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Total lesion glycolysis of primary tumor

and lymphnodes is a strong predictor

for development of distant metastases

in oropharyngeal carcinoma patients

with independent validation in automatically
delineated lesions
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Abstract

Background Oropharyngeal carcinomas are characterized by an increasing incidence and a relatively good
prognosis. Nonetheless, a considerable number of patients develops metachronous distant metastases; identification
of these patients is an urgent medical need.

Methods This is a retrospective multicenter evaluation of 431 patients. All patients underwent ['8F]-FDG positron
emission tomography (PET). The cohort was split into an explorative group (n=366) and a validation group (n=65).
Lesions were manually delineated in the explorative group and automatically delineated by a convolutional neuronal
network (CNN) in the validation group. Quantitative PET parameters standardized uptake value (SUV), metabolic
tumor volume (MTV), and total lesion glycolysis (TLG) were calculated for primary tumors (pﬂm) and tumor plus
lymphnodes (,;). Association of parameters with freedom from distant metastases (FFDM) and overall survival (OS)
was tested by cox regression analyses.

Results In the explorative group, univariate analyses revealed an association of metric MTV,, (0=0.022), MTV,,

(p<0.001) and TLG,; (p <0.001) with FFDM, binarized parameters were also associated with FFDM (p <0.001 and
p=0.002). Bootstrap analyses revealed a significantly better association of TLG, compared to TLG;, with FFDM
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(p=0.02). MTV,; and TLG,, remained significantly associated with FFDM upon multivariate testing (p=0.002, p=0.031,
respectively). In the validation group, the cutoff value for LG, but not for TLG,,;,, was significantly associated with
FFDM (HR=3.1, p=0.045). Additional analyses with manually delineated contours of the validation cohort revealed
a similar effect (HR=3.47, p=0.026). No considerable differences between HPV positive and negative disease were

observed.

metastases.

Oropharynx cancer, Total lesion glycolysis

Conclusions TLG, is a promising biomarker to select OPC patients with high risk for metachronous distant

Keywords Head and neck squamous cell carcinoma, Fluorodeoxyglucose positron emission tomography,

Background
Oropharyngeal squamous cell carcinoma (OPC) is the
most prevalent head and neck cancer site in Western
countries. Due to its frequent association with prior
human papilloma virus (HPV) infection, incidence of
this subtype is still increasing in contrast to a decreas-
ing incidence of tobacco induced tumors at other head
and neck sites [1-3]. HPV associated OPC is character-
ized by a favorable prognosis and high radiosensitiv-
ity [4]. Depending on tumor stage, local control rates
range between 80% and 100% [4, 5]. Due to the high
loco-regional control rates, even in locally advanced
disease, distant metastases become more clinically rel-
evant. There is some evidence that HPV positive tumors
respond more favorably to checkpoint inhibition [6].
Given the negative clinical trials on addition of check-
point inhibition to radiotherapy / chemoradiation (CRT),
it is a clinically highly relevant issue to detect patients
with high risk for metachronous metastases before ini-
tial treatment [7, 8]. These patients would be candidates
for additional intensified treatment during or after CRT,
for example consolidation checkpoint inhibition that has
been shown to be highly effective in lung cancer [9].
Positron emission tomography (PET) staging with the
radiotracer 18 F-flurodeoxyglucose (FDG) is standard
of care for locally advanced OPC that is treated with
definitive CRT [10]. Routinely obtained PET parameters
can be used as quantitative imaging biomarkers, that
can potentially be used for patient stratification. Com-
monly, these parameters are only evaluated within the
primary tumor since delineation of tumor and affected
lymph nodes is labour intensive and might be prone to
interobserver bias. We have developed a convolutional
neuronal network (CNN) to automatically delineate the
PET signal of affected head and neck lymph nodes [11].
We hypothesized that inclusion of regional lymph nodes
improves the ability of quantitative PET parameters to
predict distant metastases. Furthermore, the prognostic
value was validated in an independent cohort, that was
fully automatically delineated by the previously published
CNN to ensure fast and reproducible evaluation of this
biomarker.

Methods

Patients and data acquisition

Altogether 431 patients (96 women, 335 men, mean age
61+9y) from three public databases (The Cancer Imag-
ing Archive) and five European centers were included
in this study [12-17]. These patients were a subgroup of
the patient group already published in [18], where only
the primary tumor was investigated. Inclusion criteria in
this study were: histologically confirmed head and neck
squamous cell carcinoma (HNSCC) without evidence of
distant metastases, definitive radiotherapy or CRT with
curative intent, and availability of an 18 F-FDG- PET
prior to therapy. Additional inclusion criteria in the pres-
ent analysis were: oropharyngeal primary tumor location
and availability of a corresponding computed tomog-
raphy (CT) scan, information on development of dis-
tant metastases, and sufficient information to compute
standardized uptake values (SUV). In eight cases not all
PET positive lymph nodes were fully in the field of view.
These eight patients were excluded for further analyses.
A summary of patient and tumor characteristics is given
in Table 1. Note that HPV status was available only for
about half of the patients. Data acquisition was per-
formed with eight different PET/CT systems (see [18])
and started 88 + 19 min after injection of 262 to 483 MBq
18 F-FDG. Tomographic images were reconstructed
using the standard reconstruction of the corresponding
PET/CT system.

Treatment

All patients received primary radiotherapy with curative
intent, performed as three-dimensional, intensity modu-
lated or volumetric modulated treatment. Prescribed
radiation doses ranged between 66 and 77 Gy (Gy). 366
patients received concomitant systemic therapy, 63
patients received radiotherapy only and 2 patients had no
information available on concomitant therapy.

Image analysis

For analysis the patient sample was split into an explor-
ative group (N=366) and a validation group (N=65). The
reason for this explicit splitting is based on the training
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Table 1 Patient and tumor characteristics

Characteristics Value
Age (years)
Mean +SD 61+£9
Median 61
Sex
Male 335(77.7)
Female 96 (22.3)
T stage
TX 1(0.2)
T 50(11.6)
12 143 (33.2)
T3 118 (27.4)
T4 117 (27.1)
N stage
NO 56 (13)
N1 51(11.8)
N2 295 (68.4)
N3 25(5.8)
UICC stage
I 4(09)
Il 23(5.3)
Il 63 (14.6)
I\ 341 (79.1)
HPV status
n/a 219 (50.8)
negative 89 (20.6)
positive 123 (28.5)

data of the CNN for automatic delineation and explained
in detail below. Distribution of clinical parameters were
comparable in both groups.

In the explorative group the metabolically active part
of the primary tumor and of all PET positive lymph node
metastases was delineated in the PET data by an auto-
matic algorithm based on adaptive thresholding consid-
ering the local background [19, 20]. Affected lymphnodes
were selected based on FDG uptake or CT parameters.
The resulting region of interest (ROI) delineation was
inspected visually by an experienced observer (who was
blinded to patient outcome) and manually corrected
when this was deemed necessary. This was the case in 14
out of 366 primary tumors. Manual correction was more
frequent for the lymph nodes: 248 out of 621 lesions. In
all cases the reason for manual intervention was a low
diffuse tracer accumulation in the respective lesion.

In the validation group the lesions were delineated by
application of a previously published CNN [11]. This net-
work was trained and tested with the data used in [18],
which includes the data analyzed in this work. In [11] the
CNN was tested with external data, i.e. data which had
not been used during the training process. The valida-
tion group data consists of all data from this independent
sample, matching the above mentioned inclusion crite-
ria (availability of CT as well as SUV and oropharyngeal
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tumor location). CNN based delineation was reviewed
but not corrected, resulting in an observer independent
delineation. Manually delineated contours were also
available for the validation cohort and used for additional
validation of robustness. Note that a CNN based delin-
eation of the lesions in the explorative group would not
lead to an observer independent delineation. All data in
this group were used for CNN training. Application of
the CNN to these data would, therefore, introduce a bias
towards the delineating observer. Details on the imple-
mentation of the CNN to the current data can be found
in supplementary methods 1.

For all delineated ROIs, the parameters maxi-
mum and mean SUV (SUV_.,, and SUV_.),

metabolic tumor volume (MTV), and total lesion gly-
colysis (TLG=MTVxSUV,,,,) were calculated. All three
parameters were computed for the primary tumor alone
and for primary tumor plus lymph node metastases. In
the following we refer to the parameters derived from the
primary tumor as SUV,;,,, MTV,;,,, and TLG,,,;,, where
SUV,pyim is the SUV,,, of the primary tumor. The param-
eters derived from all lesions were denoted as SUV,,
MTV,;, and TLG,;, where SUV,; is the overall SUV_,,,
MTV, is the cumulative volume of primary tumor and
lymph nodes, and TLG,; is the overall SUV_.,, times
MTV,,.

ROI definition and analysis was performed using
the ROVER software, version 3.0.47 (ABX, Radeberg,
Germany).

Statistical analysis

The investigated clinical endpoint was freedom from
distant metastases (FFDM) measured from the start of
therapy to death and/or event. The association of FFDM
with clinically relevant parameters (age, sex, T-stage,
N-stage, UICC-stage, chemotherapy yes/no, and HPV
status) as well as quantitative PET parameters derived in
the explorative group was analyzed using univariate Cox
proportional hazard regression in which the PET param-
eters were included as metric parameters. PET param-
eters showing a significant effect (P<0.05) or a trend for
significance (P<0.1) in this analysis were further ana-
lyzed in univariate Cox regression using binarized PET
parameters. The cutoff values used for binarization were
calculated by performing a univariate Cox regression
for each measured value. The values leading to the haz-
ard ratio (HR) with the highest significance were used as
cutoff. Hazard ratios were compared using the bootstrap
method (10° samples) to determine the statistical distri-
bution of (HR1-HR2) from which the relevant P-value
then was derived. In case of a significant difference in
HR between parameters derived from the primary tumor
and parameters derived from all lesions the correspond-
ing cutoff values were applied to the data in the validation
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Table 2 Univariate Cox regression with respect to FFDM. PET
parameters were included as metric parameters
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Table 3 Univariate Cox regression with respect to FFDM. PET
parameters were included as binarized parameters

Parameter HR 95% Cl P-value Parameter Risk HR 95% Cl Pvalue
Sex male 218 0.86-5.54 0.1 MTV, i, >16 ml 2.86 1.56-5.25 <0.001
Age >61y 1.49 0.81-2.72 02 MTV,, >19ml 428 2.23-82 <0.001
T-stage >2 2.65 1.38-5.09 0.003 TLGprlm >60 ml 2.8 1.48-531 0.002
N-stage > 1 1.8 0.8-4.04 0.16 TLG,; >290 ml 4.32 2.32-8.03 <0.001
UICC-stage > llI 1.7 0.72-4.04 023
Chemotherapy none 0.96 043-2.16 092 Lo . . . . o
repy significantly associated with the investigated clinical
HPV negative 148 0.55-4 044 . . .
endpoints. Corresponding HRs as well as applied cutoff
MV 103 1-105 0.022 ) )
TVl 104 02106 0,001 values can be found in Table 3. Figure 1 shows Kaplan
TG w.oo ] 1; W 003 0 0'8 4 Meier estimates for TLG,;,, and TLG,; and the endpoint
prim - . . . .
TLGall 1002 1.001-1.004 <0.001 FF;) Min t?e e’;plf’rat“’fel“'(’hoﬁt' des led _—
W 102 098-1.06 033 ‘ o test 1if inclusion o ymp. nodes led to a significant
SUVall 103 0.99-108 011 improvement of the prognostic value compared to evalu-

group. The probability of survival was computed and ren-
dered as Kaplan-Meier curves. Independence of param-
eters was analyzed by multivariate Cox regression, where
the clinical parameters, which showed a significant effect
in univariate analysis, were included as confounding
factors.

Statistical significance was assumed at a P-value of less
than 0.05. Statistical analysis was performed with the R
language and environment for statistical computing ver-
sion 4.2.2 [21].

Results

Patient characteristics of the whole cohort of patients
are summarized in Table 1, patients were predominantly
male and had stage IV disease without evidence of dis-
tant metastases in PET staging. According to our previ-
ous publication on CNN based automatic lymph node
segmentation all patients were grouped accordingly. All
patients whose data have been used for CNN training
of lymph node segmentation, i.e. patients with manually
delineated lymphnodes, were used as a training cohort
(n=366). For independent validation, patients of the
CNN validation cohort were used (1 =65).

Explorative analysis

Univariate Cox regression using metric PET parameters
revealed MTV,,;;,,, MTV,;, and TLG, as statistically sig-
nificant prognostic factors for FFDM. TLG,,;,, showed a
statistical trend for significance. For SUV,,;,, and SUV,
no significant statistical association with FFDM was
observed. Both parameters were therefore excluded from
further analyses. Among the investigated clinical param-
eters only T-stage was a statistical significant prognostic
factor. The results for all parameters are shown in Table 2.
All statistically significant metric PET parameters were
binarized as described above. In univariate Cox regres-
sion the binarized parameters remained statistically

ation of the primary tumor alone, a pairwise bootstrap
analysis was performed as described above. In this analy-
sis TLG,; showed a statistically significantly increased
HR compared to its primary tumor counterpart (p =0.02).
MTV,; showed only a statistical trend for significance
when compared to MTV,,;,, (p=0.09).

All four PET parameters (MTV,;,,, MTVy,, TLG,;,
and TLG,;) showed a statistically significant associa-
tion with OS, with all pvalues<0.001, see supplementary
Table 1.

Multivariate Cox regression was performed with the
statistically significant PET parameters and T-stage (the
only significant clinical parameter) for the endpoint
FFDM. However, due the strong correlation of MTV;;,,
MTV,, TLG,i and TLGyy, (R*>0.8) a separate analysis
of each of these four parameters together with T-stage
was performed. This analysis revealed MTV,;; and TLG;
as statistically significant (p=0.002, p=0.031, respec-
tively) factors. No statistically significant effect was
found for MTV,,;,, and TLG,, (»=0.58 and p=0.87,
respectively).

Validation

The optimal cutoff values for TLG,,;,, and TLG,, which
were found in the explorative group, were applied the
data in the validation group. This revealed a statistically
significant effect in univariate Cox regression for TLG,;
(HR=3.1, p=0.045). TLG,,, of the primary tumor
alone was not significantly associated with FFDM in this
patient group (p=0.42). Corresponding Kaplan-Meier
curves for the validation cohort are shown in Fig. 2.
Additional analyses with manually delineated contours
of the validation cohort revealed a similar effect (TLG,;
HR=3.47, p=0.026), see supplementary Fig. 1.

HPV subgroup analyses

HPV status was available only for about 50% of the
patients. Therefore, a subgroup analysis in HPV posi-
tive and negative patients was performed in all available
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Fig. 1 Kaplan-Meier curves with respect to FFDM. Results for the explorative group, cutoff values were optimized for this group
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Fig. 2 Kaplan-Meier curves with respect to FFDM. Results for the validation group, cutoff values were taken from the explorative group

patient data (explorative and validation cohort). Due to
the strongly reduced number of patients and the rela-
tively small number of events for the given endpoint we
included as many patients as possible in this analysis.
Therefore, for evaluation of MTV,;,, and MTV, also
patients without information on SUV were included,
which were excluded in direct comparison of different
PET parameters to avoid bias by different numbers of
patients (i.e. larger number of patients with MTV versus

lower numbers with SUV). By extending the analyzed
group of patients we were able to include 251 instead
of 161 patients in this analysis. While an analysis in the
explorative group alone would have been possible in
principle, the validation group would have been too
small for this analysis. Note that due to this extension the
results below are not validated independently.

Subgroup analyses of patients with known HPV sta-
tus revealed a similar performance of TLG,; and MTV,,
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in HPV positive and negative patients. In 141 patients
with HPV positive OPC, univariate metric cox regres-
sion analyses of MTV,;,, and TLG,,;, only showed a
statistical trend for association with FFDM (p=0.098
and p=0.054, respectively), while MTV,; (p<0.001)
and TLG,; (p>0.001) were significantly associated with
FFDM. Effects were maintained after binarization and in
multivariate testing. Supplementary Fig. 2 shows Kaplan
Meier estimates for HPV positive patients.

In 110 patients with HPV negative OPC, similar asso-
ciations were seen. While MTV,,;;, and TLG,,;,, did not
show any association with FFDM in metric univariate cox
regression analyses, both MTV,; (p=0.016) and TLG,,
(p 0.035) showed a statistically significant association
with outcome. The effect was maintained after binariza-
tion. No multivariate testing was performed since there
were no clinical parameters associated with FFDM in
this small sub-group. Supplementary Fig. 3 shows Kaplan
Meier estimates for HPV negative patients.

Discussion

Here we were able to show that the semi-quantitative
PET parameter TLG,; was able to stratify patients with
a high risk for metachronous distant metastases. This
was only the case if primary tumor and all affected lymph
nodes were included in the analyses; evaluation of the
primary tumor alone did not remain statistically signifi-
cantly associated with outcome upon independent vali-
dation. Importantly, validation was performed in a fully
automatically segmented independent group of patients
and yielded a significant discrimination of risk groups
similar to manually segmented contours of the validation
group. We think that this is a very important prerequisite
for clinical implementation, since it avoids inter-observer
variability and reduces the workload of dedicated
physicians.

Prediction of patients at high risk of developing dis-
tant metastases during follow-up is an urgent medical
need and several publications have developed methods
for outcome prediction in HNSCC patients. Wang and
colleagues developed a deep learning based model that
was able to predict distant metastases in a cohort of
477 head and neck cancer patients. They investigated
combined models using CT and PET scans and found
out that PET information alone obtains the best model
for outcome prediction [22]. Ma and colleagues com-
pared several methodological approaches in CT images
of OPC patients for outcome prediction [23]. Different
models showed promising performance to predict dis-
tant metastases. Nonetheless, what both models share in
common is that they seem to be better in identifying low
risk patients who are unlikely to develop distant metasta-
ses. Identification of the relatively few high-risk patients
seems to be a more difficult, nonetheless clinically very
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important task. This is a strength of our model that it
was able to identify the group of patients with a very high
probability (40-50%) to develop distant metastases dur-
ing follow up.

It is surprising that the inclusion of affected lymph
nodes only significantly improved FFDM prediction
when using TLG, but not when using MTV. This might
be due to the sample size of this study, which is nonethe-
less relatively large compared with other publications
on the predictive power of PET for HNSCC outcomes.
Therefore, TLG of all lesions might be a better param-
eter to predict the risk for distant metastases. There is
less data on the association of outcome and TLG com-
pared to MTV in HNSCC. A recent review revealed that
both MTV and TLG of the primary tumor were associ-
ated with OS and disease-free survival (DFS) of HNSCC
patients [24]. Interestingly, ten studies were included
that investigated MTV and DEFS, while only five stud-
ies reported data on TLG and DFS, and similar dispari-
ties existed for the endpoint OS. In a small study on 46
patients with locally advanced laryngeal cancer, TLG of
the primary tumor was statistically significantly associ-
ated with OS and distant metastases free survival [25].

Our results are in contrast to a recent retrospective
study of 57 patients with HPV associated OPC by Noor
and colleagues. They reported a statistical significant
association of primary tumor MTV and TLG with DFS
and OS. However, nodal and total MTV and TLG did not
show an association with outcome of patients [26]. This
might be an accidental finding since the cohort of Noor
was relatively small and the number of events is low in
HPV associated tumors. Similar to our findings, Floberg
and colleagues reported a significant association of total
MTYV of all lesions with FFDM but no significant statis-
tical association of primary tumor MTV and FFDM in
153 patients with HPV positive OPC [27]. Correspond-
ing TLG data was unfortunately not reported in this
study. Data on TLG was reported in another study by
Chotchutipan and colleagues that evaluated 142 patients
with HPV related OPC. In their analyses, both MTV,;
and TLG,; were statistically significantly associated with
FFDM and remained significantly associated after mul-
tivariate testing [28]. In that study no direct comparison
between both imaging biomarkers was performed, but
univariate hazard ratios of TLG were slightly higher than
for MTV. Taken together this data is quite similar to our
findings in a larger cohort with both HPV positive and
negative disease.

Our study has several strengths: To our best knowl-
edge, this is the first study that systematically compared
the prognostic value of the primary tumor with the prog-
nostic value of quantitative parameters of all detectable
lesions. Additionally, it includes an independent valida-
tion cohort that was automatically delineated and could
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be easily implemented into a clinical workflow for bio-
marker quantification purposes. Nonetheless, our study
also has some limitations, which are mostly inherent to
retrospective analyses. This includes missing informa-
tion on treatment details and follow-up of some patients,
missing information on HPV status in several patients
and heterogeneity of treatment approaches. Although
it is important to note that we tried to minimize this by
excluding patients with primary surgical treatment or
without sufficient information on distant metastases.
The missing HPV status of patients led to very small sub-
groups, therefore these results have to be interpreted
extremely cautious.

Conclusions

In summary, our data identified TLG of primary tumor
and affected lymph nodes as a risk factor for the devel-
opment of metachronous distant metastases in OPC
patients treated with primary RT/CRT. We think that this
finding merits further prospective validation, as it could
potentially be very useful to personalize individual con-
solidation treatment of high-risk patients.

Abbreviations

CNN Convolutional neuronal network

CRT Radiotherapy / chemoradiation

cT Computed tomography

FDG 18 F-flurodeoxyglucose

FFDM Freedom from distant metastases
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HNSCC  Head and neck squamous cell carcinoma
HPV Human papilloma virus

HR Hazard ratio

MTV Metabolic tumor volume

OPC Oropharyngeal squamous cell carcinoma
0sS Overall survival

PET Positron emission tomography

ROI Region of interest

SUV Standardized uptake values

TLG Total lesion glycolysis
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