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ABSTRACT

Background: To explore the changes of brain function and structure after
radiotherapy (RT) for nasopharyngeal carcinoma (NPC), to investigate their correlation
with altered cognitive function and to promote the recognition of radiation-induced
brain injury (RBI). Materials and Methods: Resting-state functional MRI (rs-fMRI) and
three dimensional (3D) T1-weighted imaging scans were conducted on 32 patients and
34 healthy subjects. Cognitive function was assessed in all subjects using multiple
cognitive scales. Differences in regional homogeneity (ReHo) and brain gray matter
(GM) volumes between groups were analyzed using the DPARSF package and VBM
methods. Results: ReHo in Cerebelum_Crus2_L of the NPC patients was significantly
higher than that in the controls, and was significantly correlated with memory, general
cognitive function, and executive ability. The GM volumes in right fusiform gyrus
(FFG.R), left temporal pole: middle temporal gyrus (TPOmid.L), left inferior temporal
gyrus (ITG.L), Cerebelum_6_L, and left middle frontal gyrus (MFG.L) in the patients
were significantly reduced compared with the controls, and were markedly correlated
with multiple cognitive scale scores. Conclusion: Damage to brain after radiotherapy
mostly involving the temporal lobe and cerebellum, manifested by a compensatory
increase in ReHo and a decrease in GM volume, both of which were significantly
correlated with multiple cognitive impairments. ReHo and brain GM volume can be

considered as sensitive biomarkers to monitor RBI.

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is one of the
most common malignant tumor of the neck and head
(1, As the most common treatment of choice for NPC,
radiotherapy (RT) may cause radiation-induced brain
injury (RBI), a serious complication of central
nervous system (@. With the improvement of the
overall survival rate of patients with NPC, increasing
attention has been given to the improvement of RT
complications, especially the research involving
RT-related neurocognitive dysfunction (). Early brain
microscopic changes have been found to predict late
brain injury ). Therefore, obtaining early imaging
markers of RBI and the correlation between imaging
markers and different cognitive impairments are
helpful for the early identification of RBI, which is of
great significance for early intervention and possible
prevention of irreversible brain damage and
cognitive impairment 5,

To explore of the state of many neuropsychiatric
disorders such as RBI, resting-state functional
magnetic resonance imaging (rs-fMRI) is a commonly
used method ). In rs-fMRI, regional homogeneity

(ReHo) is an important approach that reflects local
temporal synchronization of the regional blood
oxygen level-dependent signals, which allows reliable
analysis of interactions between brain regions (V) as
well as brain regional properties that reliably reflect
changes in cognitive function ®). Changes in ReHo are
important for predicting the prognosis of diseases .
10), In addition to causing abnormalities in brain
function, radiation can also damage brain structures.
Most previous RBI studies have focused on changes
in brain white matter structures, whereas fewer
studies have examined brain gray matter (GM).
Studies have shown that GM damage occurs in 29%
to 100% of patients after RT (11-13), often manifesting
as a reduction of the volume for the GM, and
exploring changes in brain GM volume after RT is also
important for monitoring RBI. Additionally, previous
RBI studies have also found that abnormal GM
volume after RT is significantly related to the
impairment of cognitive function. Thus, it is believed
that the reduction of brain GM volume can be used as
an imaging marker of cognitive decline (14.15),

Patients with NPC develop multiple cognitive
deficits after RT. However, the Montreal cognitive
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assessment (MoCA) scale, which was widely used in
the previous researches, has been proven that is not
sensitive enough for several important cognitive
functions for NPC patients after RT, such as executive
functions @16, Therefore, a more comprehensive
cognitive scale is needed for the assessment of the
cognitive functions of NPC patients after RT.
Motivated to address the above problems, in the
present study, rs-fMRI and high-resolution T1WI data
were used to explore the changes in brain tissue that
were normal on conventional MRI after RT for NPC,
to identify sensitive diagnostic biomarkers for RBI
and to further investigate the changes of cognitive
function with the use of multiple scales for NPC
patients after RT. To our knowledge, this study is the
first to utilize multiple scales to comprehensively
study the correlation between cognitive function and
changes of brain function as well as brain structure in
patients with NPC after RT. The novelty of this study
is to reveal the pathological basis of cognitive decline
in NPC patients after RT by analyzing the correlation
between abnormalities in brain function and
structure and multiple cognitive impairments. This
study aims to provide a basis to reveal the RBI
pathogenesis, to promote the early identification of
RBI, and to provide new targets for the prevention,
delay and treatment of RBI.

MATERIALS AND METHODS

Subjects

Thirty-two  participants with pathologically
confirmed NPC (24 males and 8 females, age 28-63,
mean age 45.47 * 10.66) and thirty-four normal
controls (NCs) were collected for rs-fMRI and three
dimensional (3D) -T1WI scans. The case group
included patients after RT, and all patients received
their first 3D confocal and intensity RT (total dose/
split dose/number of irradiations 66-74 Gy/1.8-2.0
Gy/30-35 times). Before MRI, the participants were
confirmed that not have intracranial lesion. As shown
in (table 1), no statistically significant difference was
noted in gender, age, or education between the NPC
patients and controls. The study was approved by the
ethics committee of the first affiliated hospital
of Guangzhou university of Chinese Medicine
(Registration number: 2020116, date of registration:
March 2021.) and conducted according to the
principles of the Declaration of Helsinki and
approved guidelines. All subjects have signed an
informed consent prior to participation.

Neurocognitive tests

A series of neuropsychological tests were
performed for all participants, including the MoCA -
basic (MoCA-B), digital span test (DST, includes
forward and backward) (17), trail making test (TMT;
includes parts A and B) (18), auditory verbal learning

test (AVLT) (19), digit symbol substitution test (DSST)
(20),

Image acquisition

Via using a 3.0T scanner (SIGNA EXCITE; GE
Healthcare, Chicago, IL, USA), all of the data were
acquired. The imaging parameters were as follows:
(1) 3D-T1WI: echo time (TE) = 1.5 ms, repetition time
(TR)= 5.5 ms, field of view = 256 x 256 mm?,
acquisition matrix = 256x256, flip angle = 12°,
sagittal slices = 166, voxel size = 1x1x1 mm3 and no
interslice gap; (2) rs-fMRI: TE=35 ms, TR=2100 ms,
field of view=240%240 mm?, acquisition
matrix=64x64, flip angle=90°, layer thickness=3.8
mm, axial images=40, voxel size=3.75x3.75x3.8 mm3,
and layer spacing=0 mm.

Table 1. Demographics, clinical data, and cognitive
assessment of NPC patients after RT and HCs.
PT group
(n=32)
Clinical characteristics
4547 + 39.62

HCs (n=34) | Statistics | P-value

Age (years) 10.66 13.00 t=1.992 0.051
Sex (M/F) 24/8 22/12 x’=0.827 | 0.363
Education |, 4 3 8511.65+4.21| t=-0.588 | 0.559

(years)
Cognitive scores
MoCA-B  [25.19 +2.71[27.97 £ 1.49] t=-5.220 |<0.0001"
DSST  |45.91%16.70/55.91+16.55| t=-2.444 | 0.017

DST forward |12.84 + 3.25/14.50 + 2.57| t=-2.301 | 0.025
DSTback- | §314213|8.76+1.26 | t=1.057 | 0.294

ward

DST | 453161574171 t=-2.943 | 0.005
TMT-A__41.89+14.92(34.29+12.21| t=2.269 | 0.027
TMT-B__[37.60+13.57(30.19+14.70| t=2.125 | 0.037

AVLT  121.0343.58(25.9144.59| t=-4.811 [<0.0001"
(immediate)
AVLT (5min) | 8.56 £ 1.74 | 9.71£1.98 | t=-2.487 | 0015
AVLT (20min)| 819+ 1.67 | 9.76 £ 2.05 | t=-3.415 | 0.001

(recﬁgﬂion) 1116 +1.11|11.41 £ 1.26| t=-0.873 | 0.386

Data analysis

ReHo calculations were conducted by the use of
the Data Processing Assistant for Resting-State fMRI
(DPARSF)@1)  from the MATLAB 2013b platform
(MathWorks, Natick, MA,USA). Steps were as follows:
(1) the DICOM format of raw images were converted
to the NIFTI format; (2) slice timing and realignment:
participants with head motion greater than 3° of any
angular motion or greater than 3 mm were rejected;
(3) the functional images were aligned to 3D T1WI
anatomical images, and the aligned functional images
were normalized to a 3 x 3 x 3 mm3 Montreal
Neurological Institute (MNI) 152 template; (4) linear
detrending and temporal filtering were conducted at
the 0.01~0.08 Hz to avoid high-frequency noise and
low-frequency drift; (5) ReHo calculation was
performed, and the resulting images were smoothed
by a Gaussian kernel. The 3D-T1WI data were
calculated using the VBM toolbox on the Statistical
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Parametric =~ Mapping  software  (SPM8). It
automatically calculates the volumes of grey matter,
white matter and cerebrospinal fluid (22).

Statistical analysis

The SPSS 20.0 package was applied to calculate
the differences in measures, such as age, education
level, and cognitive scale scores, by two independent
samples t-tests. For gender differences, chi-square
test was utilized. For multiple comparisons of the
differences in ReHo values and GM volume between
groups, gender, age, as well as education were
treated as covariates with false discovery rate (FDR)
correction. Similarly, controlling for sex, age and
education, ReHo values and cerebral GM volumes,
which differed between groups in the post
radiotherapy group of patients, were correlated with
cognitive scales using partial correlation analysis.
P < 0.05 was thought statistically significant.

RESULTS

ReHo

The ReHo of Cerebelum_Crus2_L was significantly
greater than that of NCs in patients in the post-RT
NPC patient (PT) group (figure 1), and ReHo in the PT
group was significantly negatively correlated with
DST, DST-BACKWARD, AVLT immediate recall, as
well as MoCA-B scores. Furthermore, the ReHo was
significantly positively correlated with TMT-A scores
(figure 2).

0 5.99
Figure 1. Brain regions with significant differences in ReHo
between groups. ReHo in Cerebelum_Crus2_L of the patient
group was significantly greater than that in normal controls
(shown in red area).

Brain gray matter volume

The GM volumes of right fusiform gyrus (FFG.R),
left temporal pole: middle temporal gyrus
(TPOmid.L), left inferior temporal gyrus (ITG.L),
Cerebelum_6_L, and left middle frontal gyrus (MFG.L)
in the NPC PT were significantly reduced than NCs
(figure 3). Among them, FFG.R GM volume was

markedly positively correlated with DST-BACKWARD
and MoCA-B scores. Furthermore, it was negatively
correlated with TMT-A score. TPOmid.L. GM volume
was markedly positively correlated with MoCA-B,
AVLT long-term delayed recall, and AVLT immediate
recall scores. ITGL GM volume was markedly
positively correlated with MoCA-B and AVLT
immediate recall scores. Cerebelum_6_L GM volume
was significantly positively correlated with DST,
DST-BACKWARD, AVLT immediate recall and
MoCA-B scores. In addition, it was markedly
negatively correlated with TMT-A scores. MFG.L GM
volume was markedly positively correlated with
DST-BACKWARD, AVLT immediate recall, and AVLT
long-term delayed recall scores (figure 4).
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Figure 2. Correlation analysis of ReHo and cognitive function.
ReHo in the patient group was significantly negatively
correlated with MoCA-B (a), DST (b), and DST-BACKWARD (c)
scores and significantly positively correlated with TMT-A
scores (d).
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Figure 3. Brain regions with significant differences in GM
volumes between groups. The brain GM volumes of FFG.R,
TPOmid.L, ITG.L, Cerebelum_6_L, and MFG.L in the patient
group were significantly reduced compared with those in
normal controls [shown in blue area of the 3D brain map (the
left side), and axial MRI images (the right side)]. FFG.R: right
fusiform gyrus, TPOmid.L: left temporal pole: middle temporal
gyrus, ITG.L: left inferior temporal gyrus, MFG.L: left middle
frontal gyrus.
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Figure 4. Correlation analysis of GM volumes and cognitive function. FFG.R GM volume was significantly positively correlated
with MoCA-B scores (a); TPOmid.L GM volume was significantly positively correlated with MoCA-B (b), AVLT immediate recall (c),
and AVLT long-term delayed recall (d) scores; ITG.L GM volume was significantly positively correlated with MoCA-B (e) and AVLT
immediate recall (f) scores; Cerebelum_6_L GM volume was significantly positively correlated with MoCA-B (g), DST (h), DST-
BACKWARD (i), and AVLT immediate recall (j) scores and significantly negatively correlated with TMT-A (k) scores; and MFG.L GM
volume was significantly positively correlated with AVLT long-term delayed recall scores (I).

DISCUSSION

We explored the difference of the brain function
and GM structure in NPC patients with normal
conventional head MRI performance after RT. For the
first time, multiple cognitive scales were used to
investigate the correlation between abnormalities in
brain structure, brain function, and cognitive
impairment. In studies of RBI (23 24), the temporal
lobe and cerebellum are often important targets of
radiation injury, and these areas are close to or
partially overlap with the radiation field of NPC in
terms of anatomical location. If the radiation dose
exceeds the brain tissue tolerance capacity, RBI is
likely to occur. Brain regions with significantly

abnormal brain function in this study were located in
the cerebellum, and brain regions with markedly
abnormal GM volumes were mainly in the cerebellum
and temporal lobe. These findings are consistent with
previous studies. Changes in cerebral blood flow can
cause changes in blood oxygen level-dependent
signals (25,

In our study, a markedly increase in ReHo in the
cerebellum was observed, which may be related to
increased cerebral blood flow due to RT, which is
closely related to cerebrovascular injury. After
irradiation, vasodilatation of brain tissue during the
latency period, vascular endothelial cell injury,
increased blood-brain barrier permeability, and
increased vascularity are noted (26 27), and these
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pathological changes may cause a promotion in blood
flow to the injured region and an increase in ReHo.
Hu et al. also found a significant promotion in blood
flow to the left cerebellum in patients early after RT
using arterial spin-labeled (ASL) MRI (28), which is
consistent with the present study. This finding
suggests that the brain tissue after RT may exhibit a
transient elevation of blood flow due to local vascular
injury, which causes abnormalities in regional brain
functional signals, and the findings of the present
study can give some evidence for the hypothesis of
vascular injury in RBI. Some compensatory brain
function often occurs after RT to maintain the general
brain function, but the compensatory increase in
function may also lead to late radiation brain
necrosis (29),

We hypothesize that the ReHo value temporarily
increases after RT due to vascular injury and the
transient increase in local blood flow together with
the compensatory effect of the brain functional
network. This compensation phenomenon is not
uncommon in other fMRI studies of RBI (6:30,31), and it
maintains a certain information transmission
efficiency of the brain network, thereby ensuring
normal cognitive function. With the passage of time,
damage to the blood-brain barrier gradually
accumulates, and the compensation gradually
diminishes. Thus, an increase in functional brain
damage may consequently occur.

Yang et al. () found markedly differences in ReHo
between patients with NPC after RT and controls and
suggested that changes in brain functional activity as
demonstrated by ReHo could allow early monitoring
of RBI. However, the correlation between ReHo and
cognitive scale scores was not analyzed in the study,
and the mechanism of action between abnormal
brain function and cognitive impairment is unclear.
The present study used multiple scales to further
investigate the correlation between ReHo and
different  cognitive functions, and several
meaningful results were obtained. The ReHo of
Cerebelum_Crus2_L. was significantly negatively
correlated with DST, DST-BACKWARD, AVLT
immediate recall, and MoCA-B scores. Moreover, it
was significantly positively correlated with TMT-A
scores. Here, MoCA-B reflects general cognitive
function, DST and AVLT reflect memory, and TMT
reflects executive ability (the higher the TMT score,
the worse the executive ability).

The results suggest that the local brain function of
the left cerebellum becomes abnormal after RT.
Although the ReHo is accordingly increased, it is
significantly negatively correlated with general
cognitive function, memory and executive ability,
leading to multiple cognitive impairments. Previous
research has demonstrated that the cerebellum might
have an important role in cognition, and cerebellar
damage was thought to be closely related to cognitive
impairment 32). In our study, the findings suggest

that the brain function impairment mainly impairs
general cognitive function, memory and executive
ability. In a meta-analysis, it was observed that the
patients with cerebellar lesions had significantly
worse scores in neuropsychological tests, such as
memory, semantic fluency and speech fluency (3),
which was also reflected in our findings.

Another study found that lesions in the
cerebellum lead to a cognitive-affective syndrome
which was characterized by impaired executive
function G4, which was also reflected in our findings,
where we found that Reho in the cerebellum was
negatively associated with executive ability.

In our study, the brain regions with markedly
reduced GM volume included the temporal lobe,
cerebellum, and frontal lobe, all of which have been
shown to be radiation-prone brain regions in
previous studies of RBI (535.36), In animal studies, glial
cells in the brain GM were significantly damaged
during the latency period of RBI with degeneration,
apoptosis, and death of oligodendrocytes resulting in
GM atrophy and hypofunction. Nagtegaal et al 37
found a markedly reduction in brain GM thickness in
several brain regions after RT in patients with glioma
and concluded that this was significantly associated
with cognitive impairment. Lv et al. 3¢) reported that
GM volumes of the fusiform gyrus, precentral gyrus,
as well as middle temporal gyrus were significantly
reduced in patients after RT, and our study found
similar results (such as fusiform gyrus, middle
temporal gyrus).

In addition, hippocampal GM volume was
significantly correlated with cognitive impairment
(19, and the investigators concluded that brain GM
volume can be sensitive for monitoring RBI. Guo et al.
(15) found that a reduction in brain GM volume after
RT was significantly related to cognitive impairment.
Lin et al 38 observed that GM thickness in the
precentral gyrus was significantly reduced in patients
after RT. Leng et al. 39 observed that the volume of
brain GM was significantly reduced to varying
degrees in NPC patients after RT, occurring in the
bilateral frontal, temporal, parietal, cerebellar
regions, and our study also found significant
reductions in the GM volume in other regions in
addition to the temporal lobe, such as the cerebellum
and middle frontal gyrus. All of the above studies
have shown that changes in brain GM volume after
RT can be used as imaging markers of RBI.

However, the correlation between GM volume and
different cognitive deficits remains unclear because
the above studies either did not perform
neuropsychological tests or only used the MoCA
scale, which lacks a comprehensive assessment of
multiple cognitive functions, and the association
between different types of cognitive decline and GM
volume reduction in NPC participants after RT was
rarely discussed. In this study, RT was found to cause
structural damage to GM in RBI-sensitive brain
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regions with a reduction in GM volume and leads to
significant impairment of general cognitive function,
memory, and executive ability. The temporal lobe
and cerebellum are near to the radiation field of
nasopharyngeal cancer radiotherapy, which are
susceptible to radiation damage. In addition,
temporal lobe belongs to default mode network
(DMN), which is very sensitive to radiation (3.

Studies related to cognitive function have shown
that impaired function within the DMN is associated
with executive ability, attention, and memory (“49; in
this study, similar results were observed. Cerebellum
atrophy is related to cognitive impairment in a
variety of neurological disorders. Just as cerebellar
dysfunction can lead to cognitive impairment,
cerebellar structural abnormalities can lead to
decreased memory and executive function. The
frontal lobe is an area in the DMN and the central
executive network (CEN), which is closely related to
the cognitive processes. Damage to the frontal lobe
may cause cognitive deficits, especially executive
function and working memory (41, which were also
found in our findings.

Some limitations in our study should be noted.
First, the sample size was small, and the sample size
will be increased in the next step. Second, as a
cross-sectional research, it cannot completely reveal
the causal relationship between brain functional and
structural changes in RBI and radiation, and a cohort
study will be conducted in the next step. Third, all
patients in this study received both chemotherapy
and RT, and an effect of chemotherapy was possible.
The next step should be to establish a separate RT
group to eliminate this synergistic effect.

CONCLUSIONS

We demonstrated that damage to brain function
and structure occurred after RT, mostly in the
temporal lobe and cerebellum, as evidenced by a
compensatory increase in ReHo and a decrease in GM
volume, both of which were significantly associated
with multiple cognitive impairments. This study
provides evidence for revealing the pathogenesis of
cognitive impairment after RT, and ReHo and GM
volume can be used as sensitive markers for the
monitoring of RBI.
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