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Abstract

In this study, we seek to longitudinally investigate the network-level functional connectivity (FC) alternations and its associa-
tion with irradiation dose and cognition changes in the early stage post radiotherapy (RT) in nasopharyngeal carcinoma (NPC)
patients. We performed independent component analysis (ICA) of resting state blood oxygen level-dependent functional
magnetic resonance imaging (BOLD-fMRI) from 39 newly diagnosed NPC patients before receiving treatment (baseline),
and 3 months post-RT. the default mode network (DMN), salience network (SN), and executive control network (ECN) were
extracted with well-validated software (GIFT). Inter-network connectivity was assessed using the functional network connec-
tivity (FNC) toolbox. The inter- and intra-network FC was compared between time points, and the z value of FC alternation
was correlated with the RT dose value and cognitive changes. Compared with baseline, the FC of the left anterior cingulate
cortex (ACC) within the DMN, and the right insular within the SN, significantly reduced 3 months post-RT, with greater
effects at higher doses in the right insular. Bilateral ECN FC was also significantly lower 3 months post-RT compared to the
baseline. Chemotherapy was not associated with inter- and intra- network FC change. We found intra- and inter-network FC
disruption in NPC patients 3 months post-RT, with the right insular showing a dose-dependent effect. Thus, this network-
level FC may serve as a potential biomarker of the RT-induced brain functional impairments, and provide valuable targets
for further functional recovery treatment.
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primarily focused on mechanisms of disability that appear
at 6 months to 1 year after RT (Karunamuni et al. 2016;
Seibert et al. 2017). However, recent studies showed that
brain alterations and dysfunction develop much earlier (less
than 6 months) following radiation exposure (Makale et al.
2017). Thus, the identification of an accurate and sensitive
biomarker of brain damage and neurotoxicity in the early
stage post RT is necessary to modify treatment strategies
that may prevent or minimize brain damage.

Ideally, these biomarkers could be obtained during the
course of standard treatment planning, and follow-up evalu-
ation and would correlate with clinical outcome measures of
cognitive function. However, such studies are quite scarce,
and as mentioned above, most previous studies focused
on the late delayed effects of RT. For example, following
15 high-grade glioma patients post-RT, Karunamuni et al.
(Karunamuni et al. 2016) found cortical atrophy 1-year post-
RT, with greater effects at higher doses, especially for the
temporal and limbic cortex. Additionally, Seibert and col-
leagues (Seibert et al. 2017) reported that the hippocampus
had radiation dose-dependent atrophy 1 year after treatment
for patients who underwent fractionated, partial brain RT for
primary brain tumors when compared to the baseline. Mean-
while Prust et al. (2015) revealed the volume of the whole
brain and gray matter, but not the white matter and hip-
pocampus, decreased during treatment, while the apparent
diffusion coefficient increased within the subventricular zone
7 months after the initiation of chemoradiation treatment for
glioblastoma. Recent studies also revealed that brain altera-
tions and dysfunction developed much earlier following radi-
ation exposure (Makale et al. 2017). By studying 22 patients
with small cell lung cancer who underwent platinum-based
chemotherapy and prophylactic cranial irradiation, research-
ers found that patients showed decreased volume in right
subcortical regions, the bilateral insular cortex, superior
temporal gyrus gray matter, and the right hippocampus and
right para-hippocampal gyrus; this was accompanied by
changes in the white matter microstructure of the entire cor-
pus callosum 3 months post-treatment. Meanwhile, patients
with non-small cell lung cancer showed no cognitive or brain
structural differences after chemotherapy only, which sug-
gests that chemotherapy, and especially prophylactic cranial
irradiation, are associated with the development of cognitive
and structural brain toxic effects (Simo et al. 2016). Using
magnetic resonances spectroscopy (MRS) to investigate hip-
pocampal metabolite, Pospisil and colleagues (Pospisil et al.
2017) found statistically significant decreases in h-tNAA in
the bilateral hippocampus 4 months post whole brain RT in
brain metastases patients when compared to baseline meas-
urement. However, whether these imaging characteristics
can serve as early biomarkers for the late toxicity of brain
irradiation remains unclear, and correlation of these meas-
ures with neurocognitive function has yet to be established.
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Moreover, most of these findings focused on regional brain
disruption (gray matter volume or metabolite) post-irradi-
ation, and, as we know, anatomically separated regions of
cortical grey matter are extensively interconnected. Thus,
how the irradiation can induce the network-level functional
connectivity (FC) disruption remains an open question. The
application of novel neuroimaging techniques may provide
additional insight into RT-related pathophysiology.

Resting-state FC magnetic resonance imaging (rs-
fcMRI) is a method that can non-invasively assesses brain
function (Zhang and Raichle 2010). rs-fcMRI measures
the temporal correlation of spontaneous fluctuations of
the blood oxygen level dependent (BOLD) signal between
remote regions (Biswal et al. 1995). Correlated regions
have been reproducibly classified into resting-state net-
works (RSNs) using both independent components analy-
sis (Calhoun et al. 2001; Beckmann et al. 2005) and seed-
based analysis (Damoiseaux et al. 2006; Shehzad et al.
2009). RSNs are of scientific interest because they recapit-
ulate the topographies of task-related functional response
(Beckmann et al. 2005; Smith et al. 2009). Importantly, rs-
fcMRI eliminates performance confounds associated with
task-based functional neuroimaging (Hyvarinen 1999;
Ewers et al. 2011). Of the multiple RSNs that exist, 3 are
particularly relevant to the study of loss of cognitive func-
tion in patients post irradiation because their irradiation
related changes and associated cognitive alterations have
been replicated in multiple studies (Greene-Schloesser
and Robbins 2012; Zhang et al. 2015). The 3 RSNs are:
the default mode network (DMN), the executive control
network (ECN), and the salience network (SN) (Menon
2011). The DMN, including areas of the medial prefron-
tal cortex (MPFC), the posterior cingulate cortex (PCC),
and the precuneus, is associated with internally oriented
mentation and autobiographical memory (Gusnard et al.
2001; Fox et al. 2005); the ECN, mainly involving the
dorsolateral prefrontal and the parietal regions, is engaged
in higher-order cognitive processes and externally ori-
ented attention (Bressler and Menon 2010); and the SN,
comprising paralimbic structures—most prominently the
anterior insular (AI) and medial frontal areas such as the
anterior cingulate cortex (ACC) and pre-supplementary
motor area (pre-SMA)—is involved in the switch between
the DMN and task-related networks in cognitive control
(Sridharan et al. 2008). The integrity of these 3 networks
and their interactions appear fundamental to higher-level
cognition, and are therefore relevant to our understanding
of the brain injury related to RT (Greicius and Kimmel
2012).

The purpose of the present study was to longitudinally
investigate network-level FC alternations, and their associa-
tion with irradiation dose and cognition changes early post-
RT in NPC patients.
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Materials and methods
Patients

This prospective study was approved by the Institutional
Review Board of the Sun Yat-sen University Cancer
Center. Written informed consent was obtained from each
subject before the study. From December 2014 to February
2017, 41 patients with newly diagnosed, histology-proven
non-keratinizing undifferentiated NPC were enrolled,
2 patients were discarded due to excessive head move-
ment during resting state fMRI scanning (more informa-
tion can be found in the data preprocessing). Finally, 39
patients (25 M/14 F, aged 22—63 years old, 40.5 + 8.4 years
old) were included in this study. Each patient underwent
a detailed pretreatment evaluation, including physical
examination, nasopharyngeal fiberoptic endoscopy, chest
radiography, MRI scan of the nasopharynx and brain,
abdominal sonography, and whole body bone scan. The
clinical stages of NPC were classified according to the
American Joint Committee (AJCC) on Cancer Staging
System (7th edition).

The inclusion criteria for all patients were as follows:
no intracranial invasion, no distant metastases, no brain
tumors, no alcoholism, no substance dependence, no neu-
rological or psychiatric diseases, no prior substantial head
trauma, no diabetes, no viral hepatitis, no positive human
immunodeficiency virus status, no other major medical
illness, not left-handed, and no contraindications for MRI
scanning.

This prospective study was registered on the Chi-
nese Clinical Trial Registry (http://www.chictr.org.cn/
showproj.aspx?proj=11752). Registration Number:
ChiCTR-OOB-15006982.

Treatment

All patients were treated using the intensity modulated RT
(IMRT) technique, as previously described (Sultanem et al.
2000; Lin et al. 2014). Inverse planning was performed on
the Corvus System (Peacock; Nomos, Deer Park, III) by
using the simultaneous integrated boost technique. Target
volumes were delineated slice-by-slice on treatment plan-
ning CT scans using an individualized delineation protocol
that complies with International Commission on Radiation
Units and Measurements reports 62 and 83. The prescribed
radiation dose was as follows: a total dose of 68—70 Gy
in 30-33 fractions at 2.12-2.27 Gy/fraction to the plan-
ning target volume (PTV) of the GTV-P, 60-70 Gy to the
nodal gross tumor volume PTV (GTV-N), 60 Gy to the
PTV of CTV-1 (high-risk regions), and 54-56 Gy to the

PTV of CTV-2 (low-risk regions and neck nodal regions).
All patients were treated with 1 fraction daily over 5 days
per week. We then calculated the dose-volume statistics
for temporal lobes, and outlined organs at risk for dose
constraint evaluation. Dose-volume statistics for temporal
lobes are listed in Table 1.

During the study period, institutional guidelines recom-
mended RT alone for stage I, concurrent chemoradiotherapy
for stage I, and concurrent chemoradiotherapy with/without
neoadjuvant/adjuvant chemotherapy for stage III to IVA-B.
Concurrent chemotherapy was cisplatin weekly (40 mg/m?)
or on weeks 1, 4, and 7 of RT (80-100 mg/mz). Neoadju-
vant chemotherapy consisted of cisplatin (80 mg/m?) with
5-fluorouracil (750—-1000 mg/m?) (PF), or cisplatin (75 mg/
m?) with docetaxel (75 mg/mz) (TP), or cisplatin (60 mg/mz)
with 5-fluorouracil (600 mg/mz) and docetaxel (60 mg/mz)
(TPF) every 3 weeks for 2 or more cycles. In total, 3 patients
(7.7%) belonged to AJCC stage II, and 36 (92.3%) patients
with stage III-IV received neoadjuvant chemotherapy; all 39
patients (100%) received concurrent chemotherapy.

MRI acquisition

All MRI scans were performed on a GE Discovery MR750
3.0 Tesla scanner (GE Medical Systems, Milwaukee, WI)
equipped at the Department of Medical Imaging, Sun
Yat-sen University Cancer Center. Tight but comfort-
able foam padding was used to minimize head motion,
and ear plugs were used to reduce scanner noise. For each
patient, clinically routine MRI, including thick-slice T2-
and T1-weighted images as well as T2 fluid-attenuated
inversion recovery images were obtained to ensure that
there were no visible brain lesions. Then, an rs-fMRI scan
with an echo-planar imaging sequence and a high-reso-
lution structural MRI scan with T1-weighted 3-dimen-
sional brain volume imaging (3D-BRAVO) sequence were

Table 1 Demographic and clinical characteristics of NPC patients

Demographic information Baseline
Age (Years) 40.5 (8.4)
Gender (M/F) 25/14
Education 12.0 (3.3)
Hypertension (—/+) 3712
Diabetes (—/+) 39/0
Tumor stage (I/I1I/IV) 3/17/19
Temporal.R dose (maximum) 69.3 (6.9)
Temporal R dose (minimum) 2.1(1.2)
Temporal.R dose (mean) 20.4 (6.8)
Temporal.L. dose (maximum) 68.4 (6.8)
Temporal.L. dose (minimum) 2.2(1.2)
Temporal.L dose (mean) 19.7 (6.2)
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sequentially conducted. The imaging parameters were
as follows: (1) rs-fMRI: repetition time (TR)=2000 ms,
echo time (TE)=30 ms, flip angle=90°, acquisition
matrix = 64 x 64, field of view =240 x 240 mm?, 39 axial
slices, slice thickness =3 mm, inter-slice gap=0.8 mm,
voxel size =3.75x3.75x3.8 mm?>, 240 time points
(8 min); and (2) 3D-BRAVO: TR=8.16 ms, TE=3.18 ms,
inversion time =800 ms, flip angle =8°, acquisition
matrix =256 x 256, field of view =256 X256 mm?, 176 sag-
ittal slices, no inter-slice gap, and voxel size=1x 1 x 1 mm>.
During rs-fMRI scanning, patients were instructed to close
their eyes and keep still as much as possible, and to not think
of anything systematically or fall asleep.

Neurocognitive tests

The Montreal Cognitive Assessment (MoCA, Beijing Ver-
sion) was used to assess general cognitive function of NPC
patients before treatment and 3 months post-treatment. The
MoCA assesses different cognitive domains: attention and
concentration, executive functions, memory, language,
visuoconstructional skills, conceptual thinking, calcula-
tions, and orientation. The time to administer the MoCA for
each patient is approximately 10 min, and the score range
is from O to 30. All patients completed the MoCA after an
appropriate demonstration and explanation, on the same day
as MRI scanning.

Follow-up procedure

To assess the early RT-related network-level dysfunction
(acute injury and early delayed injury), NPC patients were
evaluated on the following time points: prior to the initiation
of their treatment (baseline), immediately after completion
of the neoadjuvant chemotherapy treatment (for patients

Fig.1 Flow diagram of patient
enrolment. * Patients underwent
concurrent IMRT and chemo-
therapy. Abbreviation: NPC,
nasopharyngeal carcinoma;
MoCA, Montreal cognitive
assessment, IMRT, intensity
modulated radiotherapy; NCT,

neoadjuvant chemotherapy AJCC stagell
stage

(n=3)

who were treated with neoadjuvant chemotherapy), and
3 months following the completion of the concurrent RT.
At each time-point, brain structural and functional MRI, and
nasopharynx and/or neck MRI, as well as neurocognitive
tests were performed. Figure 1 illustrates the procedures for
follow-up of patients with NPC in this study.

Data pre-processing and isolation of independent
components

Pre-processing of imaging data was performed using
SPMS8 (Wellcome Trust Centre for Neuroimaging, Univer-
sity of College London, UK) and following our previous
work (Qiu et al. 2011, 2016, 2017a, b; Lv et al. 2013a, b,
2016), which included removal of the first 10 time-points
to allow magnetization to reach steady state, slice-timing
correction, and motion-correction. Dataset with motion
exceeding 2 mm in any of the 3 cardinal directions (i.e., X,
y, z) were removed from analysis. Functional images were
then normalized to the MNI-152 template using non-linear
transformation in SPM8, and smoothed using a 6 mm full
width high maximum (FWHM) Gaussian kernel. Signals
from known nuisance variable (e.g., cerebral spinal fluid,
motion parameters) were not explicitly removed by regres-
sion. This information was used in the group independent
component analysis (group ICA) to identify the independent
components.

Group spatial ICA was conducted for both time points of
all 39 subjects using the infomax algorithm within the GIFT
software (http://icatb.sourceforge.net/) and following our
previous work (Ma et al. 2015), which incorporated tempo-
ral concatenation plus back-reconstruction (which produces
subject-specific images) (Calhoun et al. 2001). This enabled
a comparison of both the time courses and the images for 1
group or multiple groups (Calhoun et al. 2001). A detailed

41 newlydiagnosed NPC received MRI
scanand MoCA measurement

2 participants were discarded due to head motion during MRI scan

AJCC stagelll
(n=17)

AJCCstagelV
(n=19)

36 patients received NCT before IMRT

39 patients received IMRT* I

39 patients received MRl scan and MoCA
measurement 3 months post IMRT
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review of group ICA fMRI analyses can be found in the
report by Calhoun et al. (Calhoun et al. 2009). In this study,
images were reduced to 40 dimensions using principal com-
ponent analysis, and the optimal number of components was
found to be 34 using the minimum description length criteria
modified to account for spatial correlation (Li et al. 2007).
We applied the ICASSO algorithm implemented in GIFT to
increase the robustness of our independent components to
initial algorithm conditions by repeating the ICA estimation
100 times. Single subjects’ spatial maps and corresponding
time courses were then computed and converted to z-scores
for display and use in further statistical analyses. Each voxel
in the brain has a z-score representing the strength of its con-
tribution to the component’s time course. We selected DMN,
ECN, and SN components using an automated and objec-
tive method. In detail, we chose representing subsystems
of SN, DMN and ECN from the network template (Shirer
et al. 2012) (http://findlab.stanford.edu/functional_ROIs.
html), and performed multiple spatial regression analyses
of our 34 independent components’ spatial maps on these
templates. We selected components with the highest correla-
tion coefficient with the templates. In addition, all selected
components were also visually inspected by 2 researchers
to ensure the selected DMN, ECN, and SN corresponded
to cerebral components with the largest spatial correlations
with the network templates (van de Ven et al. 2004). Using
this data-driven analysis approach allowed us to estimate
FC without making any prior assumptions on how intrinsic
activity is implemented.

Network-level FC evaluation of intra-network

Intra-network FC differences between pre- and post-RT were
examined using a SPMS paired t-test on the spatial distribu-
tion of the components (pDMN, aDMN, rECN, IECN and
SN). Statistical images (t maps) were corrected for multiple-
comparison using a AlphaSim correction. By using this pro-
gram, a corrected significance level of p <0.05 was obtained
by clusters with a minimum volume of 2025 mm? at an
uncorrected individual voxel height threshold of p<0.01.

Network-level FC evaluation of inter-network

For this functional network connectivity analysis, inter-
network connectivity reflective of between-network com-
munication was assessed for differences between the pre-
and post-RT using the Functional Network Connectivity
(FNC, FncVer2.3) toolbox. FNC was calculated following
the procedure described by Jafri et al. (2008). The num-
ber of component-pairs (comp-pair) was obtained from a
computation of the number of components (n=5). In each
population group, we identified high-correlation compo-
nent-pairs defined with a liberal threshold of Pearson’s rho

coefficient > 0.3. Furthermore, only the overlap of high cor-
relation component-pairs (n="7) between populations were
statistically tested. Correction for multiple comparisons was
implemented using false discovery rate (FDR) approach fol-
lowing the procedure introduced by Storey (2002).

Results
Demographic and cognitive measures

The demographic information for the NPC patients at base-
line is shown in Table 1. The NPC patients had lower MoCA
scores 3 months post-RT when compared with the baseline
(Fig. 2).

Spatial distribution of DMN, ECN, and SN

Spatial distributions of DMN, ECN, and SN for NPC
patients are shown in Fig. 3. The spatial distribution of the
3 particular networks was the same as those found by previ-
ous studies (Raichle et al. 2001; Qiu et al. 2017b).

Irradiation-related intra-network (DMN and SN) FC
alternations in NPC patients

Individuals groups comparisons demonstrated significant
differences between pre- and 3 months post-RT (P <0.05,
AlphaSim-corrected). After RT, NPC patients had weaker
intra-network connectivity in the left ACC for the DMN, and
the right insular for the SN (Fig. 4 and Table 2).

Irradiation-related inter-network (Bilateral ECN) FC
alternations in NPC patients

Functional network connectivity for NPC patients before and
3 months post-RT shared similar connectivity diagrams, in

30—

20—

Assessment

10—

Montreal Cognitive

0 T

T
Baseline 3 months post RT

Fig.2 NPC patients had significantly reduced MoCA 3 months post-
RT. * p<0.05
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Fig.3 Group level aDMN, pDMN, SN, left ECN and right ECN con- pDMN, posterior default mode network; SN, salience network; ECN,
nectivity in NPC patients with both time points. Abbreviation: NPC, executive control network
nasopharyngeal carcinoma; aDMN, anterior default mode network;

Fig.4 Group comparison maps
of intra-network differences
(SN and DMN) in NPC patients
between time points (P <0.05,
AlphaSim-corrected). After
RT, NPC patients had weaker
intra-network connectivity in
the left ACC for the DMN (a),
and the right insular for the SN
(b) compared to the baseline.
The coordinates of significantly
different regions are shown in
Table 2. Abbreviation: NPC,
nasopharyngeal carcinoma;
ACC, anterior cingulate cortex;
DMN, default mode network;
SN, salience network

Brain Network Post-RT < Baseline
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Table.2 Intra—netw.or.k Network Region Coordinate (MNI) Brodmann area  Cluster size Peak T-score
functlor.lal connectivity (FC) (BA) (mm®)
alternation 3 months post-RT

aDMN ACC —-3,429 24,32 4131 —3.3814

SN Insular 34,19,10 13,44 2133 -3.8117

LLE
{»%err\
Y\

b : anterior DMN

GM\

/iﬁ"é

36648

Fig.5 Group comparison maps of inter-network differences in NPC
patients between time points. Functional network connectivity for
NPC patients before and 3 months post RT shared similar connec-
tivity diagrams, in which significantly correlated components are
represented by lines (A-E, B-C, B-D, B-E, C-E, C-D, and D-E). The

#\ﬁ m;g
6668

d: left ECN

(3@00@%

/@ 5\“5\ /'\ /4

blue line represents connectivity in which 3 months post treatment
had lower mean correlation than baseline (D-E). Abbreviation: NPC,
nasopharyngeal carcinoma; DMN, anterior default mode network;
SN, salience network; ECN, executive control network
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which significantly correlated components are represented
by lines (Fig. 5). Blue line represents connectivity in which
3 months post treatment had lower mean correlation than
baseline (Fig. 5).

No chemotherapy-related network-level FC
alternations in NPC patients

To elucidate the chemotherapy effects on the network-level
FC alternations, we also compared the intra- and inter- net-
work FC in a sub-cohort sample (16 subjects) who had MRI
examination and MoCA evaluation after completion of neo-
adjuvant chemotherapy but before the initial of RT. How-
ever, we did not find any intra- or inter- network FC changes
related to chemotherapy.

Irradiation dose on the right temporal correlated
with the right insular FC alternations

Changes in the right insular FC 3 months post-RT were neg-
atively correlated with the maximum dose of irradiation of
the right temporal lobe (r=—-0.402, p=0.01; Fig. 6).

Discussion

Quantification of network-level FC of normal appearing
brain tissue after RT may help us understand the physio-
logic processes that underlie radiation-induced neurocogni-
tive decline. Our results showed that both the intra-network
(DMN and SN) and the inter-network (bilateral ECN) FC
significantly reduced 3 months post-RT in NPC patients.
Furthermore, the FC changes of the right insular within the
SN had a dose-dependent effect (Fig. 6). Together, these
findings suggested that the altered FC pattern might serve

.25+

.00+

.25

-.50

Changes of zFC

=75

r=-0.402, p = 0.011 o

-1.00+

T T T T T T

55 60 65 70 75 80

Irradiation does of the right
temporal lobe(Gy)

Fig.6 Changes of the right insular FC correlated with the maximum
irradiation dose in the right temporal lobe
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as a potential biomarker of radiation-induced brain dysfunc-
tions in NPC patients.

Compared to the baseline, NPC patients had significantly
reduced FC in the left ACC within the DMN, in the right
insular within the SN and between bilateral ECN 3 months
post-RT. It is not surprising that the ACC and insular showed
aberrant FC, given that the ACC is a part of the limbic sys-
tem and the insular is part of the paralimbic system, both
regions which are sensitive to irradiation (Karunamuni et al.
2016; Makale et al. 2017). Previous studies also revealed
that the limbic and temporal are more vulnerable to irradia-
tion. For example, Karuna et al. (Karunamuni et al. 2016)
found that dose-dependent cortical atrophy was particularly
pronounced in the limbic and temporal lobes. Additionally,
attenuated FC within the DMN and SN, and FC between the
bilateral ECN, also agreed with previous cognitive studies,
which indicated high-order cognition impaired, especially
for memory, attention, and executive function, which was
shown to be highly related to the DMN, ECN and SN in
previous studies (Sestieri et al. 2011; Menon and Uddin
2010; Seeley et al. 2007). The present longitudinal study
also agreed with the only extant cross sectional literature
about RT-related FC in NPC: Ma et al. (2016) also revealed
that the ACC, Al, and dorsal lateral prefrontal cortex (part
of the ECN) had aberrant FC in NPC patients with RT when
compared with demographically matched untreated NPC
patients. However, they also found other network abnormali-
ties. The reason for this discrepancy is unclear and could
be due to differences such as post irradiation time (3 vs.
18 months) and analytical methods (ICA vs. MVPA clas-
sification) (Ma et al. 2016). More importantly, it might also
due to the fact that cross sectional studies are influenced by
between-subject variance and possible cohort effects (Schaie
2005) and are unable to detect the intra-individual alterna-
tion; thus, cross sectional comparison is insufficient to con-
clude the effects of RT effects on FC.

Interestingly, we found irradiation dose-dependent dis-
ruption of FC in the right insular, which indicates that FC
impairment in the right insular has a cumulative effect,
implying that reduced irradiation dose is important for
this vulnerable region. Previous studies with diverse MRI
models consistently revealed dose-dependent effects of
irradiation related brain alternations (Karunamuni et al.
2016; Seibert et al. 2017; Wang et al. 2009). For instance,
Karunamuni et al. (2016) found the dose-dependent cor-
tical atrophy in high-grade glioma patients after partial
brain radiation; moreover, they revealed that cortical atro-
phy was particularly pronounced in the limbic and tem-
poral lobes, which echo the insular dose-dependent FC
abnormalities revealed in the current study. Furthermore,
Seibert et al. (2017) indicated that the hippocampus dem-
onstrates radiation dose-dependent atrophy 1 year after
treatment for patients who underwent fractionated, partial
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brain RT for primary brain tumors when compared to the
baseline. Lastly, Wang et al. (2009) found that a higher
radiation dose (30 Gy) induced earlier and more severe
histologic changes than a lower radiation dose (25 Gy),
and these differences were reflected by the magnitude of
changes in axial and radial diffusivity. Taken together,
our findings add the dose-dependent functional network
impairment to these extant literatures.

The functional network impairment observed in the
current study may also due to the neurotoxicity of chemo-
therapy, given that most participants underwent concurrent
chemotherapy, and chemotherapy itself had been related to
both structural and functional brain disruption in previous
studies (Dumas et al. 2013; McDonald and Saykin 2013; Iyer
et al. 2015). However, the present results are more likely due
to irradiation effects and not the chemotherapy, given that we
did not find any chemotherapy related inter- or intra-network
FC abnormalities in the subset of present participants who
underwent BOLD-fMRI examination after chemotherapy
but before the initial of RT. However, this negative finding
may also be due to the relatively small sample size (n=16)
and short-term follow-up time (soon after chemotherapy).
Thus, future studies should enroll RT only group to exclu-
sively exclude the effects of chemotherapy.

We also found that general cognitive function declined
post-RT, which is in line with previous studies that indi-
cated RT-related cognition impairment (Greene-Schloesser
and Robbins 2012; Makale et al. 2017). However, we did
not find any relationship between network-level FC and
cognition, which may due to the insensitivity of the MoCA
measurement. The MoCA is a brief cognitive screening tool
(Nasreddine et al. 2005), which is not very sensitive to cer-
tain domains, such as executive functions, verbal and visual
memory, and attention, that impaired by irradiation revealed
by previous studies (Greene-Schloesser and Robbins 2012;
Zhang et al. 2015). Thus, a more sophisticated cognitive
evaluation should be performed in future studies.

We acknowledge some limitations of the present study.
First, we did not have NPC- and treatment-negative groups
for comparison. A previous study had indicated that a non-
central nervous system tumor alone was sufficient to induce
brain dysfunction (Yang et al. 2014), we cannot exclude such
an effect in present study. Second, as mentioned above, the
MoCA is a brief cognitive screening tool not very sensi-
tive to certain domains, such as executive functions, verbal
and visual memory, and attention, impaired by irradiation
revealed by previous studies (Greene-Schloesser and Rob-
bins 2012; Zhang et al. 2015). Thus, a more sophisticated
cognitive evaluation should be performed in future studies.
Third, almost all participants enrolled in present study had
concurrent chemotherapy and RT, and although we did not
find any chemotherapy-related FC changes in the sub-cohort,
the effects of chemotherapy or the synergy of chemotherapy

and RT may exist. Therefore, future studies should enroll
chemotherapy and RT only groups to elucidate such effects.

Conclusions

Combining the analysis of intra- and inter- network FC pro-
vided new insights into the radiation-induced functional
impairments in NPC patients early post-RT. Reduced within
and between network FC may serve as potential biomarkers
of the RT-induced brain functional impairments and provide
valuable targets for further functional recovery treatment.
Furthermore, the dose-dependent alternation in the right
insular within the SN implied that a reduced irradiation dose
is important for this vulnerable region.
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