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Abstract

Purpose Irradiation of the brain regions from nasopharyngeal carcinoma (NPC) radiotherapy (RT) is frequently unavoid-
able, which may result in radiation-induced cognitive deficit. Using deep learning (DL), the study aims to develop prediction
models in predicting compromised cognition in patients following NPC RT using remote assessments and determine their
relation to the quality of life (QoL) and MRI changes.

Methods Seventy patients (2076 aged) with MRI imaging (pre- and post-RT (6 months—1 year)) and complete cognitive
assessments were recruited. Hippocampus, temporal lobes (TLs), and cerebellum were delineated and dosimetry parameters
were extracted. Assessments were given post-RT via telephone (Telephone Interview Cognitive Status (TICS), Telephone
Montreal Cognitive Assessment (T-MoCA), Telephone Mini Addenbrooke’s Cognitive Examination (Tele-MACE), and
QLQ-H&N 43). Regression and deep neural network (DNN) models were used to predict post-RT cognition using anatomi-
cal and treatment dose features.

Results Remote cognitive assessments were inter-correlated (> 0.9). TLs showed significance in pre- and post-RT vol-
ume differences and cognitive deficits, that are correlated with RT-associated volume atrophy and dose distribution. Good
classification accuracy based on DNN area under receiver operating curve (AUROC) for cognitive prediction (T-MoCA
AUROC=0.878, TICS AUROC =0.89, Tele-MACE AUROC=0.919).

Conclusion DL-based prediction models assessed using remote assessments can assist in predicting cognitive deficit follow-
ing NPC RT. Comparable results of remote assessments in assessing cognition suggest its possibility in replacing standard
assessments.

Implications for Cancer Survivors Application of prediction models in individual patient enables tailored interventions to be
provided in managing cognitive changes following NPC RT.
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Introduction

Radiotherapy (RT) in combination with or without adju-
vant chemotherapy is the primary treatment for patients
with nasopharyngeal carcinoma (NPC) [1]. Nevertheless,
neurological complications have been reported in patients
following NPC irradiation that induces late cognitive deficits
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The notion QoL has become increasingly paramount in
patient treatment, given that RT could negatively impact on
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cognitive functioning and be deleterious to QoL [4]. Despite
the advances in radiation treatment which improves patient
life expectancy [5], maintaining health-related QoL and
cognitive function following head and neck cancer RT are
also imperative [6]. The affected regions are typically in the
domains of attention, memory and executive functions [7]
as well as numerous aspects of QoL including functional
deficits such as speech, swallowing, hearing and breathing
which are vital in daily functioning [6]. These changes are
the underlying effect in the alteration of patients overall
well-being.

In typical clinical practice, cognitive and QoL evaluations
are performed with the physical presence of both patients
and assessors. However, such methods are not feasible
during pandemics or other limitations preventing face-to-
face sessions. Therefore, validated remote telephone-based
cognitive screening tools have been developed to cater for the
needs in such circumstances, including Telephone Interview
for Cognitive Status (TICS), Telephone Montreal Cognitive
Assessment (T-MoCA), and Telephone-Mini Addenbrooke’s
Cognitive Examination (Tele-MACE). According to previous
studies, removing visual components from the assessments
still exhibits reasonable sensitivity and specificity in mild
cognitive impairment (MCI) diagnoses [8—10]. Given its
high accuracy and validity in assessing patients for MCI and
dementia, [11, 12], implementation of the telephone-based
cognitive screen is plausible and appears useful in clinical
practice when in-person assessments are impossible. For QoL,
European Organization for Research and Treatment of Cancer
(EORTC) QLQ-H&N 43 is used to assess head and neck
carcinoma patients [13] which evaluates the tumour effects,
treatment symptoms, functions, and health-related QoL [14].

Studies have established the utility of quantitative volu-
metric magnetic resonance imaging (MRI) features to detect
radiation-induced changes in normal-appearing brain tissue
[15]. These changes were observed either specific to brain
structures such as the hippocampus [16], cerebellum [17],
temporal lobes (TLs) [18], or the white and grey matter
structures [19, 20]. Several studies reported the correlation
of brain volume loss to cognitive decline where the extent
of radiation-induced brain injury varies depending on the
duration of RT completion [18, 21]. Besides, radiotherapy-
associated brain structural changes in NPC patients were
also dose-dependent [18]; thus, reducing irradiation dose to
vulnerable regions is important.

In this study, we aimed to build prediction models using
multiple linear regression (MLR) and deep neural network
(DNN) in predicting the possibility of compromise cognition
in patients following NPC RT using remote or teleconsulta-
tion assessments in assessing cognitive status and QoL of
NPC patients while evaluating their correlates to anatomical
volume change and dosimetry parameters.
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Materials and methods
Subjects

A total of 70 healthy controls (HC), randomly selected
and 70 NPC patients who received RT treatment from
2015 to 2021, had two MRI sessions (pre- (before the ini-
tiation of RT) and post-RT (6 months to 1 year)) were
identified from the National Cancer Institute database
with staging from TINOMO to T4N2MO. Patients were
planned for radiotherapy using three-dimensional (3D)
conformal, intensity-modulated radiotherapy (IMRT) or
Tomotherapy with a dose prescription of 69.96 Gy in 33
fractions or 70 Gy in 35 fractions. The inclusion criteria
were NPC patients aged between 20 and 76 years, able to
understand and communicate in Malay or English. Exclu-
sion criteria were brain metastases, other brain abnormali-
ties, neurological or psychiatric diseases, without RT and
flow-up scan, claustrophobic, and contraindicated for MR
imaging. Ethical approval was given by the Institutional
Review Board (or Ethics Committee) of Malaysia Ministry
of Health and patients provided their informed consent to
participate in this study.

Remote neurocognition and quality of life (QoL)
assessment tools

Remote neurocognition tools

The TICS is a brief, standardized test of cognitive functioning
administered via phone with eleven test items. Each item’s
scores are summed to obtain the TICS total score, which
provides a measure of global cognitive functioning and can
be used to monitor changes in cognitive functioning over
time. It takes less than 10 min to administer and score. The
optimal cutoff score is <31 to separate subjects with MCI
from normal cognition [22]. T-MoCA [23] assesses several
cognitive domains which are used for the detection of MCI.
The domains are memory, attention, language, abstraction,
delayed recall, and orientation (to time and place). It contains
a 22-point test and takes 10 min to administer. A score of
18 and higher are generally considered normal cognition.
As for Tele-MACE, the cognitive screening test evaluates
three main cognitive domains (orientation, memory, and
language). It is an adaptation of Mini-Addrenbrooke’s
Cognitive Examination with the omission of visuospatial
domain. The test denominators were reduced to 25 with a
score of 19 and higher considered normal cognition. Remote
neurocognitive assessments were given at a time frame of
3.8 (1-7) years following the completion of NPC RT which
complements the study on cognitive deficit that often occurs
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at the late-delayed phase (more than 6 months post-RT).
While the assessments of healthy controls were done prior to
NPC patients assessment.

Quality of Life (QoL) tools

The EORTC QLQ H&N43 has 43 items with six multi-
item scales and thirteen single-item symptom subscales
[14]. Each item is rated on a 4-point Likert scale and each
subscale score ranges from 0 to 100 where higher scores
indicate greater symptoms. It is used jointly with QLQ-
C30 that consists 30 items with functional, symptom
and global health status scales. The validated Malay and
English version of the QLQ-C30 and QLQ-H&N43 were
used [24]. All the tests and assessments were responded by
patients without assistance. Clear and precise instructions
and explanations were given to patients before conducting
questionnaire.

Implementation of tests

All the tests were performed in the original form once by
a single caller to avoid variability and the results from the
remote assessments were analyzed blindly by the neuropsy-
chologist. Data analyses were also done blindly, with neu-
rocognitive tests performed prior to image delineation and
dose-volume extraction.

Data collection and ROIs dose features

Information such as age, gender, education and staging; based
on International Classification of Diseases, Tenth Revision,
Clinical Modification (ICD-10-CM) were retrieved from
the institutional database. Regions of interest (ROIs) were
delineated and dose-related parameters of the hippocampus,
left and right TLs, cerebellum, caudate nucleus (CN), corpus
callosum (CC), amygdala, thalamus, optic chiasm (OC),
spinal cord (SC), and brain stem (BS) were collected by a
single trained radiation therapist. Regions selected are based
on their proximity to the tumour within the treatment area,
institution standard protocol and previous studies [25, 26].
Dose-volume histograms (DVH) features of each delineated
structures were extracted, including the volumes, mean/
maximum/minimum dose (Dmean/Dmax/Dmin), aV10
(absolute volume receiving more than 10 Gy), aV10-aV60
in aV10 increments, D10 (dose to 10% of volume), D10-D60
in D10 increments and each evaluated structure was assumed
to be independent. These were done using Monaco 5.1 and
TomoHD 5.1.1.6 treatment planning systems. Information
extracted was used as predictive measures in prediction
models.

Image acquisition

Siemens Magnetom Verio 3 Tesla (3 T) MRI machine was
used to scan pre- and post-RT brain images on each patient.
Patients laid supine on MRI couch and 8-channel RF head
coil was used. The standardised protocol includes pre- and
post-contrast 3-dimensional (3D) volumetric T1-weighted
multi-echo magnetisation-prepared rapid-acquisition
gradient echo (MPRAGE) and 3D T2-weighted fluid-
attenuation inversion recovery (FLAIR) images. MR images
parameters applied were TR =1900 ms, TE=2.52 ms,
T1=900 ms, flip angle=9°, voxel size=1.0x1.0x 1.0 mm°,
with no interslice gap. During scanning, subjects were
instructed to remain calm and keep their eyes closed. The
scans took approximately 45 min.

Statistical analysis

Pearson’s correlation analysis was performed to assess the
correlation between the remote cognitive assessments and
remote assessments to QoL. Additional correlation analyses
were performed to measure the association between clinical
factors (age, gender, education and post-RT volumes) and
cognitive assessments. Independent ¢ tests and chi-square
tests were used to analyze demographic differences between
NPC patients and HC at baseline for continuous variables
(age, cognitive, and QoL) and categorical variables (gender
and education). To assess the volumetric changes following
RT, paired ¢ tests and Wilcoxon signed-rank tests were used.
P <0.05 was considered statistically significant.

Multiple linear regression (MLR) analysis was done to
determine the risk factors for radiotherapy-related cognitive
deficits, with brain volume changes, DVH factors, education
and overall stage as the contributing factors using the
backward stepwise method. Hold-out sample cross-validation
was done to test the model’s performance. Estimation of R?
index, which is the amount of the variation in the dependent
variable explained or predicted by the independent features
was done for all the neurocognitive tests and all the
assumptions of regression modeling were tested. To test for
multicollinearity, we estimated the variance inflation factors
(VIF) for each model (< 10) [27] and tolerance indices
(>0.1) [28].

Deep neural network (DNN)

DNN was performed by SPSS with two hidden layers using
hyperbolic tangent as the activation function and softmax
in the output layer for rescaling the dependent variables in
predictors associated with the incidence of cognitive deficit.
The dataset was randomly divided into a train set (70%)
and a test set (30%) using hold-out cross-validation. We
estimated the specificity, sensitivity, area under the receiver
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operating curve (AUROC), Variable Importance Index and
the proportion of accurately classified groups for the DNN.
Normalised Importance Index (NII) ranges between 0.00
and 100% showing the weightage of each independent
variable in predicting the cognitive groups (deficit and
normal cognitive groups). Higher indices of the variable
exhibit a more substantial influence in predicting cognitive
groups.

Results

Demographic tests

There were no significant differences in age, gender, and
education between NPC patients to HC recruited in the study
(Table 1).

Remote assessments

Significant differences were shown (p <0.001) in all remote

assessments of HC to NPC patients (Table 1). The remote
cognitive assessments of NPC patientswere significantly

inter-correlated but negatively correlated to QoL (Table 2).
Additionally, age was negatively correlated (TICS,
r=—0.387; T-MoCA, r= —0.36; Tele-MACE, r= —0.366,
all p <0.001) with neurocognitive assessments but not sig-
nificant with QoL. Years of education was positively corre-
lated with the neurocognitive assessments (TICS, r=0.759,
T-MoCA, r=0.693; Tele-MACE, r=0.711, all p<0.001)
and negatively correlated to QoL (r= —0.457, p<0.001).

Cerebral volume

Cerebral volumes in NPC patients’ post-RT decreased
significantly in the delineated ROI (Table 3). Significant
differences were shown in the mean and standard deviation
(SD) value between pre- and post-RT volumes. Both left
(difference, A=6.89 +2.1) and right (A=7.12+2.18) TLs
and cerebellum (A =2.52 +1.15) showed the most changes
significantly (p < 0.001), given their large area and proxim-
ity to irradiated volume.

Table 3 Cerebral volume differences pre- and post-radiotherapy (RT)
of NPC

Table 1 Descriptive data E;:;Ti SD) ?;i;lfl SD) p value
Mean+ SD *
Hippocampus 3.28+1.8 3.08+1.69 <0.001
Variable RT+NPC (n=70) HC (n=70) p-value  Rightemporal lobe ~ 73.63+13.25  66.51+1129  <0.001"
Gender, M/F 49/21 42/28 0.749~ Left temporal lobe 71.22+12.35  64.33+10.47 <0.001"
Age, years 5276 +12.73 49.13+11.03 0.074* Cerebellum 49.81+12.67 47.29+11.53 <0.001"
(20-76) (20-65) Corpus callosum 3.95+1.67 3.82+1.62 <0.001"
Education, level 11.83+1.77 13.23+0.77 0.314~ Amygdala 3.06+1.26 2.96+1.21 <0.001"
Overall Stage 3.37+0.75 Caudate nucleus 2.16+1.11 2.04+1.02 <0.002"
TICS 30.31+11.51 44,94 +4.23 0.001" Thalamus 7.33+2.12 6.96+2.2 <0.001~
T-MoCA 13.99+5.30 18.99 +1.47 0.001" Spinal cord 21.24+9.6 20.75+9.36 <0.001"
Tele-MACE 15.21+4.93 20.90+2.05 0.001" Brain stem 25.83+4.05 2428+3.8 <0.001"
QoL 52.56+17.31 36.51+6.42 0.001" Optic chiasm 0.61+0.28 0.58+0.27 <0.001"
Note: ~Chi-square, *Independent t-test Note: “Paired r-test, ~Wilcoxon-signed rank
L TS G
QoL TICS T-MoCA Tele-MACE QOL
TICS Pearson correlation 1 0.920 0.913 —0.626
Sig. (2-tailed) <0.001 <0.001 <0.001
T-MoCA Pearson correlation 0.920 1 0.978 -0.614
Sig. (2-tailed) <0.001 <0.001 <0.001
Tele-MACE Pearson correlation 0.913 0.978 1 —0.652
Sig. (2-tailed) <0.001 <0.001 <0.001
QoL Pearson correlation —0.626 —-0.614 —0.652 1
Sig. (2-tailed) <0.001 <0.001 <0.001
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Correlation between volume changes
and neurocognitive tests

Volume changes in hippocampus and SC were significantly
correlated to TICS (hippocampus: r=0.265, p=0.027; SC:
r=0.288, p=0.016), T-MoCA (hippocampus r=0.303,
p=0.011; SC: r=0.250, p=0.037) and Tele-MACE (hip-
pocampus r=0.238, p=0.047; SC r=0.239, p=0.045). No
significant correlation between cerebral volumes and neu-
rocognitive assessments was shown in other ROI regions.

Dose and volume-related cognition-response
in irradiated patients

T-MoCA

The post-RT volume of delineated brain regions and
DVH factor values were fitted into multiple linear regres-
sion (MLR) to explain cognitive score. For T-MoCA, the
overall model explains 79.4% (R>=0.794) variation of
the cognitive score and is significantly useful in explain-
ing the T-MoCA score, F (19,50)=10.115, p<0.001. With
a one-unit increase in the post-RT volume, the T-MoCA
score increases by 1.584 in the hippocampus, #(50) =4.906,
p <0.001, 0.08 in the left temporal lobe (LT TL),
t(50)=2.371, p=0.025 and 6.002 in the OC, #(50)=3.443,
p=0.001. In addition, with a one-unit increase in dose to the
region examined, the cognitive score decreases by —0.012
in the SC Dmin, #(50)= —3.726, p<0.001, —0.004 in
the OC Dmin, #(50)= —4.825, p<0.001,—-0.005 in the
BS Dmin, #50)= —3.193, p=0.002, - 0.003 in the hip-
pocampus Dmean, #(50)= —6.118, p<0.001,—-0.003 in
the right temporal lobe (RT TL) Dmean, #(50) = —3.591,
p=0.001,—0.001 in the RT TL Dmax, #(50)= —3.633,
p=0.001,-0.003 in the OC Dmax, #50)= —2.792,
p=0.007 and —0.002 in the SC Dmax, #(50)= —2.186,
p=0.034. Besides that, the T-MoCA score also increases
by 3.674 (1(50)=6.269, p <0.001) with one unit increase in
the education years and decreases by —(0.735 with one unit
increase in age (#(50)= —2.131, p=0.038) and by — 1.387
with one unit increase in staging (#(50)= —2.076, p=0.043).

TICS

A different set of regression modeling was shown in
TICS with the overall model of 77.1% (R>=0.771, F
(18,51)=9.545, p<0.001). Significant changes were
observed in the post-RT volume of the hippocam-
pus (2(51)=4.57, p=0.001), the LT TL (#(51)=3.858,
p<0.001), the OC (#(51)=4.013, p<0.001) and the
CN (#(51)= —4.617, p=0.002), treatment dose in the
RT TL Dmean and Dmax (#(51)= —4.116, p <0.001;
t(51)= —-4.271, p<0.001) and the Dmin of the OC

(t(51)= —4.436, p=0.001), the SC (#(51)= —3.489,
p=0.001), the cerebellum (¢(51)= —2.517, p=0.015)
and the CN (#(51)=2.598, p=0.012) and the Dmean of
the hippocampus (t(51)= —4.529, p <0.001). Significant
changes was also observed in education years (t(51) =8.282,
p<0.001) and gender (#(51)= —2.536, p<0.014).

Tele-MACE

The overall model of Tele-M ACE explains 78.4%
(R*=0.784) of the cognitive score and is statistically signifi-
cant (F (19,50)=9.547, p <0.001). Significant changes were
also shown in post-RT volume; hippocampus (#(50) =4.001,
p<0.001), LT TL (#(50)=3.157, p=0.003), CN
(#(50)= —2.024, p=0.048), OC (#(50=3.561, p=0.001),
treatment dose Dmin; BS (#(50)= —2.823, p=0.007), SC
(#(50)= —2.654, p=0.011), CN (#50)=3.627, p=0.001),
cerebellum (#(50)= —4.45, p<0.001), OC (t(50)= —4.48,
p<0.001), Dmax; RT TL (#(50)= —3.591, p=0.001), SC
(#(50)= —2.608, p=0.012), OC (#(50)= —2.182, p=0.034),
Dmean; RT TL (t(50)= —3.904, p <0.001), hippocampus
(#(50)= —5.51, p<0.001), education years (#(50)=5.947,
p<0.001), and age (#(50)= —2.848, p=0.006).

DNN
DNN layers and weight indices

The neural network diagrams of T-MoCA, Tele-MACE and
TICS comprised of 4 factors, 28 to 36 input variables, 11
neurons in the first hidden layer and 8 neurons in the sec-
ond hidden layer, and 2 output levels (deficit and normal
cognitive scores). The input variables comprised of post-
RT volumes, stage, education years, gender, age, and DVH
factors with cognitive-related dosimetric predictors selected
in MLR.

Weight indices of the input and output variables for the
networks is shown in Supplementary 1 [a—c]. The DNN
weight statistics have intra-variable variation, unlike the
B coefficients of the regression models. An example, the
weights of LT_TL_P (left temporal lobe post-RT vol-
ume) across eleven neurons in the hidden layer, notated as
H(1:1-1), is 0.026, 0.064,—-0.063,—0.049, 1.71,—0.184, —
0.154,-0.03,—-0.354,—-0.384, and 0.15 in Tele-MACE net-
work indicating high degree of nonlinearity between vari-
ables and cognitive classification. The relatively high intra-
variable variance was also noted in other input variables
across T-MoCA and TICS networks. By contrast, intra-vari-
able variance is low in BS_D40 (0.184, 0.738,—0.045, 0.35,
0.19,0.017, 0.366,—0.37,0.534, 0.23, and 0.211) indicating
some degree of linearity in the TICS network. Similarly, the
weights of connection between the hidden and output layers
have a relatively large range, indicating high nonlinearity. For

@ Springer



Journal of Cancer Survivorship

example in neuron H(2:3) with cognitive deficit item, group
0 and normal cognitive item, group 1 (Tele-MACE group
0= —-0.962, group 1 =1.232; T-MoCA group 0= —0.265,
group 1=0.344; TICS group 0= —0.408, group 1=0.2).
Supplementary tables also present the bias statistics for both
hidden and output layers, which bias helps the network to
learn the underlying data patterns more effectively. In this
case, all network bias coefficients exhibited some degree of
variation.

Sensitivity and specificity

Overall, the networks had reasonably high accuracy, evi-
denced by the percentage of incorrect classifications in the
testing and training stages (Table 4). The specificity of both
testing and training subsamples is significantly high in most
of the networks but moderate in the sensitivity statistics. The
area under the ROC (AUROC) in the testing and training
subsamples curve is between 0.8 and 0.9, which is consid-
ered good [29].

Normalised Importance Index (NII)

Table 5 presents the 10 most important independent vari-
ables for each network which influenced cognitive group-
ing to deficit and normal cognition. Hippocampus, BS, SC,
and cerebellum dose and volume parameters had the most

influence on all the cognitive assessments (Tele-MACE,
T-MoCA, and TICS) as indicated by its NII. Spinal cord_
Dmin played major importance in the prediction output of
all the networks (T-MoCA 92.6%, TICS 90%, Tele-MACE
71.2%). Only Tele-MACE reported the left TL (76.6) and
the right TL (74.1) dosimetry as the top important varia-
bles in prediction output. Emphasis was given more on SC
parameters in the T-MoCA and hippocampus parameters in
the TICS cognitive assessments in estimating the prediction
output. Additionally, age also showed the importance in the
prediction output given the NII more than 50% (TICS 54.8%,
Tele-MACE 51.7%) but not in gender (Tele-MACE 34.2%,
T-MoCA 31%, TICS 7.6%). The NII of the remainder of the
input variables gradually decreases but never reaches zero
suggesting each variable made a significant contribution
to the test group’s cognitive. Overall, the DNN modeling
yielded different Importance Indices with good sensitivity
and specificity and outperformed the linear regression mod-
els of Tele-MACE, T-MoCA, and TICS.

Discussion

Demographic factors such as gender, age, and education
were matched-sample between HC to NPC RT treated
patients showed that patients have worse cognitive function
than HC following RT. A significant decrease in post-RT

Table 4 Classification accuracy,

s ool Percentage of incorrect Specificity Sensitivity AUC-ROC
sp§c1ﬁc1ty, and sensitivity predictions
estimated by the DNN model
T-MoCA Testing 26.1% 79.4% 73.9% 0.878
Training 21.7% 83.3% 82.3%
Tele-MACE Testing 12.0% 94.7% 66.7% 0.919
Training 11.8% 91.7% 88.2%
TICS Testing 23.1% 80.0% 74.1% 0.890
Training 16.7% 83.3% 85.7%
Table 5 The DNN-estimated importance of independent variables in classifying cognitive group in Tele-MACE, T-MoCA, and TICS
Tele-MACE Importance ~ T-MoCA Importance ~ TICS Importance
1 Brain stem_Dj, 100 Spinal cord_Vy, 100 Hippocampus_Dj, 100
2 Thalamus_V/, 84.6 Optic chiasm post-volume  99.1 Hippocampus_Vy, 95.9
3 Left temporal lobe_Dy, 76.6 Brain stem_D,;, 98.7 Spinal cord_D,,,;, 90
4 Right temporal lobe_D, . 74.1 Amygdala_D,, 92.8 Brain stem_D,,;, 83.1
5 Cerebellum_Dj, 72 Spinal cord_D,;, 92.6 Thalamus_V,, 79.5
6 Cerebellum_D,;, 71.8 Spinal cord_V,, 80.6 Hippocampus post-volume 76.6
7 Spinal cord_D,;, 712 Spinal cord_D,, 74.1 Cerebellum_Dy, 67.1
8 Hippocampus_Vy, 70.4 Hippocampus_D,;, 71.8 Caudate nucleus post-volume  62.8
9 Spinal cord_D,, 69.8 Spinal cord_D,,,, 68.7 Hippocampus_D,, 60
10 Cerebellum_V,, 67.8 Hippocampus_Dy, 67.9 Spinal cord_Vy, 59.1

@ Springer



Journal of Cancer Survivorship

brain structure volumes relative to pre-RT was shown in
all the delineated ROI and both hippocampus and SC were
also significantly correlated to cognition. Moreover, cogni-
tive changes were also shown in the irradiated ROI regions
of NPC patients. This suggests the impact of radiation on
human cognition that arises and slowly worsen in patients
after RT completion with the diminishing brain volume. In
addition, cognition was also correlated to the patient’s age
and education, which implies that both factors could affect
the patient’s perception and understanding of the neurocog-
nitive assessments. The study presented a moderate negative
correlation between cognitive outcomes to QoL, which pro-
poses that reducing the cancer burden or being cancer-free
outweighs the effect of cognitive deficit.

Nonetheless, it is important to recognize that cognitive
deficit is multifactorial, as deficit may be caused by the
tumour itself, number of interventions, assessment time after
treatment, functional deficit, preexisting cognitive abnor-
malities, and other adjuvant treatments [30—32]. Thus, it is
not possible to precisely designate cognitive dysfunction to
an isolated factor. According to Piai et al. [33], moderate to
severe cognitive impairment is already shown at baseline of
head and neck cancer patients when compared with healthy
controls. The deficit was evident in the domains of delayed
recall, letter fluency, psychomotor speed and executive func-
tion [33]. Furthermore, cognitive deficit was also associated
with RT [19] and the extent or injury varies depending on
the duration of RT completion [18, 34, 35] with the memory
and executive function domains being the most affected [36,
37]. In some studies, cognitive deficit was more pronounced
in patients receiving 2 Gy fraction doses [38—40]. Besides
that, cerebral volume atrophy is also dose-dependent. This
is validated by prior studies [18, 19, 34, 41]. According to
Seibert et al. [42], radiation dose-dependent atrophy was
observed in the hippocampus 1-year post-RT compared to
baseline with a higher radiation dose (30 Gy) induced ear-
lier and severe histological changes than a lower radiation
dose (25 Gy) [18]. Dose-dependent atrophy is also shown in
the bilateral TLs and cerebellum, suggesting that radiation-
induced changes may not be confined to the target area but
also to other encephalic regions [3, 43]. Significant radia-
tion dose-dependent volume loss is also determined in other
cerebral structures with a loss of 0.16 to 1.37%/Gy in the
amygdala [44], thalamus, putamen, and globus pallidus [16].

Moreover, damage to cerebral volume after RT also cor-
relates to cognitive function. This was observed between
the dilation of the ventricles that correlates with grey mat-
ter loss [45] and cognitive impairment [18, 46]. Further-
more, bilateral hippocampal doses greater than 7.3 Gy was
also associated with long-term cognitive deficit [47]. As
radiation induces inflammation and microvascular dam-
age thereby altering the hippocampal neurogenesis, this
is thought to contribute to a deficit in memory function

following RT [48, 49]. Increased radiation dose to the
bilateral TLs and cerebellum were also significantly cor-
related to worsen memory performance, executive ability
and motor coordination [3, 21, 50]. Due to their proximity
to the radiation field of NPC RT, both the TL and cerebel-
lum are susceptible to radiation damage, with the TL being
associated with the default mode network (DMN), which is
highly sensitive to radiation [21, 51]. In addition, cerebel-
lar atrophy was also correlated to oral and written process-
ing speed and depended significantly on the mean dose,
time after radiotherapy, and patient age [52—-54]. Delayed
neurological complications of cranial nerve palsies, cer-
vical myelopathy and temporal lobe necrosis (TLN) may
also occur from NPC RT [55]. Having said that, changes
in the central nervous system (CNS) that disseminate
with time could form irreversible structural abnormali-
ties that could cause permanent cognitive disability [39,
56]. Since dose-volume parameters are highly correlated
to developing TLN [57, 58], it may cause cognitive deficit
and severely affect a patient's quality of life (QoL) [59].
Therefore, this suggests that the tumour and radiation
could influence cognitive functioning.

Consequently, radiation-induced brain injury can occur
as early as a few days or weeks after RT, which has time
continuity and does not halt even with the termination of
radiation. The pathophysiological changes fluctuate within
the three phases (acute (few days to weeks), early-delayed
(1 month to 6 months) often with reversible injuries, and
late-delayed (more than 6 months to few years) after RT)
with severe functional deficits that is usually permanent,
irreversible and progressive [15, 60]. In this study, focus
is on late-delayed reactions, as cognitive deficit is usually
observed during this period. Besides, this is to limit con-
founding factors underlying the acute and early delayed
injury likely due to edema with an increase in nerve cell or
stromal size [61]. Notably, during the late-delayed phase,
patients tend to experience deficits in memory, spatial
relations, visual motor processing, quantitative skills and
attention, including somnolence syndromes [48, 62]. Inter-
estingly, in the present study, a negative correlation was
observed between the neurocognitive tests and QoL. This
suggests that patients might have good resilience by allevi-
ating emotional distress and thus might not have a decrease
in their QoL as they were better at coping with cancer [63,
64]. The better resilience and acceptance could be due to
the patients’ ages (52.76 +12.73 years), as previous studies
had shown that patients aged more than 50 years showed
a drop in physical domain rather than social domain [37]
and emotional domain [65, 66]. However, given that patients
were taken from a government institution where only very
minimal medical fees are required, thus, the financial burden
was not a factor, contrary to studies suggesting financial dif-
ficulty is a factor in affecting QoL [64, 67].

@ Springer



Journal of Cancer Survivorship

Due to the recent COVID-19 pandemic with movement
restrictions and in-person constraints, neuropsychological
assessments were done remotely, thus the absence of stand-
ard assessments. Regardless, validation of the teleconsulta-
tion assessment was done in previous studies [8—10]. Besides,
evidence concerning the feasibility and utility of telephone-
based psychological and health assessments were also shown
in brain tumour [68], hematologic malignancies [69] and head
and neck cancer patients [70]. This is the first-ever study that
uses remote neurocognitive assessments in monitoring NPC
patients' cognitive functions following RT and correlating
them with morphological changes and dose-volume param-
eters. From the study, all the regression models showed a rela-
tively strong effect size (R.2>0.7) [71] which results were
similar to conventional neurocognitive assessments in post-
RT patients [3, 17, 20]. This suggests that the implementation
of remote cognitive assessments could perhaps be comparable
to standard cognitive assessments, therefore, the possibility
of replacing or use as an alternative during situation that pre-
clude from standard implementation. Furthermore, compari-
son between standard and tele-consultation assessment had
been performed in previous studies [10, 72, 73] and showed
that tele-consultation assessments were able to independently
distinguish MCI from normal cognition with high sensitiv-
ity and specificity in predicting and assessing dementia and
MCI even with removal of visual items from the assessment
scale [9]. Therefore, implementation of remote neurocognitive
assessments is feasible in clinical settings. Two methods were
implemented in constructing the predictive models of the
study, MLR and MLP-DNN, with each method contributing 3
neurocognitive endpoints (TICS, T-MoCA and Tele-MACE).

From the regression models, demographic factors and
dose-volume parameters were the variables in the predic-
tion models. All three regression models included education
as a predictive variable predicting neurocognitive function
deficit. Besides, age was also associated with compromised
cognition in the regression models. The findings were simi-
lar to previous studies that suggested higher age and lower
education negatively affect cognitive results [74, 75], which
were associated to language and motor dexterity (age at RT
and education years), executive function and speed (age
at RT), verbal and working memories (education years)
domains [76]. Moreover, higher age, lower educational level,
initiation of radiotherapy and years since diagnosis were pre-
dictors for long-term health-related QoL or neurocognitive
deficit in NPC patients [77-79]. From the regression mod-
els, apart from education and age, lower hippocampus, LT
TL, and OC volumes, higher Dmean in the hippocampus
and higher Dmean and Dmax in the RT TL were predictors
for neurocognitive deficits. Nevertheless, not all variables
were independently related to the measured outcomes, such
as gender and overall staging. This is in line with previous
studies [75, 80] that stated gender was not associated with
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cognitive function and not a significant determinant of QoL
for head and neck cancer patients [65, 66]. It is possible that
the severity of other conditions masked the potential impact
of gender on cognition. Clinical variables such as tumour
grade, type and lesion volume were not significantly corre-
lated to cognitive function, but correlation to cognition was
found in RT type; thus, tumor characteristics may likely have
less of an impact on cognitive functioning than radiation
treatment and its side effects [7, 81]

In radiation oncology, DNN can be divided according
to the primary purpose, such as image fusion, image seg-
mentation, prognosis and outcome prediction. Application
of DNN predictions in predicting the toxicity following RT
were shown in several studies, for example, xerostomia in
head and neck RT [82], radiation pneumonitis in thoracic RT
[83] and late genitourinary system toxicity in prostate can-
cer [84], where the neural networks showed good prediction
results. Besides, DNN was also applied in predicting tumour
recurrence in non-small-cell lung cancer (NSCLC) that dem-
onstrated a better-performed prediction model compared to
the conventional model, with an AUROC of 0.842 [85] and
dose-distribution in breast cancer patients with doses pre-
dicted by the neural networks were superior to conventional
knowledge-based planning [86]. From the study, the DNN
analysis showed that dosimetric features could substantially
contribute to differentiating cognitive groups of patients fol-
lowing NPC RT with high accuracy. The application of artifi-
cial neural networks is also superior to conventional methods
such as discriminant and regression analyses [83, 87, 88] pro-
vided its significantly high precision [89]; thus, its expansion
in radiation oncology.

It is acknowledged that this study has several limitations.
First, the cross-sectional design limits the interpretation of
the study results as the absence of baseline cognitive assess-
ments. Second, the relatively low number of patients accrued
in this study may be a deterrent in concluding the study out-
come, limiting the ability of the DNN models and measured
outcomes. Even so, good prediction models were generated
from the study. Even with small data sets, deep neural nets
can achieve superior classification accuracy without overfit-
ting [90]. Third, the causative factor of the impaired cogni-
tive function is ambiguous as we cannot clearly distinguish
it from the chemotherapy or RT although chemotherapy did
not instigate volumetric brain changes [18]. Nonetheless, the
synergy between chemotherapy and RT may have affected the
results in the present study; thus, a future study segregating
chemotherapy and RT should be conducted to elucidate such
effects. Fourth, as cognitive assessments were done remotely,
administration procedures might be affected by poor line con-
nection, difficult for patients with hearing impairment and
loss of visual cues, and those with poor communication skills
and shorter attention spans [8, 10]. Despite the intrinsic limi-
tations, remote assessments can potentially increase sample
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size by reaching a broad range of populations, minimizing
costs, reducing selection bias and conducting longitudinal
follow-ups [8, 91]. Nevertheless, test-retest and parallel-test
reliabilities of the assessments should be evaluated in future
studies [8]. Finally, the discrepancies in DVH generated from
multimodal treatment planning systems could overestimate
the structure volumes and parameters. Regardless, dose dis-
tributions were almost identical, and no significant dose dif-
ferences were observed [92].

Radiation-induced brain impairments in NPC patients fol-
lowing RT is dose-dependent and volume-dependent, sug-
gesting the possibility of early biomarkers in cognitive defi-
cit. Given the streamlined approach and comparable result of
remote neurocognitive assessments, monitoring a patient’s
cognitive status could be easily integrated into current pri-
mary care settings and probably to even replace standard
assessments. The prediction models can be used to identify
individual patients with the possibility of suffering from
cognitive deficits following NPC RT, thus, enabling tailored
interventions and supportive care services to be provided in
managing cognitive changes following NPC RT.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11764-023-01371-8.

Authors’ contributions All authors contributed to the study conception
and design. Material preparation, literature search, and data analysis
were performed by Noor Shatirah Voon and Noorazrul Yahya. The
first draft of the manuscript was written by Noor Shatirah Voon and all
authors commented on previous versions of the manuscript. All authors
read and approved the final manuscript.

Funding This study was funded by Ministry of Higher Learn-
ing (Malaysia)-Fundamental Research Grant (FRGS/1/2021/SS03/
UKM/02/1) and National University of Malaysia (FF-2020-013, GP-
2019-K017963 and GP-2021-K017963).

Data availability The data presented in this article are available in the
main article or supplementary materials.

Declarations

Ethics approval and consent to participate The study was conducted
in accordance with the Declaration of Helsinki, and approved by the
Institutional Review Board (or Ethics Committee) of Malaysia Ministry
of Health (NMRR-19-2456-49608 (IIR), 14 July 2020).

Consent for publication Informed consent was obtained from all sub-
jects involved in the study.

Competing interests The authors declare that they have no competing
interests.

References

1. Xu C, Zhang LH, Cheng YP, Liu X, Zhou GQ, Lin AH, et al.
Chemoradiotherapy versus radiotherapy alone in stage II naso-
pharyngeal carcinoma: a systemic review and meta-analysis of

10.

11.

12.

13.

14.

15.

16.

2138 patients. J Cancer. 2017;8(2):287-97. https://doi.org/10.
7150/jca.17317.

Zheng Z, Wang B, Zhao Q, Zhang Y, Wei J, Meng L, Xin Y, Jiang
X. Research progress on mechanism and imaging of temporal
lobe injury induced by radiotherapy for head and neck cancer. Eur
Radiol. 2022;1:1-2. https://doi.org/10.1007/s00330-021-08164-6.
Voon NS, Abdul Manan H, Yahya N. Cognitive decline following
radiotherapy of head and neck cancer: systematic review and meta-
analysis of MRI correlates. Cancers (Basel). 2021;13(24):6191.
https://doi.org/10.3390/cancers13246191.

van Kessel E, Baumfalk AE, van Zandvoort MJE, Robe PA,
Snijders TJ. Tumor-related neurocognitive dysfunction in
patients with diffuse glioma: a systematic review of neurocog-
nitive functioning prior to anti-tumor treatment. J Neurooncol.
2017;134(1):9-18. https://doi.org/10.1007/s11060-017-2503-z.
Nayak L, Lee EQ, Wen PY. Epidemiology of brain metastases.
Curr Oncol Rep. 2012;14(1):48-54. https://doi.org/10.1007/
s11912-011-0203-y.

Gomes EA, Aranha AMF, Borges AH, Volpato LE. Head and
neck cancer patients’ quality of life: analysis of three instruments.
J Dent Shiraz Univ Med Sci. 2020;21(1):31-41. https://doi.org/
10.30476/DENTJODS.2019.77677.0.

Pendergrass JC, Targum SD, Harrison JE. Cognitive impair-
ment associated with cancer: a brief review. Innov Clin Neurosci.
2018;15(1-2):36-44.

Castanho TC, Amorin L, Zihl J, Palha JA, Sousa N, Santos NC.
Telephone-based screening tools for mild cognitive impairment
and dementia in aging studies: a review of validated instruments.
Front Aging Neurosci. 2014;6:16. https://doi.org/10.3389/fnagi.
2014.00016.

Wittich W, Phillips N, Nasreddine ZS, Chertkow H. Sensitivity
and specificity of the Montreal Cognitive Assessment modified
for individuals who are visually impaired. J Vis Impair Blindness.
2010;105(6):360-8.

Larner AJ. Cognitive testing in the COVID-19 era: can existing
screeners be adapted for telephone use? Neurodegener Dis Manag.
2021;11(1):77-82.

Seo EH, Lee DY, Kim SG, Kim KW, Kim DH, Kim BJ, et al.
Validity of the telephone interview for cognitive status (TICS)
and modified TICS (TICSm) for mild cognitive impairment (MCI)
and dementia screening. Arch Gerontol Geriatr. 2011;52:26-30.
https://doi.org/10.1016/j.archger.2010.04.008.

Riley CO, McKinstry B, Fairhurst K. Accuracy of telephone
screening tools to identify dementia patients remotely: systematic
review. JRSM Open. 2022;13(9):20542704221115956. https://doi.
org/10.1177/20542704221115956.

Singer S, Amdal CD, Hammerlid E, Tomaszewska IM, Silva
JC, Mehanna H, et al. International validation of the revised
European Organisation for Research and Treatment of Can-
cer Head and Neck Cancer Module, the EORTC QLQ-HN43:
Phase I'V. Head Neck. 2019;41(6):1725-37. https://doi.org/10.
1002/hed.25609.

Singer S, Aratijo C, Arraras JI, Baumann I, Boehm A, Herlofson BB,
et al. EORTC quality of life and the EORTC Head and Neck Cancer
Groups. Measuring quality of life in patients with head and neck
cancer: Update of the EORTC QLQ-H&N Module, Phase III. Head
Neck. 2015;37(9):1358-67. https://doi.org/10.1002/hed.23762.
Voon NS, Lau FN, Zakaria R, Md Rani SA, Ismail F, Manan
HA. MRI-based brain structural changes following radiotherapy
of Nasopharyngeal carcinoma: a systematic review. Cancer Radio-
ther. 2021;25(1):62-71. https://doi.org/10.1016/j.canrad.2020.07.
008.

Nagtegaal SHJ, David S, Philippens MEP, Snijers TJ, Leemans
A, Verhoeff JJC. Dose-dependent volume loss in subcortical deep
grey matter structures after cranial radiotherapy. Clin Transl Radiat
Oncol. 2021;26:35-41. https://doi.org/10.1016/j.ctro.2020.11.005.

@ Springer


https://doi.org/10.1007/s11764-023-01371-8
https://doi.org/10.7150/jca.17317
https://doi.org/10.7150/jca.17317
https://doi.org/10.1007/s00330-021-08164-6
https://doi.org/10.3390/cancers13246191
https://doi.org/10.1007/s11060-017-2503-z
https://doi.org/10.1007/s11912-011-0203-y
https://doi.org/10.1007/s11912-011-0203-y
https://doi.org/10.30476/DENTJODS.2019.77677.0
https://doi.org/10.30476/DENTJODS.2019.77677.0
https://doi.org/10.3389/fnagi.2014.00016
https://doi.org/10.3389/fnagi.2014.00016
https://doi.org/10.1016/j.archger.2010.04.008
https://doi.org/10.1177/20542704221115956
https://doi.org/10.1177/20542704221115956
https://doi.org/10.1002/hed.25609
https://doi.org/10.1002/hed.25609
https://doi.org/10.1002/hed.23762
https://doi.org/10.1016/j.canrad.2020.07.008
https://doi.org/10.1016/j.canrad.2020.07.008
https://doi.org/10.1016/j.ctro.2020.11.005

Journal of Cancer Survivorship

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Ren WT, Li YX, Wang K, Gao L, Yi JL, Huang XD, et al. Cer-
ebral functional abnormalities in patients with nasopharyngeal
carcinoma after radiotherapy. Chin Med J. 2019;132:1563-71.
https://doi.org/10.1097/CM9.0000000000000277.

Guo Z, Han L, Yang Y, He H, Li J, Chen H, et al. Longitudinal
brain structural alterations in patients with nasopharyngeal carci-
noma early after radiotherapy. Neurolmage Clin. 2018;19:252-9.
https://doi.org/10.1016/j.nicl.2018.04.019.

Voon NS, Manan HA, Yahya N. Diffusion tensor imaging indi-
ces as biomarkers for cognitive changes following paediatric
radiotherapy: a systematic review and meta-analysis. Strahl-
enther Onkol. 2022;198(5):409-26. https://doi.org/10.1007/
$00066-022-01905-6.

Wu G, Luo SS, Balasubramanian PS, Dai GM, Li RR, Huang WY,
et al. Early stage markers of late delayed neurocognitive decline
using diffusion kurtosis imaging of temporal lobe in nasopharyn-
geal carcinoma patients. J Cancer. 2020;11:6168-77. https://doi.
org/10.7150/jca.48759.

Qin C, Qiu S, Wang H, Duan FH, Wu DL, Leng X. A Study on the
correlation between brain functional and structural changes and
altered cognitive function after radiotherapy for nasopharyngeal
carcinoma. Int J Radiat Res. 2022;20(3):627-33.

Knopman DS, Roberts RO, Geda YE, Pankratz VS, Christianson
TJH, Petersen RC, et al. Validation of the telephone interview
for cognitive status-modified in subjects with normal cognition,
mild cognitive impairment, or dementia. Neuroepidemiology.
2010;34:34-42. https://doi.org/10.1159/000255464.

Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, White-
head V, Collin I, et al. The Montreal Cognitive Assessment,
MoCA: a brief screening tool for mild cognitive impairment. J
Am Geriatr Soc. 2005;53(4):695-9. https://doi.org/10.1111/j.
1532-5415.2005.53221 .

Aaronson NK, Ahmedzai S, Bergman B, Bullinger M, Cull A,
Duez N, Filiberti A, et al. The European Organisation for research
and Treatment of Cancer QLQ-C30: a quality of life instrument
for use in international clinic trials oncology. J Natl Cancer Inst.
1993;85:365-76.

Dinkel JG, Lahmer G, Mennecke A, Hock SW, Richter-
Schmidinger T, Fietkau R, Distel L, et al. Effects of hippocampal
sparing radiotherapy on brain microstructure- a diffusion tensor
imaging analysis. Brain Sci. 2022;12:879. https://doi.org/10.3390/
brainscil2070879.

Pagett CJH, Lilley J, Lindsay R, Short S, Murray L. Optimis-
ing tumour coverage and organ at risk sparing for hypofraction-
ated re-irridation in glioblastoma. Phys Imaging Radiat Oncol.
2022;21:84-9. https://doi.org/10.1016/j.phro.2022.02.012.
Vittinghoft E, Glidden DV, Shiboski SC, McCulloch CE. Regres-
sion methods in biostatistics: linear, logistic, survival, and
repeated measures models. 2nd ed. 2012 edition. Springer (2011).
Hair JF, Black WC, Babin BJ et al. Multivariate data analysis (7th
ed.). Upper Saddle River, NJ: Pearson Education (2010).

Nahm FS. Receiver operating characteristic curve: overview and
practical use for clinicians. Korean J Anesthesiol. 2022;75(1):25—
36. https://doi.org/10.4097/kja.21209.

Tang Y, Luo D, Rong X, Shi X, Peng Y. Psychological disorders,
cognitive dysfunction and quality of life in nasopharyngeal car-
cinoma patients with radiation-induced brain injury. PLoS One.
2012;7(6):€36529. https://doi.org/10.1371/journal.pone.0036529.
Manan HA, Franz EA, Yahya N. Functional connectivity changes
in patients with brain tumours—a systematic review on resting
state-fMRI. Neurol Psychiatry Brain Res. 2020;36:73-82. https://
doi.org/10.1016/j.npbr.2020.03.003.

Ramirez-Guerrero S, Vargas-Cuellar MP, Charry-Sénchez JD,
Talero-Gutiérrez C. Cognitive sequelae of radiotherapy in pri-
mary brain tumors. Interdisc Neurosurg: Adv Tech Case Manage.
2021;26:101305. https://doi.org/10.1016/j.inat.2021.101305.

@ Springer

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Piai V, Prins JB, Verdonck-de Leeuw IM, Leemans CR, Ter-
haard CHJ, Langendijk JA, et al. Assessment of Neurocogni-
tive Impairment and Speech Functioning Before Head and
Neck Cancer Treatment. JAMA Otolaryngol Head Neck Surg.
2019;145(3):251-7. https://doi.org/10.1001/jamaoto.2018.3981.
Lv XF, Zheng XL, Zhang WD, Liu LZ, Zhang YM, Chen MY,
Li L. Radiation-induced changes in normal-appearing gray mat-
ter in patients with nasopharyngeal carcinoma: a magnetic reso-
nance imaging voxel-based morphometry study. Neuroradiology.
2014;56(5):423-30. https://doi.org/10.1007/s00234-014-1338-y.
Wang D, Li YH, Fu J, Wang H. Diffusion kurtosis imaging study
on temporal lobe after nasopharyngeal carcinoma radiotherapy.
Brain Res. 2016;1648(Pt A):387-93. https://doi.org/10.1016/j.
brainres.2016.07.041.

Hsiao KY, Yeh SA, Chang CC, Tsai PC, Wu JM, Gau JS. Cog-
nitive function before and after intensity-modulated radiation
therapy in patients with nasopharyngeal carcinoma: a prospec-
tive study. Int J Radiat Oncol Biol Phys. 2010;77:722—-6. https://
doi.org/10.1016/].ijrobp.2009.06.080.

Sharma Y, Mishra G, Parikh V. Quality of life in head and
neck cancer patients. Indian J Otolaryngol Head Neck
Surg. 2019;71(Suppl 1):927-32. https://doi.org/10.1007/
$12070-019-01620-2.

Klein M, Heimans JJ, Aaronson NK, van de Ploeg AM, Grit J,
Miller M, et al. Effect of radiotherapy and other treatment-related
factors on mid-term to long-term cognitive sequelae in low-grade
gliomas: a comparative study. Lancet. 2002;360:1361-8. https://
doi.org/10.1016/s0140-6736(02)11398-5.

Perry A, Brat DJ. Therapy-associated neuropathology, in: Practi-
cal Surgical Neuropathology: A Diagnostic Approach, Churchill
Livingstone, Philadelphia, (2010). pp 417-425.

Makale MT, McDonald CR, Hattangadi-Gluth JA, Kesari S.
Mechanisms of radiotherapy-associated cognitive disability in
patients with brain tumours. Nat Rev Neurol. 2017;13(1):52-64.
https://doi.org/10.1038/nrneurol.2016.185.

Petr J, Paltzek I, Hofheinz F, Mutsarts HIMM, Asllani I, van Osch
MIP, et al. Photon vs. proton radiochemotherapy: effects on brain
tissue volume and perfusion. Radiother Oncol. 2018;128:121-7.
https://doi.org/10.1016/j.radonc.2017.11.033.

Seibert TM, Karunamuni R, Kaifi S, Burkeen J, Connor M,
Krishnan AP, et al. Cerebral cortex regions selectively vulnerable
to radiation dose-dependent atrophy. Int J Radiat Oncol Biol Phys.
2017;97:910-8. https://doi.org/10.1016/j.ijrobp.2017.01.005.
Ma Q, Wu D, Zeng LL, Shen H, Hu D, Qiu S. Radiation-induced
functional connectivity alterations in nasopharyngeal carcinoma
patients with radiotherapy. Medicine. 2016;95:e4275. https://doi.
org/10.1097/MD.0000000000004275.

Huynh-Le MP, Karunamuni R, Moiseenko V, Farid N, McDoald
CR, Hattangadi-Gluth JA, et al. Dose dependent atrophy of the
amygdala after radiotherapy. Radiother Oncol. 2019;136:44-9.
https://doi.org/10.1016/j.radonc.2019.03.024.

Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC,
Blacker D, et al. An automated labeling system for subdividing the
human cerebral cortex on MRI scans into gyral based regions of
interest. Neuroimage. 2006;31:968-80. https://doi.org/10.1016/j.
neuroimage.2006.01.021.

Palm WM, Saczynski JS, Van Der Grond J, Sigurdsson S, Kjar-
tansson O, Jonsson PV, et al. Ventricular dilation: association
with gait and cognition. Ann Neurol. 2009;66:485-93. https://
doi.org/10.1002/ana.21739.

Gondi V, Pugh SL, Tome WA, Caine C, Corn B, Kanner A,
et al. Preservation of memory with conformal avoidance of
the hippocampal neural stem-cell compartment during whole-
brain radiotherapy for brain metastases (RTOG 0933): a phase 11
multi-institutional trial. J Clin Oncol. 2014;32:3810-6. https://
doi.org/10.1200/JC0O.2014.57.2909.


https://doi.org/10.1097/CM9.0000000000000277
https://doi.org/10.1016/j.nicl.2018.04.019
https://doi.org/10.1007/s00066-022-01905-6
https://doi.org/10.1007/s00066-022-01905-6
https://doi.org/10.7150/jca.48759
https://doi.org/10.7150/jca.48759
https://doi.org/10.1159/000255464
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.3390/brainsci12070879
https://doi.org/10.3390/brainsci12070879
https://doi.org/10.1016/j.phro.2022.02.012
https://doi.org/10.4097/kja.21209
https://doi.org/10.1371/journal.pone.0036529
https://doi.org/10.1016/j.npbr.2020.03.003
https://doi.org/10.1016/j.npbr.2020.03.003
https://doi.org/10.1016/j.inat.2021.101305
https://doi.org/10.1001/jamaoto.2018.3981
https://doi.org/10.1007/s00234-014-1338-y
https://doi.org/10.1016/j.brainres.2016.07.041
https://doi.org/10.1016/j.brainres.2016.07.041
https://doi.org/10.1016/j.ijrobp.2009.06.080
https://doi.org/10.1016/j.ijrobp.2009.06.080
https://doi.org/10.1007/s12070-019-01620-2
https://doi.org/10.1007/s12070-019-01620-2
https://doi.org/10.1016/s0140-6736(02)11398-5
https://doi.org/10.1016/s0140-6736(02)11398-5
https://doi.org/10.1038/nrneurol.2016.185
https://doi.org/10.1016/j.radonc.2017.11.033
https://doi.org/10.1016/j.ijrobp.2017.01.005
https://doi.org/10.1097/MD.0000000000004275
https://doi.org/10.1097/MD.0000000000004275
https://doi.org/10.1016/j.radonc.2019.03.024
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1002/ana.21739
https://doi.org/10.1002/ana.21739
https://doi.org/10.1200/JCO.2014.57.2909
https://doi.org/10.1200/JCO.2014.57.2909

Journal of Cancer Survivorship

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Monje ML, Mizumatsu S, Fike JR, Palmer TD. Irradia-
tion induces neural precursor-cell dysfunction. Nat Med.
2002;8:955-62.

Turnquist C, Harris BT, Harris CC. Radiation-induced brain
injury: current concepts and therapeutic strategies targeting neu-
roinflammation. Neuro-Oncol Adv. 2020;2(1):vdaa057. https://
doi.org/10.1093/noajnl/vdaa057.

Gan HK, Bernstein L, Brown J, Ringash J, Vakilha M, Wang L,
et al. Cognitive functioning after radiotherapy or chemoradio-
therapy for head-and-neck cancer. Int J Radiat Oncol Biol Phys.
2011;81:126-34. https://doi.org/10.1016/j.ijrobp.2010.05.004.
Ding Z, Zhang H, Lv XF, Xie F, Liu L, Qiu S, et al. Radiation-
induced brain structural and functional abnormalities in pre-
symptomatic phase and outcome prediction. Hum Brain Mapp.
2018;39:407-27. https://doi.org/10.1002/hbm.23852.

Ailion AS, King TZ, Wang L, Fox ME, Mao H, Morris RM, et al.
Cerebellar atrophy in adult survivors of childhood cerebellar
tumor. J Int Neuropsychol Soc. 2016;22:501-11. https://doi.org/
10.1017/S1355617716000138.

Raschke F, Seidlitz A, Wesemann T, Lock S, Jentsch C, Platzek I,
et al. Dose dependent cerebellar atrophy in glioma patients after
radio(chemo)therapy. Radiother Oncol. 2020;150:262-7. https://
doi.org/10.1016/j.radonc.2020.07.044.

Witzmann K, Raschke F, Troost EGC. MR image changes of
normal-appearing brain tissue after radiotherapy. Cancers.
2021;13:1573. https://doi.org/10.3390/cancers13071573.
Katsura M, Sato J, Akahane M, Furuta T, Mori H, Abe O.
Recognizing radiation-induced changes in the central nerv-
ous system: where to look and what to look for. Radiographics.
2021;41(1):224-48. https://doi.org/10.1148/rg.2021200064.
Greene-Schloesser D, Robbins ME, Peiffer AM, Shaw EG, Wheeler
KT, Chan MD. Radition-induced brain injury: a review. Front Oncol.
2012;19(2):73. https://doi.org/10.3389/fonc.2012.00073.
McDonald MW, Linton OR, Calley CS. Dose-volume relation-
ships associated with temporal lobe radiation necrosis after
skull base proton beam therapy. Int J Radiat Oncol Biol Phys.
2015;91(2):261-7. https://doi.org/10.1016/].ijrobp.2014.10.011.
Wu VWC, Tam SY. Radiation induced temporal lobe necrosis
in nasopharyngeal cancer patients after radical external beam
radiotherapy. Radiat Oncol. 2020;15:112. https://doi.org/10.1186/
$13014-020-01560-0.

Liu P, Niu X, Ou D, Qiu J, Lou P, Xue L, et al. Dynamic changes
in cognitive function in patients with radiation-induced temporal
lobe necrosis after IMRT for nasopharyngeal cancer. Front Oncol.
2020;10:450. https://doi.org/10.3389/fonc.2020.00450.

Lell MM. Therapy-induced changes in head and neck. Imaging
of Complications and toxicity following Tumor Therapy. Springer
(2015). pp 95-111.

Hu F, Li T, Wang Z, Zhang S, Wang Z, Zhou H, Qiu S. Use of
3D-ASL and VBM to analyse abnormal changes in brain perfu-
sion and gray areas in nasopharyngeal carcinoma patients under-
going radiotherapy. Biomed Res. 2017;28:7879-85.

Matsui JK, Perlow HK, Baiyee C, Ritter AR, Mishra MV, Bovi
JA, et al. Quality of life and cognitive function evaluations and
interventions for patients with brain metastases in the radiation
oncology clinic. Cancers. 2022;14:4301. https://doi.org/10.3390/
cancers14174301.

Molina Y, Yi JC, Martinez-Gutierrez J, Reding KW, Yi-Frazier JP,
Rosenberg AR. Resilience among patients across the cancer con-
tinuum: diverse perspectives. Clin J Oncol Nurs. 2014;18:93-101.
https://doi.org/10.1188/14.CJON.93-101.

Seol KH, Bong SH, Kang DH, Kim JW. Factors associated with
the quality of life of patients with cancer undergoing radiotherapy.
Psychiatry Investig. 2021;18(1):80-7. https://doi.org/10.30773/pi.
2020.0286.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Lo PS, Lo SK, Tong MC, Ku PK, Leung SF, van Hasselt A.
Quality-of-life measurement in patients undergoing radiation
therapy for head and neck cancer: a Hong Kong experience. J
Oncol Manag. 2004;13(6):13-23.

Onakoya PA, Nwaorgu OG, Adenipekun AO, Aluko AA, Ibekwe
TS. Quality of life in patients with head and neck cancers. J Natl
Med Assoc. 2006;98(5):765-70.

Farrugia M, Yu H, Ma SJ, Iovoli AJ, Erickson K, Wendel E, et al.
Financial counseling is associated with reduced financial difficulty
scores in head and neck cancer patients treated with radiation
therapy. Cancers. 2021;13:2516. https://doi.org/10.3390/cance
rs13112516.

Jones S, Ownsworth T, Shum DHK. Feasibility and utility of tel-
ephone-based psychological support for people with brain tumor:
a single-case experimental study. Front Oncol. 2015;5:2234-943.
https://doi.org/10.3389/fonc.2015.00071.

Franco-Rocha OY, Mahaffey ML, Matsui W, Kesler SR. Remote
assessment of cognitive dysfunction in hematologic malignan-
cies using web-based neuropsychological testing. Cancer Med.
2022;00:1-9. https://doi.org/10.1002/cam4.5331.

da Silva H, Santos G, Ferreira Leite A, Mesquita CRM, de Souza
Figueiredo PT, Stefani CM, et al. The feasibility of telehealth in
the monitoring of head and neck cancer patients: a systematic
review on remote technology, user adherence, user satisfaction,
and quality of life. Support Care Cancer. 2022;30:8391-404.
https://doi.org/10.1007/s00520-022-07109-z.

Moore DS, Notz WI, Flinger MA. The basic practice of statistics (6th
ed.). New York, NY: W. H. Freeman and Company (2013).p 138.
Pendlebury ST, Welch SJV, Cuthbertson FC, Mariz J, Mehta Z,
Rothwell PM. Telephone assessment of cognition after transient
ischemic attack and stroke: modified telephone interview of cogni-
tive status and telephone Montreal Cognitive Assessment versus
face-to-face Montreal Cognitive Assessment and neuropsycho-
logical battery. Stroke. 2013;44(1):227-9. https://doi.org/10.1161/
STROKEAHA.112.673384.

Zietemann V, Kopczak A, Muller C, Wollenweber FA, Dichgans
M. Validation of the telephone interview of cognitive status and
telephone Montreal Cognitive Assessment against detailed cogni-
tive testing and clinical diagnosis of mild cognitive impairment
after stroke. Stroke. 2017;48(11):2952-7. https://doi.org/10.1161/
STROKEAHA.117.017519.

Engedal K, Gjgra L, Benth J, Wagle J, Rgnqvist TK, Selbzk
G. The Montreal Cognitive Assessment: Normative Data from
a Large, Population-Based Sample of Cognitive Healthy Older
Adults in Norway-The HUNT Study. J Alzheimers. 2022;86:589—
99. https://doi.org/10.3233/JAD-215442.

Eriksen GF, éaltyté Benth J, Grgnberg BH, Rostoft S, Kirkevold
@, Bergh S, et al. Cognitive trajectories in older patients with can-
cer undergoing radiotherapy—a prospective observational study.
Curr Oncol. 2022;29:5164—78. https://doi.org/10.3390/curroncol2
9070409.

Tsang DS, Khandwala MM, Liu ZA, Richard N, Shen G, Sekely A,
et al. Neurocognitive performance in adults treated with radiation
for a primary brain tumor. Adv Radiat Oncol. 2022;7(6):101028.
https://doi.org/10.1016/j.adro.2022.101028.

Fang FM, Chiu HC, Kuo WR, Wang CJ, Leuyng SW, Chen HC,
et al. Health-related quality of life for nasopharyngeal carcinoma
patients with cancer-free survival after treatment. Int J Radiat
Oncol Biol Phys. 2002;53(4):959-68. https://doi.org/10.1016/
s0360-3016(02)02838-9.

Kiang A, Weinberg VK, Cheung KH, Shugard E, Chen J, Quivey
JM, et al. Long-term disease-specific and cognitive quality of
life after intensity-modulated radiation therapy: a cross-sectional
survey of nasopharyngeal carcinoma survivors. Radiat Oncol.
2016;11(1):127. https://doi.org/10.1186/s13014-016-0704-9.

@ Springer


https://doi.org/10.1093/noajnl/vdaa057
https://doi.org/10.1093/noajnl/vdaa057
https://doi.org/10.1016/j.ijrobp.2010.05.004
https://doi.org/10.1002/hbm.23852
https://doi.org/10.1017/S1355617716000138
https://doi.org/10.1017/S1355617716000138
https://doi.org/10.1016/j.radonc.2020.07.044
https://doi.org/10.1016/j.radonc.2020.07.044
https://doi.org/10.3390/cancers13071573
https://doi.org/10.1148/rg.2021200064
https://doi.org/10.3389/fonc.2012.00073
https://doi.org/10.1016/j.ijrobp.2014.10.011
https://doi.org/10.1186/s13014-020-01560-0
https://doi.org/10.1186/s13014-020-01560-0
https://doi.org/10.3389/fonc.2020.00450
https://doi.org/10.3390/cancers14174301
https://doi.org/10.3390/cancers14174301
https://doi.org/10.1188/14.CJON.93-101
https://doi.org/10.30773/pi.2020.0286
https://doi.org/10.30773/pi.2020.0286
https://doi.org/10.3390/cancers13112516
https://doi.org/10.3390/cancers13112516
https://doi.org/10.3389/fonc.2015.00071
https://doi.org/10.1002/cam4.5331
https://doi.org/10.1007/s00520-022-07109-z
https://doi.org/10.1161/STROKEAHA.112.673384
https://doi.org/10.1161/STROKEAHA.112.673384
https://doi.org/10.1161/STROKEAHA.117.017519
https://doi.org/10.1161/STROKEAHA.117.017519
https://doi.org/10.3233/JAD-215442
https://doi.org/10.3390/curroncol29070409
https://doi.org/10.3390/curroncol29070409
https://doi.org/10.1016/j.adro.2022.101028
https://doi.org/10.1016/s0360-3016(02)02838-9
https://doi.org/10.1016/s0360-3016(02)02838-9
https://doi.org/10.1186/s13014-016-0704-9

Journal of Cancer Survivorship

79.

80.

81.

82.

83.

84.

85.

86.

Liao KC, Chuang HC, Chien CY, Lin YT, Tsai MH, Su YY, et al.
Quality of life as a mediator between cancer stage and long-term
mortality in nasopharyngeal cancer patients treated with intensity-
modulated radiotherapy. Cancers. 2021;13(20):5063. https://doi.
org/10.3390/cancers13205063.

Davis DH, Creavin ST, Yip JL, Noel-Storr AH, Brayne C, Cullum
S. Montreal Cognitive Assessment for the detection of dementia.
Cochrane Database Syst Rev. 2021;7:Cd010775. https://doi.org/
10.1002/14651858.CD010775.pub3.

Wong SS, Case LD, Avis NE, Cummings TL, Cramer CK, Rapp SR.
Cognitive functioning following brain irradiation as part of cancer
treatment: characterizing better cognitive performance. Psychooncol-
ogy. 2019;28(11):2166-73. https://doi.org/10.1002/pon.5202.

Men K, Geng H, Zhong H, Fan Y, Lin A, Xiao Y. A deep learning
model for predicting xerostomia due to radiation therapy for head
and neck squamous cell carcinoma in the RTOG 0522 clinical
trial. Int J Radiat Oncol Biol Phys. 2019;105(2):440-7. https://
doi.org/10.1016/].ijrobp.2019.06.009.

Liang B, Tian Y, Chen X, Yan H, Yan L, Zhang T, et al. Prediction
of radiation pneumonitis with dose distribution: a convolutional
neural network (CNN) based model. Front Oncol. 2019;9:1500.
https://doi.org/10.3389/fonc.2019.01500.

Lee S, Kerns S, Ostrer H, Rosentein B, Deasy J, Oh JH. Machine
learning on a genome-wide association study to predict late geni-
tourinary toxicity after prostate radiation therapy. Int J Radiat
Oncol Biol Phys. 2018;101(1):128-35. https://doi.org/10.1016/j.
ijrobp.2018.01.054.

Mattonen SA, Palma DA, Haasbeek CJ, Senan S, Ward AD. Early
prediction of tumor recurrence based on CT texture changes after
stereotactic ablative radiotherapy (SABR) for lung cancer. Med
Phys. 2014;41(3):033502. https://doi.org/10.1118/1.4866219.
Ahn SH, Kim E, Kim C, Cheon W, Kim M, Lee SB, et al. Deep
learning method for prediction of patient-specific dose distribu-
tion in breast cancer. Radiat Oncol. 2021;16(1):154 (Deep learn-
ing method for prediction of patient-specific dose distribution in
breast cancer).

@ Springer

87.

88.

89.

90.

91.

92.

Aryadoust V, Goh CCM. Predicting listening item difficulty with
language complexity measures: a comparative data mining study.
CaMLA Working Papers, 2014-02. Ann Arbor, MI: CaMLA.
Akbilgic O, Davis RL. The promise of machine learning: when
will it be delivered. J Card Fail. 2019;25(6):484-5. https://doi.org/
10.1016/j.cardfail.2019.04.006.

Franco GD, Santurro M. Machine learning, artificial neural net-
works and social research. Qual Quant. 2021;55:1007-25. https://
doi.org/10.1007/s11135-020-01037-y.

Olson M, Wyner A, Berk R. Modern neural networks generalize
on small data sets. Advances in neural information processing
systems. 2018;31.

Carlew AR, Fatima H, Livingstone JR, Reese C, Lacritz L, Pen-
dergrass C, et al. Cognitive assessment via telephone: a scoping
review of instruments. Arch Clin Neuropsychol. 2020;35(8):1215-
33. https://doi.org/10.1093/arclin/acaa096.

Kim J, Han JH, Choi CH, An HJ, Wu HG, Park JM. Discrepan-
cies in dose-volume histograms generated from different treat-
ment planning systems. J Radiat Prot Res. 2018;43(2):59-65.
https://doi.org/10.14407/jrpr.2018.43.2.59. (59be applied during
typesetting).

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.3390/cancers13205063
https://doi.org/10.3390/cancers13205063
https://doi.org/10.1002/14651858.CD010775.pub3
https://doi.org/10.1002/14651858.CD010775.pub3
https://doi.org/10.1002/pon.5202
https://doi.org/10.1016/j.ijrobp.2019.06.009
https://doi.org/10.1016/j.ijrobp.2019.06.009
https://doi.org/10.3389/fonc.2019.01500
https://doi.org/10.1016/j.ijrobp.2018.01.054
https://doi.org/10.1016/j.ijrobp.2018.01.054
https://doi.org/10.1118/1.4866219
https://doi.org/10.1016/j.cardfail.2019.04.006
https://doi.org/10.1016/j.cardfail.2019.04.006
https://doi.org/10.1007/s11135-020-01037-y
https://doi.org/10.1007/s11135-020-01037-y
https://doi.org/10.1093/arclin/acaa096
https://doi.org/10.14407/jrpr.2018.43.2.59

	Remote assessment of cognition and quality of life following radiotherapy for nasopharyngeal carcinoma: deep-learning-based predictive models and MRI correlates
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 
	Implications for Cancer Survivors 

	Introduction
	Materials and methods
	Subjects
	Remote neurocognition and quality of life (QoL) assessment tools
	Remote neurocognition tools
	Quality of Life (QoL) tools
	Implementation of tests

	Data collection and ROIs dose features
	Image acquisition
	Statistical analysis
	Deep neural network (DNN)

	Results
	Demographic tests
	Remote assessments
	Cerebral volume
	Correlation between volume changes and neurocognitive tests
	Dose and volume-related cognition-response in irradiated patients
	T-MoCA
	TICS
	Tele-MACE

	DNN
	DNN layers and weight indices
	Sensitivity and specificity
	Normalised Importance Index (NII)


	Discussion
	Anchor 33
	References


