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Abstract

Purpose The question as to whether the regional textural
features extracted from PET images predict prognosis in oro-
pharyngeal squamous cell carcinoma (OPSCC) remains open.
In this study, we investigated the prognostic impact of regional
heterogeneity in patients with T3/T4 OPSCC.

Methods We retrospectively reviewed the records of 88 pa-
tients with T3 or T4 OPSCC who had completed primary
therapy. Progression-free survival (PFS) and disease-specific
survival (DSS) were the main outcome measures. In an ex-
ploratory analysis, a standardized uptake value of 2.5 (SUV
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2.5) was taken as the cut-off value for the detection of tumour
boundaries. A fixed threshold at 42 % of the maximum SUV
(SUV 1ax 42 %) and an adaptive threshold method were then
used for validation. Regional textural features were extracted
from pretreatment '*F-FDG PET/CT images using the grey-
level run length encoding method and grey-level size zone
matrix. The prognostic significance of PET textural features
was examined using receiver operating characteristic (ROC)
curves and Cox regression analysis.

Results Zone-size nonuniformity (ZSNU) was identified as an
independent predictor of PFS and DSS. Its prognostic impact
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was confirmed using both the SUV, ., 42 % and the adaptive
threshold segmentation methods. Based on (1) total lesion
glycolysis, (2) uniformity (a local scale texture parameter),
and (3) ZSNU, we devised a prognostic stratification system
that allowed the identification of four distinct risk groups. The
model combining the three prognostic parameters showed a
higher predictive value than each variable alone.

Conclusion ZSNU is an independent predictor of outcome in
patients with advanced T-stage OPSCC, and may improve
their prognostic stratification.

Keywords Oropharyngeal carcinoma - HPV - FDG PET/CT -
Texture analysis

Introduction

Oropharyngeal squamous cell carcinoma (OPSCC) is one of
the most common types of head and neck cancer [1]. The
major risk factors for OPSCC include alcohol consumption,
tobacco smoking and human papillomavirus (HPV) infection
[2, 3]. Interestingly, HPV-positive OPSCC patients generally
have better clinical outcomes than HPV-negative subjects [4,
5]. Although advanced T-stage has been shown to portend a
dismal prognosis [4, 6], the current staging system (main-
ly based on tumour extent and lymph node invasion) does
not adequately stratify patients with regard to clinical
outcome [7]. In order to improve the prognostic stratifi-
cation of patients with advanced-stage OPSCC, Ang et al.
have devised a prognostic system based on HPV status,
smoking and clinical stage [4]. Although this system has
been validated in areas in which HPV infection is preva-
lent [8], data from regions with a low rate of HPV-
positive tumours are scarce.

Several studies have investigated the prognostic value in
patients with OPSCC of '"®*F-FDG PET parameters including
maximum standard uptake value (SUV,,.), metabolic tumour
volume (MTV) and total lesion glycolysis (TLG), and textural
analysis that characterizes 'F-FDG uptake heterogeneity
[9-11]. Local scale FDG PET textural features have been
successfully used for predicting clinical outcome and treat-
ment response in a variety of malignancies [12—14]. In this
regard, we have previously shown that uniformity, derived
using the normalized grey-level co-occurrence matrix
(NGLCM) method, is a significant prognostic factor in pa-
tients with advanced OPSCC [13]. However, data on the
regional scale PET textural features remain scarce [15, 16].
In this context, we investigated whether regional heterogene-
ity in intratumoral FDG distribution may predict outcomes
and improve risk stratification in patients with advanced T-
stage OPSCC.
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Materials and methods
Patients

The study protocol was approved by the hospital Ethics Com-
mittee and informed consent was waived due to the retrospec-
tive nature of the study. We retrospectively reviewed the
medical records of 88 patients with T3 or T4 stage OPSCC
who had completed primary therapy and a follow-up of
more than 20 months. The exclusion criteria were as
follows: (1) M1 stage at diagnosis; (2) previous treat-
ment for OPSCC at other institutions, and (3) previous
history of malignancies without achieving complete re-
mission. It was our treatment policy that every OPSCC
patient received a complete staging work-up before ther-
apy, which included MRI or CT scans of the head and
neck region and 'SF-FDG PET/CT scan. Staging was
performed according to the 2002 American Joint Com-
mittee on Cancer (AJCC) staging criteria [17]. The post-
therapy status was assessed using the RECIST criteria
1.1 [18]. Patients were classified as having a complete
response (CR), partial response (PR), stable disease (SD),
or progressive disease (PD) according to follow-up CT or
MRI scans 2 — 3 months after completing primary ther-
apy by an expert radiologist who was blinded to the
clinical data.

HPV typing and p16 immunohistochemistry

HPV typing and p16 immunohistochemistry were available in
all participants. Between June 2006 and September 2010,
HPV typing of primary tumour biopsy specimens was per-
formed as previously described [19-21]. From September
2010, p16 immunohistochemistry was performed using the
CINtec histology kit (MTM laboratories, Heidelberg, Germa-
ny) according to the manufacturer’s protocol. High p16 ex-
pression was defined as strong intensity and staining of more
than 60 % of the tumour cells [22]. HPV-positive tumours
were defined as those having high p16 expression or positive
results on HPV typing.

PET/CT acquisition

All patients underwent FDG PET/CT for staging before treat-
ment. Participants were asked to fast for at least 6 h prior to
examination. Images were obtained 50 min after intravenous
injection of 370 — 555 MBq '*F-FDG, depending on body
weight. Whole-body PET emission scans were acquired using
the same scanner (Discovery ST 16; GE Healthcare, Milwau-
kee, WI). PET images were reconstructed using CT-based
attenuation correction.
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PET/CT image analysis

Tumours were segmented using the PMOD 3.3 software
package (PMOD Technologies Ltd, Zurich, Switzerland).
Several segmentation methods have been proposed for the
analysis of PET images in patients with head and neck
malignancies, but no widely accepted guidelines exist. Al-
though a fixed threshold of 50 % of the maximum SUV
(SUVnax 50 %) may be unsuitable for determining tumour
volume in the presence of heterogeneous lesions [23], this
threshold has been used successfully in head and neck cancer
[24, 25]. We selected this delineation method based on its
availability and clinical usefulness. An experienced nuclear
medicine physician (blinded to the clinical data but not to
tumour location) retrospectively analysed all PET/CT images.
The borders of volumes of interest (VOI) were set by manual
adjustment to exclude adjacent physiological FDG-avid struc-
tures on PET/CT images. The VOIs were checked and vali-
dated by an independent senior nuclear medicine physician.
The tumour boundaries were than automatically contoured
based on the following three thresholds: (1) SUV 2.5, which
has been previously used for texture analysis in oropharyngeal
and oesophageal cancer [9, 13, 26, 27], (2) 42 % of SUV jax,
which has been utilized for delineation of oropharyngeal
cancer [11], and (3) an adaptive threshold method [28]. The
background of the adaptive threshold was defined as the mean
uptake of a 10-mm VOI sphere placed in the right lower neck
where no lymph node lesions were evident in our study
subjects. Two nuclear medicine physicians independently de-
lineated the background and the uptake values were averaged.

TLG was calculated according to the following formula:
TLG = mean SUV x MTV (cm’) [29]. The grey-level run
length encoding matrix (GLRLM) [30] and grey-level size
zone matrix (GLSZM) [31] were used for assessing the re-
gional textural features. The GLRLM indicates the number of
voxel segments with the same intensity in a given direction.
Because there are a total of 13 angular orientations in the
three-dimensional model, 13 GLRLM values (one for each
direction) were obtained for each tumour. The GLRLM fea-
tures were derived from an average of 13 directions to make
the rotation invariant and allow for different positions of the
study patients.

Similar to GLRLM, the GLSZM estimates the number of
adjacent voxels with the same intensity. A grey-level zone is a
region of voxels with the same grey level value. The GLSZM
includes different areas and does not require the calculation of
different directions. A total of 22 different textural features
were extracted from the GLRLM and GLSZM (Supplemen-
tary Table 1). Detailed information on the calculations of each
textural feature has been previously reported [16, 30, 31]. The
intensity of FDG uptake in the primary tumour was resampled
to 16, 32 and 64 different values to reduce image noise and
improve reproducibility [12, 32]. Therefore, we derived a total

of 66 textural parameters. The textural features were analysed
using a software package developed in-house (Chang-Gung
Image Texture Analysis toolbox, CGITA) implemented under
MATLAB 2012a (Mathworks Inc., Natick, MA).

Study outcomes

Progression-free survival (PFS) and disease-specific survival
(DSS) were the main outcome measures. DSS was defined as
the time from diagnosis to the time of OPSCC-related death.
PFS was defined as the time from diagnosis to the time of
recurrence, cancer death, or unequivocal radiological evi-
dence of progression in patients who showed residual disease
after primary therapy.

Statistical analysis

In an exploratory analysis, SUV 2.5 was taken as the cut-off
value for the detection of tumour boundaries. The evaluation
of textural parameters was based on a step-forward process.
First, the parameters were examined in relation to PFS using
receiver operating characteristic (ROC) curve analysis. The
optimal cut-off values were identified as those that maximized
the sum of sensitivity and specificity. PET parameters with an
area under curve (AUC) significantly different from 0.5 were
selected (as continuous variables) for further analyses in rela-
tion to PFS and DSS using univariate and multivariate Cox
regression models. Multivariate Cox regression models were
constructed to include as covariates HPV positivity, age, to-
bacco, alcohol consumption, T stage, N stage, AJCC stage and
uniformity (given its significant predictive value for survival
endpoints [13]). Although TLG and MTV have been shown to
predict survival [10, 11], they were not included in the model
because of their high collinearity with regional textural pa-
rameters. We therefore constructed separate multivariate Cox
regression models (using PFS and DSS as endpoints) in the
subgroups of patients with high and low TLG (or MTV).
Significant parameters were further dichotomized and entered
in the multivariate Cox regression models. Survival estimates
were plotted using the Kaplan-Meier method and compared
using the log-rank test. Significant parameters found using
SUV 2.5 were further validated using the two other segmen-
tation methods (i.e. SUVmax 42 % and adaptive threshold).
The parameters derived using the different segmentation
methods were tested as continuous variables in ROC curves
analysis, and univariate and multivariate Cox regression anal-
yses. Spearman’s correlation (p) and intraclass correlation
coefficients (ICC) were used to assess the associations among
independent and interdependent parameters, respectively. Cal-
culations were performed using PASW statistics 18 (SPSS
Inc., Chicago, IL) for Windows. Two-tailed P values <0.05
were considered statistically significant. Bonferroni correction
was applied to adjust P values for multiple comparisons.
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Results
Patient characteristics

Between June 2006 and August 2012, a total of 88 consecu-
tive patients with advanced T-stage OPSCC were identified (6
women and 82 men; median age at diagnosis 51.5 years) who
were eligible for this study. The median follow-up times in the
entire study cohort and in the subgroup of patients who
survived were 32 months (range 5 — 92 months) and 57 months
(range 20 — 92 months), respectively. The stage distribution
was as follows: T4 (60 patients, 68.2 %), N2b-N3 (66 patients,
75.0 %), and IVa (50 patients, 56.8 %; Table 1). A total of 83
patients (94.3 %) received concurrent chemoradiotherapy, three
patients (3.4 %) received bioradiotherapy, and the remaining
two patients (2.3 %) received radiotherapy alone with curative
intent. A total of 71 patients (80.7 %) were smokers. Quantita-
tive smoking data (median 27.5, range 3 — 120 pack-years)
were available in 54 patients (76.1 %). HPV typing was per-
formed in 56 patients, whereas p16 was assessed by immuno-
histochemistry in 32 patients. There were 17 (19.3 %) HPV-
positive patients, and of these, 11 (64.7 %) were smokers.

Clinical outcomes

The RECIST response was assessed by means of
contrast-enhanced CT in 38 patients and by MRI in
the remaining 50 patients. There were 58 (65.9 %), 12
(13.6 %), 5 (5.7 %) and 13 (14.8 %) patients who had
CR, PR, SD and PD, respectively. Among the 30 pa-
tients who did not obtain CR, 7 underwent salvage
surgery and 4 achieved long-term survival. At the time
of analysis, a total of 49 patients (55.7 %) were dead.
Of these, 36 died of cancer, 8§ died of second primary
cancers, 3 died of pneumonia, 1 died of cerebral vas-
cular disease, and 1 died of acute myocardial infarction
(Supplementary Figure 1). We identified 39 progression
events: 21 were found on follow-up imaging, 15 were
recurrence of OPSCC, and 3 were deaths from disease.
Among the 17 HPV-positive patients, 2 (11.8 %) and 4
(23.5 %) had residual and recurrent disease, respective-
ly. The risk profile of Ang et al. was determined in 83
patients, and 3 (3.6 %), 19 (22.9 %) and 61 (73.5 %)
were in the low, intermediate and high risk groups,
respectively.

Survival prediction

The results of ROC curve analysis indicated that zone-size
nonuniformity (ZSNU) of 16, 32 and 64 bins, grey-level
nonuniformity of 16 and 32 bins, short zones low grey-level
emphasis of 64 bins, and run length nonuniformity of 32 and
64 bins were associated with PFS with P values less than 0.05.
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Univariate and multivariate Cox regression analyses revealed
that all of the above parameters (the only exceptions being run
length nonuniformity of 32 and 64 bins) were predictors of
PFS (Supplementary Table 2) with P values less than 0.05.

In the subgroup of patients with high TLG values, ZSNU
of 16, 32 and 64 bins retained its independent prognostic
significance, but only ZSNU of 16 bins was significantly
associated with DSS (Supplementary Table 2). A total of five
analyses were used to select the regional textural parameters.
Even after adjusting the P value for multiple testing, ZSNU of
16 bins retained its statistical significance. Similar results were
found in the subgroup of patients with high MTV values
(Supplementary Table 3). ZSNU (16 bins) and uniformity
(either dichotomized or expressed as continuous variables)
were significantly associated with PFS (Table 2) and DSS
(Supplementary Table 4). Figure 1 shows the Kaplan-Meier
estimates of PFS and DSS according to TLG, uniformity and
ZSNU (16 bins).

In the subgroup of patients with low TLG values, the
coefficients of the Cox model did not converge. Therefore,
the multivariate Cox regression model was not applied, and
Kaplan-Meier estimates were utilized. Notably, only unifor-
mity was significantly associated with outcomes in the low
TLG subgroup (Fig. 2). Similar results were evident in the low
MTYV subgroup.

Significantly lower uniformity and higher ZSNU (16 bins)
were observed in patients who had residual or recurrent dis-
ease (Mann-Whitney U test, P=0.045 and 0.006, respective-
ly). In contrast, less heterogeneity in tumour FDG distribution
was associated with a better response to primary therapy.
Accordingly, ZSNU (16 bins) values were significantly lower
in patients with RECIST CR (Mann-Whitney U test, P=
0.032).

SUV nax, MTV and TLG were significantly associated with
PFS (P=0.004, 0.014 and 0.006, respectively) in the ROC
curve analysis. Tobacco, alcohol usage, high SUV,,,,., MTV
and TLG were significantly associated with PFS in the uni-
variate analysis (Table 1), with the highest hazard ratio found
for high TLG. Moreover, ZSNU (16 bins) was significantly
associated with both TLG and MTV (Spearman’s p 0.791 and
0.787, respectively; both P < 0.001). However, uniformity
was not significantly correlated with either MTV or TLG
(Spearman’s p 0.154 and 0.066; P=0.151 and 0.539, respec-
tively). Uniformity and ZSNU (16 bins) were not significantly
associated (p=—0.068, P=0.526). However, ZSNU of 32 and
64 bins were moderately correlated with uniformity (p=0.213
and 0.298; P=0.097 and 0.019, respectively) in the subgroup
with high TLG values.

Validation data

MTV and TLG delineated using SUV,,,.x 42 % and the adap-
tive threshold methods were significantly lower than those
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Table 1 General characteristics and dichotomization of imaging parameters: results of univariate analysis of progression-free survival
Characteristic No. (%) of patients Hazard ratio (95 % confidence interval) P value
HPV positivity 17 (19.3) 0.51(0.20 — 1.30) 0.158
Age >50 years® 33 (37.5) 0.57 (0.28 — 1.14) 0.113
Sex
Female 6 (6.8) 0.36 (0.05 — 2.60) 0.309
Male 82 (93.2)
Tobacco use 71 (80.7) 3.39 (1.05 — 11.03) 0.042
Alcohol use 60 (68.2) 2.26 (1.04 — 4.92) 0.040
T stage
T3 28 (31.8) 1.59 (0.78 — 3.27) 0.206
T4 60 (68.2)
N stage
NO0-N2a 22 (25.0) 1.83 (0.81 — 4.15) 0.148
N2b-N3 66 (75.0)
AJCC stage
Stage 111 13 (14.8) 1.50 (0.92 — 2.44) 0.106
Stage [Va 50 (56.8)
Stage IVb 25 (28.4)
PET parameters
High SUV maximum 66 (75.0) 3.26 (1.44 — 7.40) 0.005
High MTV 65 (73.9) 5.35(1.64 — 17.38) 0.005
High TLG 62 (70.5) 6.62 (2.04 — 21.54) 0.002
High uniformity 55 (62.5) 0.37 (0.20 — 0.70) 0.002
High zone size nonuniformity (16 bins) 56 (63.6) 4.11 (1.72 - 9.82) 0.001

* Age range 33 — 86 years

obtained using the SUV 2.5 threshold (Wilcoxon signed-ranks
test, both P <0.001), with SUV .., 42 % yielding the lowest
values. In contrast to the use of SUV 2.5, high ICCs were

Table 2 Multivariate Cox regression analysis of progression-free survival rate

noted for MTV, TLG and ZSNU (16 bins) values using
SUViax 42 % (ICC 0.800, 0.934 and 0.926, respectively)
and the adaptive threshold methods (ICC 0.973, 0.996 and

Characteristic Dichotomized variables Continuous variables
Hazard ratio (95 % confidence interval) P value Hazard ratio (95 % confidence interval) P value

Textural parameters

Uniformity 0.27 (0.14 — 0.53) <0.001 0.05 (0.01 — 0.26)* <0.001

Zone-size nonuniformity (16 bins) ~ 4.38 (1.69 — 11.34) 0.002 1.64 (124 —2.17)° 0.001
HPV positivity 0.65 (0.24 — 1.78) 0.400 0.80 (0.30 — 2.13) 0.654
Age >50 years 0.58 (0.28 — 1.22) 0.152 0.48 (0.23 — 1.00) 0.050
Tobacco use 2.96 (0.64 — 13.69) 0.164 2.36 (0.53 — 10.54) 0.262
Alcohol use 1.57 (0.60 — 4.10) 0.362 2.11 (0.78 — 5.74) 0.143
T stage

T4 vs. T3 1.50 (0.66 — 3.39) 0.332 1.11 (0.48 — 2.58) 0.808
N stage

NO-N2a vs. N2b-N3 1.82 (0.62 — 5.32) 0.275 2.15(0.73 — 6.38) 0.167
AJCC stage

Stage I1I vs. IVa vs. IVb 0.84 (0.43 — 1.62) 0.596 0.71 (0.35 — 1.42) 0.332

# Hazard ratio expressed per 0.1-unit increase of the variable

®Hazard ratio expressed per 10-unit increase of the variable
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Fig. 1 Kaplan-Meier estimates of progression-free survival (PFS) and disease-specific survival (DSS) according to TLG, uniformity and zone-size

nonuniformity (ZSNU) of 16 bins. P values (log-rank test) are also shown

0.926, respectively). Uniformity obtained using the adaptive
threshold methods showed a good correlation (ICC 0.926),
but a worse correlation (ICC 0.574) was found using SUV ..«
42 %. The predictive value of ZSNU (16 bins) delineated
using SUV .« 42 % and adaptive threshold methods for
PFS (Table 3) and DSS was successfully validated (Supple-
mentary Table 5). However, only uniformity derived using the
adaptive threshold methods was statistically significant.

Risk stratification for the prediction of PFS

To integrate the prognostic information provided by
TLG, uniformity and ZSNU (16 bins), we constructed a
stratification system for predicting PFS. To this aim,
OPSCC patients were divided into subgroups according
to the cut-off values of TLG, uniformity and ZSNU (16
bins). All of the P values for TLG, uniformity and
ZSNU (16 bins) were lower than the Bonferroni-
corrected threshold. We did not apply ZSNU of 16 bins
in the lower TLG subgroup. Patients with a score of 0
had small and uniform tumours (i.e. TLG <110.67 g plus
uniformity >0.135); patients with a score of 1 had only
one risk factor (i.e. TLG <110.67 g and uniformity
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<0.135; or TLG >110.67 g plus uniformity >0.135 and
ZSNU <16.22); patients with a score of 2 had two risk
factors (i.e. TLG >110.67 g plus uniformity <0.135 or
ZSNU >16.22); and patients with a score of 3 had all of
the three risk factors (i.e. TLG >110.67 g plus uniformity
<0.135 and ZSNU >16.22). The scoring system is sum-
marized in Supplementary Figure 2. The resulting four
risk groups were significantly different in terms of PFS
and DSS (Fig. 3). Two patients with similar clinical
characteristics but different scores and outcomes are pre-
sented in Supplementary Fig. 3.

The stratification system showed a high predictive value
for both PFS and DSS, with AUCs of 0.81 and 0.80, respec-
tively. AUCs for the three-variable system were significantly
higher for both survival endpoints as compared with those for
single parameters (TLG, uniformity or ZSNU of 16 bins)
alone (PFS P<0.001, P=0.003 and P=0.001, respectively;
DSS P<0.001, P=0.004 and P=0.000, respectively). Com-
pared with the model based on TLG and uniformity described
previously [13], the AUCs were higher for the system based
on TLG, uniformity and ZSNU (difference for PFS, P=0.050;
difference for DSS, P=0.019; Fig. 4). The results of the
multivariate Cox regression analysis (83 patients) confirmed
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the independent significance of our imaging-based stratifica-  the system of Ang et al. provided only marginally significant

tion system for predicting PFS and DSS (Table 4). Notably,  predictions of PFS and DSS.

Table 3 Receiver operating characteristic (ROC) curve, univariate and multivariate Cox regression analyses of progression-free survival in segmen-
tations used for validation

ROC curve analysis Univariate Cox analysis Multivariate Cox analysis®
AUC (range) P Hazard ratio (95 % confidence P Hazard ratio (95 % confidence P
value interval) value interval)® value
42 % of SUV ax
Uniformity 0.48 (0.36 — 0.61) 0.785 0.90 (0.33 — 2.44) 0.830  0.50 (0.17 — 1.44)° 0.198
Zone-size nonuniformity (16 0.68 (0.57 — 0.80) 0.003 1.31 (1.10 — 1.56)° 0.003 1.44(1.12 - 1.83)° 0.004
bins)
Adaptive threshold
Uniformity 0.32 (0.21 — 0.44) 0.004 0.16 (0.04 — 0.70) 0.015  0.10 (0.02 — 0.50)° 0.005
Zone-size nonuniformity (16 0.70 (0.59 — 0.81) 0.001 1.43 (1.16 — 1.77)° 0.001 1.53(1.17 — 2.02)° 0.002
bins)

# Analysis with covariables as shown in Table 2
® Expressed per 0.1-unit increase of the variable

¢ Expressed per 10-unit increase of the variable
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Fig. 3 Risk stratification model
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Discussion

Evidence suggests that intratumour heterogeneity plays a cru-
cial role in the proliferation, vascular supply and metabolism
of different solid malignancies [33], and may facilitate the
selection of drug-resistant cells [34]. In the present study, we
characterized intratumour heterogeneity in FDG PET images
by textural analysis. The main findings indicated that unifor-
mity and ZSNU (16 bins) were significantly associated with
survival of OPSCC patients. The predictive value of unifor-
mity and ZSNU can be explained by their capacity to differ-
entiate residual or recurrent disease in OPSCC. Notably,
ZSNU (16 bins) was able to identify patients who showed
CR, which may account for the higher predictive ability of the
three-variable prognostic model (that included ZSNU of 16
bins) as compared with each prognostic factor alone. Unifor-
mity and ZSNU are derived from NGLCM and GLSZM,
respectively. Basically, NGLCM indicates how frequently,
denoted as C(i,j), a voxel of resampled intensity 7 is close to
another voxel of intensity j. Uniformity is the sum of the

Fig. 4 ROC curves and AUCs

squares of the C(i,j) values. For heterogeneous images, the
resulting value of uniformity is small. GLSZM is a higher-
order texture matrix that estimates the number of grey-level
zones of different sizes. A grey-level zone is a region of voxels
showing the same grey-level value. ZSNU is the sum of the
squares of grey-level zones normalized to the total number of
zones. For heterogeneous images, ZSNU is expected to be
larger due to the uneven zone distribution.

Different MTV values were noted when different segmen-
tation methods were used. However, ZSNU (16 bins) was
significantly associated with survival independently of the
three different delineation methods used. This finding may
have been due, at least in part, to the normalization step in the
ZSNU equation. Indeed, this would have reduced the impact
of MTV changes and higher ICC values among the three
different delineation methods. In contrast, the calculation of
uniformity does not include a normalization step. Consequent-
ly, the use of SUVmax 42 % as a threshold was associated
with a lower degree of correlation and a lack of association
with survival was noted.

(b)

for the identification of disease
progression (a) and OPSCC-
related death (b) obtained from
the risk stratification model based
on TLG, uniformity and ZSNU of
16 bins (black). The AUC of the
three-variable prognostic model
was significantly larger than the
AUC:s obtained using TLG (blue),
uniformity (orange), ZSNU
(green) alone or the combination
of TLG and uniformity (purple).
The dashed line is the reference
line
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Table 4 Multivariate Cox regression analysis of progression-free survival (PFS) and disease-specific survival (DSS) rates
Prognostic model PFS DSS

Hazard ratio (95 % confidence interval) P value Hazard ratio (95 % confidence interval) P value
TLG, uniformity, ZSNU 4.35(1.49 — 12.68) 0.007 5.12 (1.51 - 17.28) 0.009
TLG, uniformity® 0.48 (0.13 - 1.73) 0.261 0.38 (0.09 — 1.58) 0.182
Risk profile of Ang et al. 2.16 (0.99 — 4.72) 0.053 2.10 (0.96 — 4.60) 0.062

#See Cheng et al. [13] for detailed information

Our study successfully replicated the results of a recent
investigation [35] showing that MTV and TLG are signifi-
cantly associated with ZSNU, but not with uniformity. The
previous study [35] suggested the use of at least 32 bins for
textural analysis due to the higher degree of correlation with
the 64 bin data. Our present study showed a higher correlation
for ZSNU (32 bins) (Spearman’s p=0.972, P<0.001) than for
ZSNU (64 bins). However, ZSNU (16 bins) was a significant
predictor of survival, especially in the subgroup of patients
with high TLG values. In these subjects, moderate correlations
of ZSNU 32 and 64 bins with uniformity were noted
(Spearman’s p=0.213 and 0.298, P=0.097 and 0.019, respec-
tively). In this regard, the choice of the optimal number of bins
of texture parameters for survival analysis should be
guided by the interaction and interdependency among
the parameters. In presence of highly correlated data,
the use of advanced techniques (e.g. machine learning
models) [36] may be required. Further research is needed
to address this important issue.

No clinical variable was found to be significantly associat-
ed with outcomes in the current study. There are at least two
reasons for this finding. First, most of our patients (61 patients,
73.5 %) were classified as being in the high-risk group (Ang
et al. [4]). Because only patients with the most severe OPSCC
were included in our study, common clinical risk factors could
not be expected to predict outcomes in a reliable manner.
Nonetheless, our PET image-based scoring system was inde-
pendently associated with both PFS and DSS. Another point
that merits consideration is the high incidence (64.7 %) of
tobacco use in our HPV-positive patients, which could have
weakened the favourable impact of HPV infections on PFS
and DSS.

Some caveats inherent in this study merit comment. The
exact biological mechanisms that may link uniformity and
ZSNU remain unclear. Further studies are required. Because
of the retrospective nature of our investigation, we cannot
exclude the presence of a selection bias. Consequently, our
results need to be confirmed and validated in future prospec-
tive investigations. Another point is the use of a single PET/
CT scanner in our study. Further research is needed to inves-
tigate how the use of different scanners may affect textural
analysis and its prognostic significance. Finally, our model

was constructed using the SUV threshold of 2.5. The role and
impact of other tailored segmentation methods [37, 38] for
survival prediction and model construction deserve further
investigation.

Conclusion

Our results demonstrate that ZSNU, a regional textural pa-
rameter, may serve as an independent predictor of PFS and
DSS in advanced T-stage OPSCC. Moreover, a prognostic
scoring system that integrates TLG, uniformity and ZSNU
derived from pretreatment PET images may be clinically
useful for improving risk stratification and clinical manage-
ment in this group of patients.
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