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Background: Tumor invasion risk (TIR) is an important prognostic factor in nasopharyngeal carcinoma
(NPC). We propose a novel prognostic analytic method for NPC based on a voxelwise analysis of TIR in a
coordinate system of the nasopharynx.

Methods: A stable nasopharynx coordinate system was constructed based on anatomical landmarks to
obtain an accurate TIR profile for NPC. The coordinate system was validated by image registration of
the lateral pterygoid muscle (LPM). The tumors were registered to the coordinate system through shift,
scale, and rotation transformations. The voxelwise TIR map for NPC was obtained by superposition of all
registered and mirrored tumor regions of interest. The minimum risk (MinR) point of the tumor region was
used as an independent prognostic factor for NPC. The cutoff value was calculated with density plot and
validated with restricted cubic splines (RCSs), and then the patients were divided into 2 groups for overall
survival (OS) analysis.

Results: The first voxelwise TIR map of NPC was obtained based on 778 patients. The OS of patients with
a low TIR was 76.8% and was 92.6% for patients with a high TIR [P<0.001; hazard rato (HR) =1/0.45; 95%
CI: 0.27-0.77; adjusted P=0.004]. Thus, patients with a low TIR had a poor prognosis, whereas patients with
a high TIR had a good prognosis. The MinR may be better at grading the prognosis of patients compared to
the American Joint Committee on Cancer (AJCC) staging or tumor/node (T/N) classification systems.
Conclusions: The voxelwise TIR map provides a new method for the prognostic analysis of NPC.
Potential clinical applications of voxelwise TIR mapping are clinical target volume (CTV) delineation and

dose-painting for NPC.
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Introduction

Locoregional tumor invasion is an important prognostic
factor in nasopharyngeal carcinoma (NPC) (1). In general,
the tumor invasion risk (TIR) classification is based on
the incidence rates of tumor invasion into anatomical
sites surrounding the nasopharynx (2-4). Invasion of
an anatomical site by NPC is diagnosed by magnetic
resonance imaging (MRI). However, only information on
the anatomical site invaded is available by MRI, and no
information on the degree of invasion of the anatomical
site is provided. Prognostic accuracy relies on an accurate
description of the incidence of tumor invasion. Therefore,
designing a coordinate system of the nasopharynx to obtain
a meticulous TIR will support the accurate prognosis of
NPC.

Coordinate systems have been successfully applied
in many studies (5,6), and anatomical landmarks have
often been used to define coordinate systems. The results
of most neuroimaging studies have been reported with
Montreal Neurological Institute (MNI) coordinates (7-10).
In addition, a nonrigid image registration method, namely,
large deformation diffeomorphic metric mapping, has been
used to transform the MRI data of participants into the
standard coordinate system (11,12). Brandt ez 4/. developed
a breast coordinate system based on the location of the
pectoral muscle and nipple and the shape of the breast
boundary (13). Englander et #/. used a 3-dimensional
(3D) coordinate system based on the anatomic features of
bones to measure the knee abduction angles (14). Based on
mesial temporal lobe anatomical landmarks, a stereotactic
coordinate system was defined to facilitate the planning and
delineate the extent of ablation or region of stimulation
within the mesial temporal lobe structures (15). A 3D
coordinate system was constructed with 4 bony landmark
points to correct for changes in pelvic inclination (16). A
reference coordinate system was defined for the human
patella on the basis of 7 marked anatomical landmarks (17).
A parametric coordinate system was defined on the basis of
skull boundaries, location of the eye sockets, and head pose
to predict intracranial structures (18). A common coordinate
system based on cranial position was designed for predicting
gestational age and neurodevelopmental maturation of a
fetus (19). A normalized, abdominal coordinate system, the
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origin of which was located at the at the geometrical center
of the first lumbar vertebra body, was defined in computed
tomography (CT) and MR volume images to provide initial
positions for abdominal organ segmentation (20).

Some researchers have attempted to explore the
coordinate system of the nasopharynx. Satoh et 4. used the
cephalo-metric landmarks derived from a coordinate system
that was pointed on bones surrounding the nasopharynx to
clarify the growth characteristics of the nasopharynx (21).
In verifying the hypothesis that differences in maxillary
sinus size and shape may impede mucociliary clearance,
Kim et al. collected 29 3D coordinate landmarks and 7
linear measurements of maxillary sinus morphology (22).
A polar coordinate system was used to conduct trans-nasal
video-endoscopic recordings of the Eustachian tube (23).
The landmarks and definition of the plane of the choanae
might reflect the inherent anatomical characteristics of the
nasopharynx (24). However, within the body of research on
the coordinate system of the nasopharynx, no coordinate
system has been designed for TIR. This may be due to
the following inherent challenges in constructing the
nasopharynx coordinate system to study the risk of NPC
invasion:

() The nasopharynx, which includes soft tissue and
bony structures, is the beginning of the respiratory
tract, and its internal structure is complex and
differs significantly between individuals. This
structural complexity challenges the definition of
the NPC coordinate system.

(II) The MRI images used in TIR studies are all of
patients with NPC, and NPC morphology is
characterized by deformation of the nasopharyngeal
cavity (flat or asymmetric), thickening of the
nasopharyngeal lateral wall, and changes in
the peripharyngeal soft tissue and space (25).
Individual differences between the medical images
of patients with NPC are significant, making it
difficult to conduct image registration methods
based on organ and image features.

(III) The images in our collection vary significantly
with regard to acquisition configurations, including
superior-inferior coverage, sizes, and spatial
resolutions. Such variation strongly challenges the
accuracy of image registration methods.
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Figure 1 Illustration of the study design. ROI, region of interest; NPC, nasopharyngeal carcinoma; TIR, tumor invasion risk.

In view of the above technical challenges, we aimed to
define a 3D coordinate system of the nasopharynx based on
stable anatomical landmarks for the imaging study of NPC.
Based on the coordinate system, the meticulous voxelwise
TIR map of NPC was automatically obtained after
registering the tumor region of interest (ROI) of all patients
with NPC into the coordinate system. The voxelwise TIR
map provides a new method for the prognostic analysis of
NPC and can also be applied to delineate the clinical target
volume (CTV) for NPC. In this paper, we focus on the
application of the TIR map in prognostic analysis in order
to obtain stable prognostic factors for NPC.

Methods
Study design

The study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013) and approved by the Ethics
Committee of Sun Yat-sen University Cancer Center.
Individual consent for this retrospective analysis was waived.

The study design is shown in Figure 1. The coordinate
system of the nasopharynx was defined by stable anatomical
landmarks and validated by the MRI volumes of 18 normal
participants. The tumors in the MRI volumes of the patients
with NPC were registered to the defined coordinate system
using the transformation matrix, which was calculated based
on the anatomical landmarks. The voxelwise TIR map was
obtained by superposition operation, and the prognostic
analysis of NPC was based on 778 patients.

Definition of the coordinate system with anatomical
landmarks

As shown in Figure 2, a total of 6 landmarks were used in
constructing the coordinate system. Four landmarks occupy
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the transverse section: the right/left internal acoustic
pore (RIA/LIA) and the right/left ascending segment
of the internal carotid artery in the posterior cavernous
sinus (RAS/LAS). Around the nasopharynx, the positional
relationship between the landmarks of the bilateral internal
acoustic pore and the bilateral internal carotid artery is
stable. In addition, these landmarks are often used for the
construction of coordinate systems (26,27). Furthermore,
the 4 points are symmetrical and almost in the same plane.
In our experimental data, the 4 landmarks were on the same
slice in approximately 75% of the images. The 4 landmarks
were not in the same slice in all of the images because the
landmarks can be affected by a patient’s posture during
image acquisition. In obtaining the parameters for 3D
image registration, 2 landmarks in the sagittal section were
used: the posterior clinoid (PC) process and the midpoint
of the upper edge of the anterior arch of C1 (MC). The PC
and MC are located in the central position of the posterior
cranial fossa, closer to the nasopharynx.

The origin of the coordinate system is located at the
midpoint of the connecting line between the landmarks of
the LIA and RIA. The x-axis points from RIA to LIA. The
y-axis is defined as the direction perpendicular to the x-axis
in the transverse section and from back to front. The z-axis
is defined as a top-down direction perpendicular to the
transverse section. The unit of each coordinate axis is the
millimeter, which was chosen to eliminate the influence of
different resolutions in three dimensions.

Volume registration for the NPC ROI

Figure 3 shows a schematic diagram of the patient tumor
registration into the coordinate system. The transformation
matrix from the patient tumor volume registration to
the coordinate system can be obtained by the positional
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A

Figure 2 Definition of the coordinate system of the nasopharynx. (A) Sketch map of the coordinate system of the nasopharynx. (B)
Landmarks in the transverse section. (C) Landmarks in the sagittal section. RIA, right internal acoustic pore; LIA, left internal acoustic pore;
RAS, right ascending segment of the internal carotid artery in the posterior cavernous sinus; LAS, left ascending segment of the internal

carotid artery in the posterior cavernous sinus; PC, posterior clinoid process; MC, midpoint in the upper edge from the anterior arch of CI.
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Figure 3 Schematic diagram of the registration of patient tumor volume to the coordinate system, based on anatomical landmarks. S,
standard coordinate system; RAS, right ascending segment of the internal carotid artery in the posterior cavernous sinus; LAS, left ascending
segment of the internal carotid artery in the posterior cavernous sinus; RIA, right internal acoustic pore; LIA, left internal acoustic pore; O,

origin coordinate value; PC, posterior clinoid process; MC, midpoint in the upper edge from the anterior arch of C1; P, patient; M, matrix.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2023;13(2):982-998 | https://dx.doi.org/10.21037/qims-22-744



986 Chen et al. Prognostic potential of a voxelwise invasion risk map of NPC

relationship between the anatomical landmarks in the
coordinate system and that in the patient images. The
spatial transformation of tumor volume primarily includes
shift, scale, and rotation.

The shift transformation matrix, M_Shift, can be
described by the positional relationship between the
midpoints of the line between the RIA and LIA in the 2
images, as shown in the following equation:

1 0

, 0 1

M _ Shifi= 0 o
0,-P_ —P_

X

C. O

x ¥

c, 0,-P_
where (O,, O,, 0.) is the origin coordinate value of the
coordinate system and (P_C,, P_C,, P_C.) is the coordinate
value of the midpoint between the RIA and the LIA.

The scale transformation matrix, M_Scale, can be
described as follows:

S 0 0 O
S 0 0
M _Scale= !
0 0 5 0 2]
0O 0 0 1

where S,=Cx/Px is used to describe the scale transformation
of the x-axis, and C, and P, are the lengths of connections
of the LIA and the RIA in the coordinate system and the
patient image, respectively, as shown below:

S TN T TR

Px:\/(PfLIAX—PfR]AX)Z+(P7L]Ay—P7RIAy)2 [4]

where S,=Cy/Py describes the scale transformation of the
y-axis, and Cy and Py are the line lengths of the connection
between the midpoint of the LIA/RIA and the LAS/RAS
in the standard coordinate system and patient image,
respectively, as shown below:

Cy:\/(OX—S_Clx)Z+(O},—S_C1y)2 [5]

Py=\/(P7CX—P7C11)2+(P7CJ,—P7C1),)Z [6]
where

S_Cl =(S_LAS +S_RAS,)/2 (7]

S_Cl,=(S_LAS,—S-RAS,)/2 (8]

P Cl,=(P_LAS.+P_ RAS)/2 9]
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P_Cl =(P_LAS, +P_RAS))/2 [10]

and where S,=Cz/Pz is used to describe the scale
transformation of the y-axis, and Cz and Pz are the
differences between the z-axis coordinate values of PC
and MC in the coordinate system and patient image,
respectively, as defined below:

Cz=S PC.-S_MC. [11]

Pz=P_PC.-P_MC, (12]

The rotation transformation usually should include
rotations in the transverse, sagittal, and coronal sections.
However, only the rotations in the transverse and sagittal
section are considered in the process of image registration.
During MRI data acquisition, the patients are lying on
their back and their heads are fixed. The rotation angle
change in the Z direction in the coordinate system is
small. Furthermore, it is difficult to find stable anatomical
landmarks to use for image registration since the coronal
images of the head vary greatly with the patient’s posture
and there is low resolution between slices. Therefore, the
rotation in the transverse section can be defined as follows:

cos¢ sing 0 O
. —sin§, cosg, 0 0O
M _ Rotationl = [13]
0 10
0 0 01

where 6, is the intersection angle between the line of RIA/
LIA in the coordinate system and that in the patient image.

Similarly, the rotation in the sagittal section can be
defined as follows:

cosd, 0 sing, 0

M Rotation2 = 0 ! 0 0 [14]
- —sind, 0 cosd, O
0 0 0 1

where 6, is the intersection angle between the line of
PC-MC in the coordinate system and that in the patient
image.

In addition, the rotation transformation matrix M_
Rotation can be described as follows:

M _Rotation=M _Rotationl* M _ Rotation2 [15]

Therefore, the transformation matrix can be calculated
as follows:
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Figure 4 Definition of the MinR point. MinR, minimum risk.

Matrix=M _Shift* M _Scale* M _Rotation [16]

Once the transformation matrix of a patient with NPC is
obtained, the registered tumor in the coordinate system can
be obtained.

TIR map computation

The tumor ROIs of 778 patients with NPC were registered
to the coordinate system. In expanding the data volume, the
registered ROIs were mirrored to double the data set, given
that the human head is symmetrical. The voxelwise TIR
map for NPC obtained by superposition of all registered
and mirrored tumor ROIs. Therefore, the voxelwise tumor
invasion frequency (F) can be defined as follows:

F =

M=

(Roi _P+Roi_Pm,) [17]

i

where Roi_P; is the registered tumor ROI for a patient with
NPC, and Roi_Pm,; is the mirrored tumor ROI. The voxel-
wise TIR (IR) can be defined as normalized F, that is:

IR = F / max(F) (18]

Prognostic analysis

We applied the TIR map to the retrospective prognostic
analysis of NPC in order to verify the prognostic potential
of the TIR map for NPC. As shown in Figure 4, the
minimum risk (MinR) point of the NPC ROI is defined

as the point with the risk of minimum invasion in the
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coordinate system of the outer contour of the ROI.
Therefore, the MinR can describe the extent of tumor-
outward spread in patients with NPC. The smaller the
MinR value is, the wider the outward spread of the tumor.
We used MinR to perform a prognostic analysis of NPC.

The patients with NPC were grouped by a cutoff value
for prognostic analysis. A density plot, which is independent
of a patient’s prognostic information, was used to compute
and draw kernel density estimates. The density plot was
performed using the geom_density function provided by
ggplot2 package in R v. 3.3.5 (The R Project for Statistical
Computing). Restricted cubic spline (RCS) function was
performed using the “rms” package of R to evaluate the
effectiveness of the cutoff value, and the “rcs” formula
parameter was used to build the Cox regression model for
overall survival (OS). The difference in 5-year OS rate was
calculated by the log-rank test, and the hazard ratio (HR)
and adjusted P value were calculated by multivariable Cox
regression.

Results
Validation of the coordinate system

We performed the registration experiment of the lateral
pterygoid muscle (LPM) and the longus capitis muscle
(LCM) in 18 normal participants to illustrate the
effectiveness of the proposed coordinate system. The LPM
is in the infratemporal fossa. The upper part starts from the
infratemporal and infratemporal ridges of the great wing
of the sphenoid bone. The lower part starts from the outer
side of the outer wing plate, and the fibers run backward
and outward, ending in the pterygoid muscle fossa of the
condylar neck. The LPM is symmetrically distributed on
the left and right sides of a regularly shaped nasopharynx.
The LCM is an anterior vertebral muscle and originates as
4 slender tendons from the anterior tubercles of the C3-C6
transverse processes and overlaps with the high incidence
area of NPC. In summary, the registration experimental
results of the LPM and LCM are representative.

A total of 18 normal participants were involved in the
experiment. The head MRIs were acquired from the Cancer
Center of Sun Yat-sen University. The bilateral LPMs
and 6 anatomical landmarks were delineated by a doctor.
Randomly selected images of patients were used as reference
images and others as floating images. The overlapping
rate, R, which was used to evaluate the performance of the
registration, was defined as follows:
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Figure 5 Validation of the coordinate system. (A,B) Experimental results of LPM and LCM registration. (C,D) The results of the best effect

for LPM and LCM registration, respectively. Red: LPM or LCM region in the reference image and registered result (overlapping region).

Yellow: LPM or LCM region in the reference image but not in the registered result. Blue: LPM or LCM region in the registered result

but not in the reference image. (E) The overlapping rates of the registration results. LPM, lateral pterygoid muscle; LCM, longus capitis

musculus; AV, average; SD, standard difference.

R=N, /N, (19]

mNg

where N, is the number of voxels inside the LPM region
of the reference image, and N, is the number of voxels
in the LPM region in the reference image and registered
result. The performance evaluation of the registration is
shown in Figure 5.

The areas of the bilateral LPM and LCM can be
overlapped in the coordinate system. The average R values
reached 0.6253 and 0.6530, respectively. These results
show that the coordinate system was stable in the MRI
image analysis of the head, and thus could be applied to the
registration of tumor in the nasopharynx.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Voxelwise TIR map for NPC

The voxelwise TIR was obtained through a superposition
operation after the tumor ROIs of all NPC participants
were registered to the coordinate system. All registration
results were confirmed by the radiologist to be reasonable.
We performed a mirror operation on the tumor ROI of
each patient with NPC since the human nasopharynx is
symmetrical from left to right. The voxelwise TIR map
based on 778 patients with NPC is shown in Figure 6. The
TIR map also demonstrates symmetry. It was found that the
risk of NPC invasion was largest in the posterior wall of the
nasopharynx, gradually decreasing outward.
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Low

Figure 6 Voxelwise invasion risk map of NPC. The z value is the z-axis coordinate value in the coordinate system. NPC, nasopharyngeal

carcinoma.

We obtained the tumor invasion of each voxel in the
coordinate system from the TIR map. The TIR map
shows the statistical significance for tumors in space since
each voxel is located on the anatomical structure of the
nasopharynx. Therefore, the TIR map was used for the
prognostic analysis of NPC.

Prognostic analysis of NPC based on the TIR map

Database for prognostic analysis
The MRI data in the experimental test were obtained from
the Cancer Center of Sun Yat-sen University and were used
to assign prediction scores to patients with NPC (28). A
total of 778 MRI head volumes from patients with NPC
were used for the volume registration experiment and
the invasion risk analysis. Sociodemographic and clinical
characteristics of the participants are provided in Table 1.
The MRI images in the transverse and sagittal sections
were obtained using a 3D fast-recovery fast spin-echo
sequence. MRI was performed on patients using a 3.0-T

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

system (Magnetom Tim Trio; Siemens Healthineeers,
Erlangen, Germany) or a 1.5-T system (Signa CV/I;
General Electric Healthcare, Chicago, IL, USA). The
image parameters of the transverse section acquisition
changed between the different volumes. The matrix varied
from 320x320 to 768x768 pixels, and the slice thickness
varied from 4 to 6.5 mm. In each volume, 36 slices were
presented to cover the whole head and neck.

A healthy volunteer was recruited to participate in
the establishment of a standard coordinate system. The
parameters of the transverse section image were as
follows: matrix =512x512 pixels and slice thickness =5 mm
(36 slices). Meanwhile, the parameters of the sagittal section
image were as follows: matrix =512x512 pixels and slice
thickness =5 mm.

In each volume, the NPC ROI, the 4 landmarks (RIA,
LIA, RAS, and LAS) in the transverse section, and the 2
landmarks (PC and MC) in the sagittal section were labeled
by a doctor with more than 5 years of work experience and
confirmed by a professor of medical imaging.
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Table 1 Sociodemographic and clinical characteristics of the participants

Characteristic

Total data (n=778)

MinR <0.0162 (n=209)

MinR =0.0162 (n=569)

Chi-squared P value

Age (years)
Sex
Male
Female
Histologic type
WHO type I/1I
WHO type llI
EBV DNA (1,000 copy/mL)
<1
1-10
>10
T classification
T1
T2
T3
T4
N classification
NO
N1
N2
N3
Staging
I
I
1l
iVa
Treatment
RT
CCRT
IC + CCRT
MinR
ggfind_best
MinR <0.0162
MinR >0.0162
0s
Events
5-year surv. (%)

Follow-up (months)

45 [38-53]

567 (72.9%)
211 (27.1%)

46 (5.9%)
732 (94.1%)

351 (45.1%)
183 (23.5%)
244 (31.4%)

201 (25.8%)
94 (12.1%)
290 (37.3%)
193 (24.8%)

176 (22.6%)

433 (55.7%)

111 (14.3%)
58 (7.5%)

71 (9.1%)
172 (22.1%)
297 (38.2%)
238 (30.6%)

102 (13.1%)
293 (37.7%)
383 (49.2%)
0.0498 (0.0137-0.1234)

209 (26.9%)
569 (73.1%)

85 (10.9%)
88.4
62.2 (3.4-83.4)

47 [38-56]

165 (78.9%)
44 (21.1%)

10 (4.8%)
199 (95.2%)

60 (28.7%)
51 (24.4%)
98 (46.9%)

4(1.9%)
8 (3.8%)
60 (28.7%)
137 (65.6%)

27 (12.9%)

129 (61.7%)
34 (16.3%)
19 (9.1%)

1 (0.5%)
8 (3.8%)
54 (25.8%)
146 (69.9%)

5 (2.4%)
68 (32.5%)
136 (65.1%)

0.0043 (0.0009-0.0086)

209 (100%)
0 (0%)

46 (22.0%)
76.8

60.4 (4.6-83.4)

44 [37-51]

402 (70.7%)
167 (29.3%)

36 (6.3%)
533 (93.7%)

291 (51.1%)
132 (23.2%)
146 (25.7%)

197 (34.6%)
86 (15.1%)

230 (40.4%)
56 (9.8%)

149 (26.2%)

304 (53.4%)
77 (13.5%)
39 (6.9%)

70 (12.3%)
164 (28.8%)
243 (42.7%)
92 (16.2%)

97 (17.0%)
225 (39.5%)
247 (43.4%)

0.0816 (0.0421-0.1485)

0 (0%)
569 (100%)

39 (6.9%)
926

62.8 (3.4-82.8)

0.026
0.020

0.488

0.000

0.000

0.001

0.000

0.000

0.000
0.000

0.000

0.001

Data are presented as median [IQR (min-max)] and n (%). WHO, World Health Organization; EBV, Epstein-Barr virus; RT, radiotherapy;
CCRT, concurrent chemoradiotherapy; IC, induction chemotherapy; MinR, minimum risk; OS, overall survival; surv., survival rate.
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Figure 7 Cutoff value selection. (A) Density plot to find the best cutoff without using end point information. (B) RCS of OS to prove this

cutoff. MinR, minimum risk; RCS, restricted cubic spline; OS, overall survival.

Prognostic analysis
The patients with NPC were grouped by a cutoff value
for prognostic analysis. The procession of the cutoff value
selection is shown in Figure 7. The density plot and RCS
analysis were carried out on the MinR value of each of 778
patients with NPC. The results are shown in Figure 54,5B.
At the MinR value of 0.0162, the curve reached its peak,
which was used as the best cuttoff value. In addition, the risk
of mortality decreased continuously with an increase in MinR
up to 0.0162 (the lower curve of the RCS). The curve showed
a downward trend when the MinR was between 0 and 0.0162,
and the risk almost did not change at all when the MinR was
over 0.0162. Therefore, an MinR of 0.0162 was considered
as the best cutoff value for the prognostic analysis.

A total of 778 patients with NPC were divided into
2 groups: group 1 (MinR <0.0162) and group 2 (MinR
>0.0162). The sociodemographic and clinical characteristics
of the participants in the 2 groups are summarized in
Tuble 1. The regions where the MinR points of the 2 groups
were located are shown in Figure §; group 1 represents
the group with a low risk of NPC invasion, and group 2
represents the group with a high risk of NPC invasion.

Kaplan-Meier survival analysis

The Kaplan-Meier survival method and log-rank test was
conducted for the 2 groups. A summary of the univariable
analysis of the confounding variables of OS and the
multivariable analysis of the model cohort on OS is
provided in the Tables S1,52. To illustrate the advantages
of MinR in the prognostic analysis of NPC, we compared
the prognostic performance of MinR with the current
tumor/node (T/N) classification and the American Joint
Committee on Cancer (AJCC) staging system. The Kaplan-
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Meier survival curves are shown in Figure 9. As shown in
Figure 94, the OS for the 2 groups was 76.8% (low-TIR
group) vs. 92.6% (high-TIR group) (P<0.001; HR =1/0.45;
95% CI: 0.27-0.77; adjusted P=0.004). Patients with a low
TIR had a poor prognosis, whereas patients with a high
TIR had a good prognosis.

It was found that the difference in OS between the 2
groups was larger when the MinR was used than when the
AJCC staging or T/N classification was used (76.8% vs.
92.6%; P<0.001). Multivariable analysis showed that the
MinR was an independent variable. Furthermore, Harrell’s
concordance index (C-index) was applied, and the results
are summarized in Table S3. The results indicated that the
MinR had a better ability to grade the prognosis of patients
compared to the AJCC staging or T/N classification
systems. This result indicates that the MinR is an
independent prognostic factor of OS in patients with NPC.

Discussion

Based on previous reports, this study is the first to construct
a coordinate system for the TIR of NPC. We constructed a
stable nasopharynx coordinate system based on anatomical
landmarks to obtain an accurate TIR assessment of NPC.
The coordinate system was validated by the registration
experiment of the lateral pterygoid and LCMs (Figure 5).
In addition, we successfully obtained the voxelwise TIR
map based on 778 patients with NPC (Figure 6). The
posterior wall of the nasopharynx was the anatomical site
with the highest risk of invasion. The distribution of TIR
was related to that reported in the literature (29,30). In the
literature, the distribution of TIR was calculated on the
basis of whether the anatomical site was invaded or not,
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Figure 8 Slices showing the region where the MinR point of the 2 groups is located. Blue region: group 1 (MinR <0.0162); green region:

group 2 (MinR >0.0162). The z value is the z-axis coordinate value in the coordinate system. MinR, minimum risk.

and the TIR was at the anatomical site level. The voxelwise
TIR map obtained by the new method is potentially more
accurate and more clinically applicable.

The prognostic analysis of NPC relies on the clinical
application of TIR. Tumor invasion is an important
prognostic factor of NPC (31,32). Bakst ez a/. hypothesized
that tumor invasion and spread were of great significance
to the prognosis of NPC (33). Invasion of the skull base
(3,34,35) and parapharyngeal space (36,37) have often
been used to analyze the prognosis of NPC. Huang er al.
identified parapharyngeal space involvement based on the
number of subspaces involved (prestyloid space, carotid
space, and areas outside the carotid space). Moreover, the
risk of mortality increased with the increase in the number
of parapharyngeal subspaces (38). This finding indicated
that a detailed analysis of anatomical sites would improve
the prognosis of NPC. In our experiment, patients with
NPC were divided into 2 groups based on the MinR cutoff
value calculated by density plot and RCS. The OS was
76.8% in the low-TIR group and 92.6% in the high-TIR
group (P<0.001; HR =1/0.45; 95% CI: 0.27-0.7; adjusted
P=0.004). Patients with a low TIR have a poor prognosis,
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whereas those with a high TIR have a good prognosis. This
result indicates that patients with poor prognosis of NPC
can be accurately selected by the TIR map. Therefore,
the voxelwise TIR map that we proposed in this study
potentially provides a novel method for the prognostic
analysis of NPC. Furthermore, the nasopharynx coordinate
system that we defined may be a productive contribution to
the study of NPC prognosis.

In addition, the TIR can be used to delineate the CTV of
NPC. The delineation of CTV is crucial for tumor control
and normal tissue protection during intensity-modulated
radiation therapy. Based on the cumulative incidence of
tumor invasion, anatomical sites around the nasopharynx
can be divided into 3 risk levels to evaluate the locoregional
extension and failure patterns of NPC and then improve
CTYV delineation (39,40). The CTV can be reduced on
the basis of the contralateral expansion of NPC in patients
with unilateral tumors (41). Consensus guidelines on
CTV definition include geometric expansion beyond the
visible gross tumor volume (42). In one study, the radius
(1-2 cm) of expansion of the gross tumor volume was
selected by the clinician when considering tumor histology,
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Figure 9 OS in the prognostic analysis of NPC. (A-D) are the Kaplan-Meier survival curves based on MinR, T classification, staging, and N

classification, respectively. OS, overall survival; MinR, minimum risk; HR, hazard ratio; NPC, nasopharyngeal carcinoma.

degree of diffuseness on MRI, size of tumor, age, and health
of patients (43). CTV follows the European guideline
with a 2-cm safety margin around the contrast-enhanced
lesion and resection cavity on MRI gross tumor volume
(44,45). In Miao’s study, the CTV was the gross tumor
plus a 5-mm margin (46). Fixed geometric expansion is the
mainstream method of CTV determination. Whether the
TIR map obtained in this study has guiding significance for
the geometric expansion of CTV determination deserves
further study. In the future, CTV delineation and clinical
verification based on the TIR map will be an important and
clinical application.

Another potential clinical application of TIR may be dose-
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painting for intensity-modulated radiation therapy. Boosting
the radiotherapy dose can provide better local control.
However, dose escalation for NPC may increase treatment-
related comorbidities due to the high-dose irradiation
of normal tissues (47). Some studies have shown dose-
painting to be a significant independent prognostic factor for
NPC (48). The reliable segmentations of NPC areas and
subregions provide evidence to guide the dose-painting for
radiation therapy (49). The diffusion-weighted MRI-guided
dose-painting intensity-modulated radiation therapy was
proven to be associated with improved local tumor control and
survival in NPC (50). The voxelwise TIR assessment describes
the risk of NPC invasion to each voxel in the coordinate
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system. It provides fine tumor invasion information for dose-
painting of intensity-modulated radiotherapy, which may
make dose-painting more accurate and improve the effect of
intensity-modulated radiotherapy for patients with NPC.

In general, the major contributions of our work consist
of the following three aspects: (I) a stable nasopharynx
coordinate system defined on the basis of anatomical
landmarks; (II) a 3D medical image registration algorithm
designed for the nasopharynx (although considerable
difficulty arises in the characteristics of NPC), with the
registration algorithm being validated in a registration
experiment of LPM; and (III) a voxelwise TIR map of
NPC. The TIR map demonstrated excellent performance
in the prognostic analysis of NPC.

However, one of the limitations of this study is that the
TIR map was restricted to a small sample size because the
tumor ROI and 6 anatomical landmarks were delineated by
doctors. However, the TIR map of NPC can be obtained
automatically. We assessed the automatic localization
method of anatomical landmarks in MRI head images and
achieved good results (51). There are many reports on
the automatic segmentation of tumor ROIs for NPC in
medical images (52-55). Thus, using these above-mentioned
techniques can automatically delineate the anatomical
landmarks and tumor ROI, expand the sample size, and
improve the accuracy of TIR.

Another limitation of this study was the registration
accuracy, which needs to be further improved. Based on
the registration results of the LPM, the accuracy of the
ROI registration to the coordinate system needs to be
increased. Only shift, scale, and rotation transformation
were conducted in the study. Recently, we noticed that
many deep learning methods have been applied to medical
image registration (56,57). Zhu et al. proposed a Laplacian
Eigenmaps-based deep learning network for 2D medical
image registration (58). Sui ez a/. predicted 2 halfway
deformations, which can move the original template and
subject to a pseudomean space, simultaneously (59). Zhao
et al. developed a superfast spherical surface registration
framework for the cerebral cortex (60). Kim ez 4/. presented
a cycle-consistent deformable image registration to
overcome the limitations in the preservation of original
topology during deformation with registration vector
fields (61). Zhou er al. integrated anatomy-preserving
domain adaptation to a segmentation network into an
anatomy-guided multimodal registration based on the
robust point-matching machine (62). Hu ez 4/. translated
convolutional multimodal registration into a decision-
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making problem, where registration was achieved via an
artificial agent trained by asynchronous reinforcement
learning (63). Existing medical image registration methods
are aimed at the registration between multimodal images or
between multiple time series images based on object feature
description. However, tumor morphology is characterized
by deformation of the nasopharyngeal cavity (flat or
asymmetric), thickening of the nasopharyngeal lateral wall,
and changes of the peripharyngeal soft tissue and space.
Thus, use of conventional image registration methods
may be impracticable because of the large variety in tumor
morphology, location, and performance characteristics. An
efficient image registration of NPC to the new coordinate
system will be considered in our future work.

Conclusions

We proposed a novel method for the prognostic analysis of
NPC that is based on voxelwise TIR in the nasopharyngeal
coordinate system. A stable nasopharynx coordinate
system, validated by the registration experiments of LPM
and LCM, was constructed on the basis of anatomical
landmarks. The tumors were registered to the coordinate
system through shift, scale, and rotation transformations.
The first voxelwise TIR map of NPC was obtained based
on 778 patients. The MinR point of the tumor region
may be an independent prognostic factor for NPC. The
cutoff value was calculated by density plot and validated
by RCS, and then the patients were divided into 2 groups.
The OS rate was 76.8% in the low-TIR group and 92.6%
in the high-TIR group (P<0.001; HR =1/0.45; 95% CI:
0.27-0.77; adjusted P=0.004). Patients with a low TIR had
poor prognosis, whereas patients with a high TIR had a
good prognosis. The MinR appears to be better at grading
the prognosis of patients compared to the AJCC staging
or T/N classification systems. The voxelwise TIR map can
provide comprehensive and reliable information to support
the prognostic analysis of NPC.
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Supplementary

Table S1 Univariable analysis to identify the confounding variables
in OS

Table S2 Multivariable analysis of OS in the model cohort

Characteristic Surv. P
Age (years) - <0.001
Sex 0.357
Male 87.52
Female 90.55
Histologic type 0.136
WHO type I/l 81.45
WHO type lll 88.78
EBV DNA (1,000 copy/mL) 0.001
<1 92.95
<10 83.68
>10 85.19
T classification <0.001
T1 95.61
T2 87.82
T3 90.43
T4 77.93
N classification <0.001
NO 94.07
N1 89.52
N2 83.61
N3 68.22
Staging <0.001
I 98.11
I 94.41
I 91.37
IVa 76.86
Treatment 0.203
RT 93.21
CCRT 88.09
IC + CCRT 87.24
Volume - <0.001
MinR - 0.002
ggfind_best <0.001
MinR <0.0162 76.8
MinR >0.0162 92.6

Variable HR (Cl) P value
ggfind_best

MinR <0.0162 1 (reference)

MinR >0.0162 0.45 (0.27, 0.77) 0.004
T classification

T1 1 (reference)

T2 2.05(0.81,5.18) 0.131

T3 1.43 (0.63, 3.28) 0.395

T4 2.59 (1.08, 6.24) 0.034
N classification

NO 1 (reference)

N1 1.32 (0.65, 2.67) 0.435

N2 2.15(0.94, 4.92) 0.070

N3 4.46 (1.88, 10.57) 0.001
Age (years) 1.03 (1.02, 1.05) 0.000
EBV DNA (1,000 copy/mL)

<1 1 (reference)

<10 1.53(0.85, 2.74) 0.153

>10 0.99 (0.55, 1.79) 0.976

Confounding variables: T/N classification, age, EBV selected
as the confounding variables for all endpoints. Confounding
variables were chosen for the subsequent multivariable
analysis. P values were calculated using log-rank test. OS,
overall survival; surv., 5-year survival rate; WHO, World Health
Organization; EBV, Epstein-Barr virus; RT, radiotherapy; CCRT,
concurrent chemoradiotherapy; IC, induction chemotherapy.
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MinR was proven to be an independent prognosis factor on
OS. HR (Cl) and P values were calculated by multivariable Cox
regression. OS, overall survival; HR, hazard ratio; Cl, confidence
interval; EBV, Epstein-Barr virus.
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Table S3 Comparison of Harrell’s C-index

Number Cox regression equation C-index (Cl) P1 P1

1 MinR 0.644 (0.591-0.697) <0.001 ref.

2 Staging (I/ll vs. l/IVa)* 0.609 (0.573-0.644) <0.001 0.138
3 T classification (1/2 vs. 3/4)* 0.585 (0.540-0.631) <0.001 <0.001
4 N classification (1/2 vs. 3/4)* 0.594 (0.543-0.646) <0.001 0.005
5 T classification 0.670 (0.617-0.722) <0.001 0.875
6 N classification 0.625 (0.569-0.682) <0.001 0.064
7 Staging 0.688 (0.639-0.736) <0.001 0.056
8 MinR model 1 0.756 (0.707-0.804) ref. <0.001
9 Clinical model 1 0.751 (0.704-0.799) 0.001 <0.001
10 MinR model 2 0.748 (0.699-0.796) 0.287 <0.001
11 Clinical model 2 0.741 (0.694-0.789) 0.025 <0.001

MinR alone showed the best ability to distinguish the prognosis of patients compared to AJCC staging or T/N classification. Clinical
model 1/2: the most common clinical model of OS was built using multivariable Cox regression (https://doi.org/10.1007/s00330-022-
08864-7) with variables of T and N classification (or staging) and EBV and age. MinR model 1 is MinR combined with the above variables;
it significantly improved the C-index of clinical models, indicating a better discriminative ability. The P value of the 2 C-indices was
calculated by the rcorrp.cens function in the “Hmisc” package of R. ¥, in order to compare with MinR at the same level, we changed
the staging and T/N classifications into early and late classifications according to clinical experience. C-index, concordance index; Cl,
confidence interval.
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