of the temporal lobes. Solid enhanced nodular lesions were
initially detected as the first and only lesion to occur in 4 of
these 12 temporal lobes. The time from the previous negative
MRI scan was 6.8 months in these 4 cases, which was shorter
than that of the other 8 cases with multiple MRI components.
Therefore, it can be proposed that solid enhanced nodular
lesions may be the earliest MRI abnormalities to occur alone
in the majority of radiation encephalopathy cases.

In the present study, contrast enhanced lesions were
detected in all the injured temporal lobes, and were the
most common component of MRI abnormalities in radia-
tion encephalopathy. Of all the contrast enhanced lesions,
>50% were solid enhanced nodules without necrosis on
MRI, which were located in the inferior-medial aspects of
the temporal lobe, where the highest irradiation dose was
delivered. Solid enhanced nodular lesions were usually small,
and as the lesions increased in size, the lesions tended to be
necrotic; thus, they were termed enhanced nodular lesions
with necrotic centers. Taken solid enhanced nodular lesions
and enhanced nodular lesions with necrotic centers together,
only 7.7% of the lesions measuring <1 cm displayed a necrotic
center; 93.1% of the lesions measuring >1.5 cm exhibited
necrotic centers; and all the lesions measuring >2 cm exhib-
ited necrotic centers. These findings are in concordance with
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the study by Wang et al (15), who reported that all the lesions
with size =2 cm exhibited a central necrotic core. Enhanced
nodular lesions with a necrotic center continued to enlarge
and extended to the gray-white matter junction of the supe-
rior-lateral aspect of the temporal lobes, forming finger-like
enhanced lesions. Subsequently, the lesions decreased and
regressed both in size and signal intensity, and formed dotted
and patchy enhanced lesions.

In the present study, white matter lesions were the second
most common MRI appearance at the first MRI detection of
radiation encephalopathy, and were observed in 93.3% of all
the injured temporal lobes. Local or moderate white matter
lesions were detected in the majority of lobes, while diffuse
lesions were noticed in 1/3 of cases. Diffuse white matter
lesions were always detected together with finger-like or dotted
and patchy enhanced lesions. In addition, local white matter
lesions were detected predominantly in the inferior-medial
aspects of the temporal lobe, where the highest irradiation
dose was delivered. During the follow-up process, these white
matter lesions extended to the gray-white matter junction of
the superior-lateral aspect of the temporal lobes. At the end of
the follow-up period, white matter lesions were detected in all
the injured temporal lobes, with 61.5% of them being diffuse
white matter lesions.

Gray matter lesions arose in ~80.0% of all temporal lobes
at the first MRI detection of radiation encephalopathy, and
reached 98.3% at the last follow-up. Chan ef al (6) reported a
similar incidence of 87.7% (50 of 57 injured temporal lobes)
in a previous study. Gray matter lesions were often presented
as disruption or erosion of the cortex in the focal region,
and progressed mildly and slowly. Gray matter may be more
tolerant to radiation than white matter due to a different micro-
structure (16,17). Cysts and hemosiderin deposition often
occurred following necrosis, which is consistent with previous
studies (6,13,14,18).

The median interval time between radiotherapy and
the first MRI detection of radiation encephalopathy was
37 months in our series, which is similar to the 36 months
reported by Wang et al (15). However, longer periods (i.e.,
55.9 and 44.5 months) were reported by Norris et al (18) and
Mao et al (13), respectively. In the present study, bilateral
temporal lobes lesions were detected in 54.4% of patients
when a diagnosis of radiation encephalopathy was established,
and this number increased to 72.1% at the last follow-up.
The incidence of bilateral radiation encephalopathy has been
reported to be 67.6% (6), 54.8% (13) and 77.8% (15). Radiation
encephalopathy in bilateral temporal lobes appears to be more
frequently observed with 2D-RT compared with IMRT (5).
This is possibly due to the fact that parallel opposed beams
were administered to the NPC radiation field, and both
temporal lobes received approximately the same radiation
dose, as demonstrated in Fig. 1. In the era of IMRT, better
organ sparing compared with 2D-RT is possible to achieve
clinically. As a result, if the tumor is close to one side of the
temporal lobe, the other side will not receive an unnecessary
high dose of radiation (14). A low bilateral radiation encepha-
lopathy rate of 27.8% has been reported for IMRT (13), and it
could be speculated that radiation encephalopathy in unilateral
other than bilateral temporal lobes will be more common in
the following years.
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In conclusion, the present study is the first to describe solid
enhanced nodular lesions as the earliest MRI abnormalities
of radiation encephalopathy following NPC radiotherapy.
Contrast enhanced lesions and white matter lesions arose
from the inferior-medial aspects of temporal lobes, where the
highest irradiation dose was delivered, and extended to the
gray-white matter junction of the superior-lateral aspect of
the temporal lobes. Solid enhanced nodular lesions appeared
at the early stage of radiation encephalopathy, followed
by enhanced nodular lesions with a necrotic center and
finger-like enhanced lesions. As the lesions increased in size,
dotted and patchy enhanced lesions were detected at the late
stage of radiation encephalopathy. Local white matter lesions
developed into moderate lesions, and then diffuse white matter
lesions with time. In the majority of cases, contrast enhanced
lesions and white matter lesions were observed to change with
the same evolution pattern. Temporal lobe atrophy, cysts and
hemosiderin deposition occurred at the late stage of radiation
encephalopathy. To the best of our knowledge, the present study
revealed, for the first time, solid enhanced nodular lesions as
the earliest MRI abnormalities of radiation encephalopathy
following NPC radiotherapy. These results may help to the
early diagnosis of radiation encephalopathy.
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