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Abstract
This article discusses the value of 18F-fluoro-2-deoxyglucose PET/CT imaging biomarkers in head
and neck squamous cell carcinoma. 18F-fluoro-2-deoxyglucose PET/CT is valuable at baseline
staging, radiotherapy planning, therapy response assessment and in the follow-up of patients with
head and neck squamous cell carcinoma. Maximum and peak standardized uptake value (SUVmax
and SUVpeak), metabolic tumor volume and total lesion glycolysis are the common 18F-fluoro-2-
deoxyglucose quantitative parameters that have been studied, along with qualitative assessments.
These parameters will be evaluated with respect to their established or potential role as
noninvasive biomarkers for patient risk stratification, treatment response and survival outcome.
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Head and neck cancer is the sixth most common type of cancer, representing approximately
6% of all cases and accounting for an estimated 650,000 new cancer cases and 350,000
cancer deaths worldwide each year [1]. Cancers of the head and neck arise from the mucosa
lining the oral cavity, oropharynx, hypopharynx, larynx, sinonasal tract and nasophaynx. By
far the most common histological type is squamous cell carcinoma (SCC), accounting for
95% of cases [2]. The remaining 5% are collectively referred to as non-SCCs [3]. The
clinical presentation of these lesions, their treatment and prognosis are highly variable. They
will depend on the tumor type, histological variant and grade, and are influenced by many
clinical factors [4], including the human papillomavirus (HPV) status [5]. The overall 5-year
survival for all stages is approximately 60%.
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18F-fluoro-2-deoxyglucose (FDG) PET/CT is sensitive for the diagnosis and initial staging
of several types of malignancies [2]. In the USA, it has become a useful diagnostic study in
head and neck carcinomas since 2005 and is Medicare-approved for both for initial staging
and restaging after treatment [6,7]. Combined PET/CT has improved sensitivity and
specificity compared with MRI or CT alone in head and neck cancer imaging [8–10].
Moreover, various parameters derived from the extent, distribution and intensity of FDG
uptake are emerging as valuable predictive factors for patient outcome in various cancers,
including those originating in the lung, breast and esophagus [11,12]. In many head and
neck squamous cell carcinoma (HNSCC) studies, PET/CT markers (standardized uptake
value [SUV] and volumetric parameters) have been identified as valuable imaging
biomarkers to assess treatment response and long-term survival [4,5, 13–16]. Accumulated
data suggest that FDGPET/CT may serve as a noninvasive method that can indirectly
measure the expression of various biologic markers of tumor aggressiveness [4,17–20]. The
objective of this review is to summarize the evidence for various FDG-based imaging
biomarkers/parameters predicting patient outcome and therapy response in HNSCC.

Standardized uptake value
SUV is a semiquantitative measure of the normalized concentration of radioactivity in a
tumor or lesion. As FDG is the most common radiotracer used clinically and reflects tumor
glucose metabolism, SUV is used as a surrogate marker for tumor metabolism. The
association between FDG uptake and tumor burden or stage has been well documented [21–
23]. While advanced tumors tend to have higher FDG uptake (and thus higher SUV values),
the impact of the SUV on treatment outcome has been observed even within a given tumor
stage [21,22]. In a multivariate analysis of 58 patients with HNSCC, Halfpenny et al.
demonstrated that primary tumor SUVmax >10 predicted survival, independent of the tumor
stage and diameter (p = 0.002). This suggests that FDG uptake not only reflects tumor
burden/stage but also expresses, at least in part, some intrinsic biologic characteristic(s) of
the tumor [22].

To measure the SUV, a 2D region of interest (ROI) or 3D volume of interest (VOI) is placed
over the tumor or lesion. The measured radioactivity within the ROI is normalized to the
average radioactivity concentration in the body, which is approximated as the injected dose
divided by patient body size, body weight or body surface area [24].

The SUV is defined as the ratio of tissue radioactivity concentration and the injected activity
(at the time of injection) divided by the body weight. Some authors prefer to use lean body
weight or body surface area instead of the body weight.

There are two common ways of reporting the SUV: the mean or maximum SUV of all
voxels within the ROI or VOI (SUVmean and SUVmax', respectively) of a tumor.

SUVmax

SUVmax reflects the highest voxel value within the ROI or VOI. It is the most widely used
parameter to measure metabolic tumor activity in oncologic FDG-PET/CT imaging.
SUVmax is most conveniently measured by surrounding the target lesion with a 3D VOI.
Alternatively, 2D ROIs can be drawn on multiple axial slices and interpolated to determine
the highest activity within the target volume. In this way, SUVmax is independent of ROI
definition but more susceptible to artifacts such as noise [25]. Currently, SUVmax is more
commonly used than SUVmean, because it is less observer-dependent and more reproducible
[24,26,27].
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SUVmax has been extensively studied at various stages in the management of HNSCC.
These include at baseline, during therapy, early and late post-therapy, and in the follow up
of patients.

□ Baseline SUVmax

FDG-PET SUVmax remains a significant predictor of outcome in the modern era of
multimodal therapy. The data have been relatively consistent over various studies. Many
studies in the literature have shown that SUVmax is appreciably associated with advanced
stage, large tumor size and poor differentiation [13,18,21–23,28–30]. However, other studies
on HNSCC did not find a correlation between pretreatment SUVmax and tumor recurrence
[31,32].

One of the earliest studies of SUVmax, as a predictor of outcome was conducted by Minn et
al. [23]. They prospectively reviewed results from 37 patients with HNSCC, all of whom
were treated with radiotherapy ± surgery (without chemotherapy). Results from univariate
analysis showed a significant difference in survival using a SUV cutoff value of 9.0. The 3-
year disease-free survival (DFS) was 53% for patients with SUV <9.0 compared with a 3-
year DFS of 24% for patients with SUV >9.0. In another prospective study, Allal et al.
suggested that treatment of tumors with high FDG uptake (SUV >5.5) was at greater risk of
failure in 63 patients treated by radiotherapy with or without chemotherapy [21]. These
investigators obtained similar findings in a larger study population (n = 120) of patients who
underwent radiotherapy-based treatment (n = 73). Those who underwent surgical resection
(n = 47) were analyzed separately. The median follow-up time of all surviving patients was
48 months [18]. Similarly, Machtay et al. analyzed the baseline SUV in a retrospective study
of 60 HNSCC patients who received radiotherapy ± chemotherapy. In their patient
population, the 2-year DFS rates were 76% in patients with SUVmax <9.0 versus 37% in
those with SUVmax ≥9.0 (p = 0.007). The differences in outcome between patients with
`low' and `high' SUV values were as dramatic as the differences seen with respect to the
tumor, node and metastasis stage, suggesting that FDGPET SUVmax can potentially serve as
a valuable biomarker (Figures 1 & 2) that can be used to help guide the aggressiveness of
therapy in future practice [13].

Several studies suggest that primary tumor baseline SUVmax also has predictive value in
assessing the tumor burden, lymph node involvement and local extension. In a prospective
study looking at the predictive capability of SUVmax, Torizuka et al. analyzed 50 patients
with head and neck cancer. When tumor SUVmax was correlated with T stage, T1–T2
tumors had significantly lower median SUVmax values than T3–T4 tumors (4.77 vs 12.54,
respectively; p = 0.001). There was a significant difference between the median SUVmax of
N0, compared with N1–N3 diseases (4.77 vs 11.40; p = 0.027). They also reported that
patients with low SUVs (≤7.0) had significantly higher rates of local control (LC; 91 vs
55%, respectively; p = 0.0067) and DFS (91 vs 55%; p = 0.0051) at 2 years than patients
with high SUVs (>7.0) [30]. Similarly, in another prospective study by Liao et al., a total of
109 HNSCC patients with pathologically positive lymph nodes were investigated [29]. The
median follow-up for all patients was 26 months. They reported that primary tumor SUVmax
≥19.3 was significantly associated with poor tumor differentiation (p = 0.008), skin invasion
(p = 0.047), extracapsular spread (p = 0.029) and the absence of perineural invasion (p =
0.004). The predictive value of nodal SUVmax has also been evaluated in a single-center
retrospective study of 212 patients. The authors reported that primary tumor SUVmax >8.0
was predictive of worse overall survival (OS) rates (p < 0.045), while nodal SUVmax was
predictive of distant recurrence at 1 year. The mean SUVmax value was 10.4 for patients
with distant failure, versus 7.0 in those without (p < 0.05). Furthermore, they also observed
that the lymph nodes with extracapsular extension had higher SUVs than nodes without
extracapsular extension (11.0 vs 5.0, respectively; p < 0.0007) [28].
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A recent meta-analysis of eight studies published between 1997 and 2009 investigated the
prognostic value of SUV in a total of 495 patients diagnosed with HNSCC. The primary
tumor SUV was used in all except eight patients, for whom the nodal SUV was used.
SUVmax was the parameter used in six studies, whereas the remaining two studies used
SUVmean. SUV thresholds across the studies ranged from 4.76 to 9.0. They reported a
combined relative risk of LC from five studies as 0.71 (95% CI: 0.63–0.81), DFS from six
studies as 0.63 (95% CI: 0.54–0.73) and OS from three studies as 0.57 (95% CI: 0.44–0.74)
[33]. Similarly, in a second meta-analysis on the predictive value of pretreatment SUVmax
measurements, Xie et al. found that in comparison to patients with a high SUVmax, patients
with a low SUVmax had a reduced risk of progression, death and recurrence by 77, 76 and
73%, respectively [17]. The results of this meta-analysis indicate that high primary tumor
SUVmax can serve as a prognostic marker in patients with HNSCC, with higher values
correlating with poorer outcomes.

There are few studies that have evaluated the impact of pretreatment FDG uptake on
treatment modality. Roh et al. prospectively analyzed 79 patients with SCC of the larynx
and hypopharynx and concluded that DFS was significantly lower in patients with SUVmax
>8.0 (p = 0.017). They also compared DFS in patients with high and low SUVmax values
relative to the treatment subgroup. Among the 31 patients with high SUVmax, the 3-year
DFS was higher in patients who underwent surgery when compared with patients who
received radiation therapy (RT). However, this latter finding was not statistically significant
(48 vs 27%; p = 0.085) [10]. Similarly, Kim et al. prospectively analyzed pretreatment PET
scans of 52 patients with newly diagnosed resectable SCC of the oropharynx. Primary
treatment modalities consisted of surgical resection plus RT (surgery group; n = 31) or
radical RT plus chemotherapy (RT group; n = 21). Among the 25 patients with a high SUV
>6.0, 3-year DFS was higher in the surgery group (n = 15) than in the RT group (n = 10, 78
vs 33%; p = 0.043). However, among the 27 patients with a low SUV ≤6.0, 3-year DFS was
similar in the surgery (n = 16) and RT (n = 11) groups (93 vs 78%, respectively; p = 0.329)
[34]. This could have important implications, as it has the potential to influence future
clinical practice, if validated with larger studies.

Alhough the proposed SUVmax cutoff values for `high' and `low' groups varied between
studies due to the heterogeneity of the patient population and the intrinsic variability in PET/
CT scanners, it appears that patients with a SUVmax >9 would have worse OS or
progression-free survival (PFS) rates regardless of therapy. Such patients with a high
SUVmax might be candidates for more aggressive therapy, such as the addition of one or
more novel agents to conventional chemoradiotherapy (CRT). Conversely, patients with a
low SUVmax might be candidates for less aggressive treatment, such as less toxic
radiosensitizers. However, the particular threshold at which predictive value exists needs to
be prospectively validated in larger studies and potentially used as a stratification variable in
clinical trials to advance future practice (Table 1).

SUVmax & therapy response
Treatment monitoring with FDG-PET is largely based on consensus criteria from the
European Organization for Research and Treatment of Cancer (EORTC) and the more
recent PET Response Criteria in Solid Tumors (PERCIST criteria). According to EORTC, a
drop (delta between baseline and post-therapy) of 15–25% in SUVmax may represent a good
treatment response [35]. Recently, PERCIST criteria was proposed by the investigators at
the Johns Hopkins Medical Institutions and suggested that a decrease in SUV normalized to
lean body mass of at least 30% should be achieved before considering partial tumor
response [36]. PERCIST criteria has yet to be implemented in clinical studies of HNSCC.
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Responsiveness to induction chemotherapy (ICT) has been shown to be useful for predicting
ultimate tumor response upon CRT completion and in the prediction of eventual outcomes in
patients with head and neck cancer [37]. There are few studies that have evaluated the
predictive value of interim PET/CT after induction therapy and before concurrent
chemoradiotherapy. McCollum et al. prospectively analyzed 40 patients with advanced
HNSCC to study the accuracy of PET after ICT and concluded that PET is predictive of
pathological response with a sensitivity of 100% and negative predictive value (NPV) of
100%. Results were confirmed with a biopsy after PET during the post-ICT period [38].
Similarly, Yoon et al. retrospectively evaluated 21 patients with an aim of determining the
efficacy of FDG-PET before and after ICT [39]. They studied patients with locally advanced
head and neck cancer who achieved partial response after ICT in order to predict clinical
outcomes after CRT. They found that a 65% decrease in SUVmax after ICT from baseline
could predict clinical complete response (CR) after CRT (100 vs 33.3%; p = 0.003), PFS
(median not reached vs 8.9 months; p < 0.001) and OS (median not reached vs 24.4 months;
p < 0.0001). They also observed that a baseline SUVmax of 4.8 had a sensitivity of 94.1%
and a NPV of 80% in predicting CR. Furthermore, a 65% decrease in SUVmax on the post-
ICT scan had a sensitivity of 88.2% and a NPV of 66.7% in predicting CR after CRT. These
results are comparable to similar studies on lung cancer [40,41] and esophageal cancer [42].
Chepeha et al. reported that FDG-PET may be as efficacious as endoscopy with biopsy
under general anesthesia for estimating tumor volume reduction with ICT in oropharyngeal
SCC [43]. However, this needs to be further investigated in larger studies. If early PET
scanning provides the same prognostic information as assessment with repeat endoscopy
under anesthesia, this may reduce morbidity and costs, and expedite the delivery of planned
therapy.

Early assessment of therapy response may allow for timely modification of ineffective
treatment [44]. However, the data on intensive monitoring of HNSCC at early stages of CRT
are currently limited. In a prospective study by Brun et al., the authors reported that FDG-
PET assessments of metabolic response during the early phase of radiotherapy or
chemotherapy in patients with HNSCC are associated with tumor response, OS and LC [45].
Using the median value as cutoff, a low metabolic rate in early FDG-PET was associated
with complete remission in 96 versus 62% (p = 0.007), with 5-year OS in 72 versus 35% (p
= 0.0042) and with LC in 96 versus 55% (p = 0.002) of patients, respectively. Similarly, in
another prospective study of 37 patients with HNSCC, Hentschel et al. investigated the
value of FDG-PET/CT during therapy. The authors measured the difference in pretherapy
primary tumor SUVmax with respect to that after 1–2 weeks of CRT. When compared with
patients with a relative change in the SUV of <50% (2-year OS: 38%; p = 0.02; 2-year loco-
regional recurrence: 40%; p = 0.06), those with a >50% decrease in primary tumor SUVmax
had improved outcomes (2-year OS: 88%; 2-year loco-regional control: 88%) [44].

Post-CRT PET/CT can help guide subsequent management decisions. It plays a role in
predicting pathological response and long-term survival [5,46–48]. In one of the early
studies that evaluated therapy response after CRT, Lowe et al. prospectively observed that
the mean SUV change between pretherapy and post-therapy PET scans was 34% in residual
disease patients and 82% in pathologically complete response patients [47]. Since then, there
have been many studies evaluating the significance of percentage change in the SUV in
response to treatment. In a prospective study of 76 patients, Connell et al. observed a
significant difference between both DFS (p = 0.046) and OS (p = 0.037) between complete
metabolic responders and nonresponders [48]. In a prospective study of 98 patients with
locally advanced head and neck cancer treated with radiotherapy with or without
chemotherapy, Moeller et al. observed that both the primary tumor and nodal SUVmax
values were significantly higher in nonresponders compared with responders (p < 0.001)
after RT [5]. Either histological evaluation or observations was used to define response
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depending on other clinical considerations. They reported that the relative change in primary
tumor SUVmax is a better parameter than nodal SUVmax in assessing the response to
therapy. They also reported that a pretreatment SUVmax of 6.5 and post-treatment SUVmax
of 2.8 have maximal accuracy in predicting treatment failure.

A higher SUVmax on the post-CRT PET scan may predict local recurrence and OS [14,49–
51]. In a prospective study involving 15 patients, Kitagawa et al. observed that a post-
treatment SUVmax of 4.0 has a sensitivity of 100% and specificity of 64% in predicting the
presence of residual disease after treatment [50]. The average SUVmax in patients with
residual disease and tumor recurrence, and in those without evidence of recurrence were 3.7,
3.2 and 2.5, respectively. The SUVmax in patients with recurrence and/or residual disease
was found to be significantly higher than the SUVmax in those without evidence of
recurrence (p < 0.01). In a retrospective study of 92 patients diagnosed with HNSCC,
Sherriff et al. demonstrated that patients who experienced locoregional recurrence tended to
have higher post-CRT SUVmax values (median SUVmax was 10.2) compared with those
without local recurrence (median SUVmax of 6.89) [51]. Similarly, in a prospective study of
65 patients, Mori et al. divided patients into two groups based on the post-treatment
SUVmax, with a cutoff value set at 3.5 [14]. The 3-year OS rates were 74% in patients with
SUVmax <3.5 and 55% in those with SUVmax >3.5. There was no significant difference
between the 2 groups; however, the SUVmax <3.5 group had a better 3-year OS rate.

In a recent meta-analysis by Xie et al., authors evaluated the predictive value of post-
treatment SUVmax in head and neck cancers. They analyzed five studies and concluded that
patients with low primary tumor SUV in the post-treatment period had a reduced risk of
progression and death by 83 and 72%, respectively [17]. Although there are variations in
cutoff values used across different studies, it appears that a relative change in SUVmax
(ΔSUV) during the treatment period is a better predictor of therapy response and outcome,
compared with absolute changes in SUVmax values. Patients with high ΔSUVmax (60% to
complete responders) and low post-CRT SUVmax (<3.0) have better OS, DFS and LC at 2
years (Table 2).

SUVmax & follow-up
FDG-PET/CT is commonly used for follow-up after treatment due to its ability to detect
recurrence, regional lymphatic spread and distant metastases [2]. Follow-up PET/CT is
defined here as a study performed at 6 months or beyond from the completion of initial
surgical or CRT therapy. The ideal time for obtaining follow-up PET/CT has not been
established for HNSCC and this interval varies across studies and institutional practices.

Diagnostic accuracy—In general, post-therapy FDG-PET/CT has a high accuracy in
detecting the presence of malignant tissue. However, the accuracy varies depending on the
time interval between therapy completion and image acquisition. In a prospective analysis of
45 patients, Greven et al. studied the diagnostic accuracy of scans obtained 1, 4, 12 and 24
months after completing treatment [31]. The results showed that 4-month follow-up scans
were more accurate for evaluating the presence of cancer than the 1-month follow-up scans.
Furthermore, there was a decrease in false-negatives with delayed imaging. The positive
predictive value was 100, 86 and 75% for the 1, 4 and 12-month scans, respectively. A total
of 28% of the scans interpreted as negative at 1 month were false negatives. The scans
performed at all three of the other intervals demonstrated 100% accuracy in identifying the
lack of disease.

A recent meta-analysis of 51 studies showed that there was no significant difference in the
diagnostic accuracy of primary tumor PET/CT when comparing results of scans obtained
<12 weeks versus those obtained >12 weeks after treatment (p = 0.1266) [52]. However,
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when used for surveillance of neck nodes, scans obtained >12 weeks post-therapy
demonstrated better accuracy. For the nodal group, the sensitivity was 62.5% and specificity
was 85.1% when obtained prior to 12 weeks. This increased to a sensitivity of 90.4% and a
specificity of 94.3% when scanned after 12 weeks post-treatment (p = 0.0003) [52].

6-month follow-up PET/CT
When evaluated 6 months after completing therapy, the presence of metabolic activity on
PET/CT has been shown to have excellent NPV for DFS and OS [53,54]. Wong et al.
retrospectively analyzed 143 previously treated patients with HNSCC and concluded that
higher SUVmax values had a significant impact on both relapse-free survival (RFS; p =
0.0045) and OS (p = 0.003). The average time interval between completion of chemotherapy
and obtaining the PET scan was 6.9 months. The mean SUVmax was 5.8 for patients
suffering from any subsequent recurrence (n = 69), compared with SUV = 2.0 for those who
did not recur. The mean SUVmax was 5.8 for patients who died, compared with 2.9 for those
who were alive at last follow-up (n = 97). When analyzed as a continuous variable, an
increase in one unit of SUV increased the patient's relative risk of relapse by 11% and the
relative risk of death by 14% [55].

12-month follow-up PET/CT
Studies have demonstrated excellent NPV for the assessment of recurrence [2,31]. In a
prospective study of 91 patients diagnosed with HNSCC, Abgral et al. supported the use of
PET/CT imaging for surveillance approximately 1 year after completing the treatment
course [2]. FDG-PET/CT scans performed 11.6 ± 4.4 months after treatment had a positive
predictive value of 77% and NPV of 100%. Sensitivity and specificity were 100% and 85%,
respectively.

The authors believe that it would be beneficial to use post-treatment FDG-PET/CT to
stratify patients into high- and low-risk groups, allowing for more appropriate management.
Patients who undergo salvage surgery for early-stage HNSCC have a 70% 2-year RFS,
which drops down to a 2-year RFS of 22% for those with recurrence [56]. Therefore,
patients with high post-treatment SUVmax values may be considered for more frequent
follow-up, allowing identification of recurrent disease as early as possible.

SUVmean

SUVmean incorporates information from multiple voxels, making it less sensitive to image
noise. However, measured SUVmean will vary depending on which voxels are included in
the average, so it is sensitive to ROI definition and is subject to intra- and inter-observer
variability [57]. For this reason, SUVmean is not commonly used as a metabolic biomarker
and there are limited data to support its use.

In a retrospective study including 88 patients who underwent pretreatment PET/CT scans,
the predictive values of SUVmax, SUVmean and total lesion glycolysis (TLG) were assessed
using univariate analysis for DFS, loco-regional control and distant metastasis-free survival.
Increasing pretreatment SUVmean of the primary tumor was associated with decreased DFS
(p = 0.01). Patients with pretreatment tumor SUVmean values that exceeded the median
value of the cohort demonstrated inferior 2-year DFS relative to patients with SUVmean
lower than the median value of the cohort (58 vs 82%, respectively; p = 0.03) [58].
Hentschel et al. also observed that a relative change in SUVmean >40% between baseline and
after therapy had a difference in 2-year OS (61 vs 45%; p = 0.15), DFS (63 vs 30%; p =
0.12) and loco-regional control (78 vs 38%; p = 0.05) [44]. However, as previously
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mentioned in the `SUVmax' section, they concluded that the SUVmax is a better predictor of
disease outcome.

Peak SUV
Peak SUV (SUVpeak) is a hybrid SUV measurement that includes a local average SUV value
in a group of voxels surrounding the voxel with the highest activity. The idea is to maintain
the high reproducibility of SUVmax, with improved statistics to reduce noise. In a recent
study at the authors institution, they measured aspects of bias and reproducibility associated
with SUVmax and the closely related SUVpeak to provide a realistic noise context [59]. For
images with noise properties typically associated with clinical whole-body studies, SUVpeak
provides a slightly more robust alternative (compared with SUVmax) for assessing the most
metabolically active tumor region. Although currently under investigation, SUVpeak has not
been implemented in a standardized fashion and has not been reported in any published
studies on HNSCC.

Metabolic tumor volume
Metabolic tumor volume (MTV) is defined as the volume of the tumor demonstrating FDG
uptake [60]. It represents a volumetric and metabolic biomarker, and estimates tumor
volume based on the distribution of metabolic activity. Therefore, unlike SUVmax, which is
a single-pixel representation of the maximum FDG uptake by the tumor, MTV quantifies the
overall tumor burden [61]. Thus, volume-based parameters, such as MTV, were sought in
hopes of identifying more accurate ways to prognosticate disease. Furthermore, in the past,
target volume was determined mostly by visual delineation of the tumor edge or by
coanalysis with PET and contrast-enhanced CT scans [60]. Establishing MTV as a novel
biomarker in functional imaging can pave the way for a more accurate determination of true
tumor burden, which will theoretically allow for better outcome prediction. Various studies
have demonstrated the role of MTV in predicting outcomes for several other malignancies as
esophageal, lung and primary gastrointestinal B-cell lymphomas [62–64]. The volume of
literature supporting its value in predicting outcome in patients with various cancers of the
head and neck has been increasing over the past few years. However, there is still debate
about the most appropriate segmentation method for estimating the MTV. Commonly used
methods include absolute or fixed percentage SUVmax thresholds, and gradient or adaptive
segmentation methods.

Baseline MTV
One of our recent studies on oral cavity and oropharyngeal cancers showed that MTV
provided prognostic information and added value to American Joint Committee on Cancer
staging. The estimated area under the receiver operating characteristic curve was found to be
higher for MTV than for SUVmax, indicating better prediction of DFS and OS than SUVmax
[15]. MTV has been shown to have value in predicting short-term outcome in patients
diagnosed with pharyngeal carcinomas who were treated with radiotherapy alone or
concurrent CRT. Patients with MTV >40 ml were found to have significantly lower chances
of complete response or recurrence-free survival, compared with those with MTV ≤40 ml
(68.2 vs 87.8%; p = 0.03). MTV was the only biomarker that was predictive of short-term
outcome, with an MTV >40 ml being associated with an increased risk of recurrence or
residual disease (p = 0.04). It was also identified as a significant prognostic factor for DFS
in these patients. This study found no significant association between primary tumor SUV
and short-term outcome or DFS [60].

MTV appears to have more predictive value than SUVmax (Figure 3). One of our recent
analyses of 41 patients diagnosed with HNSCC demonstrated that lower MTV values
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(median cutoff point 7.2 ml) were associated with improved LC rates of 100 versus 54.2% in
those with MTV >7.2 ml (p < 0.001). Patients with lower measured MTV values also
showed better OS (94.7 vs 64.2%; p = 0.04). Moreover, a correlation was found between
low MTV values and improved nodal, distant and overall control. On the contrary, using a
median cutoff point of 15.8, SUVmax was not significantly predictive of outcome [61]. In
another study of 85 patients diagnosed with HNSCC, the authors found that a preradiation
increase in MTV of 17.4 ml (difference between the 75th and 25th percentiles) was
significantly associated with a 1.9-fold increase in risk of first event (recurrence; p < 0.001)
and a 2.1-fold increase in risk of death (p < 0.001) [65]. Tang et al. found similar results in a
study of 83 patients with HNSCC, where a total MTV value >17 ml was correlated with a
2.1-fold increased risk of disease progression (p = 0.0002) and a twofold increase in the risk
of death (p = 0.0048) (Figure 2) [66]. Upon further stratification, they determined that most
of the predictive value of total MTV was due to tumor MTV, whereas nodal MTV was not
significantly associated with PFS or OS (Figure 4). Further supporting this distinction, there
was no correlation between tumor and nodal MTV (R2 < 0.01). Similar to the results from
the previously mentioned study by Romesser et al. [61], these authors did not find a
significant correlation between SUVmax and DFS or OS [66]. The results of this study, in
conjunction with several others, imply that we may be able to identify a specific MTV value
above which patients are more likely to have a poorer outcome [65,66].

MTV & therapy response
Murphy et al. also looked at the value of MTV in predicting outcomes after receiving
treatment in a study of 45 patients diagnosed with HNSCC. Post-treatment MTV increase of
21 cm3 was associated with an increased risk of disease progression by 2.5 (p < 0.0001) and
an increased risk of death by 2.0 (p < 0.003) [16]. Therefore, MTV also seems to have value
in predicting outcome when measured after therapy.

A recent study examined the predictive nature of primary tumor MTV velocity in a group of
51 patients diagnosed with HNSCC. They found that an increase in MTV velocity of 1 ml/
week was associated with a 194% increase in risk of disease progression (p = 0.009), 143%
increase in risk of cancer-related mortality (p = 0.004) and an 85% increase in the risk of
death (p = 0.032). There was no significant correlation between tumor/nodal SUVmax or
nodal MTV and patient outcome. This suggests that it is the primary tumor burden, and not
lymph node burden, which predicts overall outcome. As with most other malignancies,
HNSCCs are expected to grow in size and metabolic activity over time. Presumably, there
would be a parallel increase in tumor MTV if it represents an accurate representation of
tumor burden. However, 51% of the patients in this study actually experienced a decrease in
MTV velocity over time. This may represent a true difference in velocity or it may be due to
error. Despite the unexpected change in MTV velocity over time, the authors still found a
significant correlation between increasing MTV velocity and outcome [67].

These studies have shown promising results regarding the predictive value of MTV in
HNSCC. It may represent a more accurate predictor of overall tumor burden than single-
pixel SUVmax values. More studies are needed to support this evolving paradigm and the use
of these parameters in head and neck cancer imaging. Just as numerous studies have
examined the value of SUVmax, the MTV cutoff point for a favorable outcome group versus
an unfavorable outcome group will vary depending on the study population and
segmentation methods used. As more studies are performed and published from different
centers, a consensus needs to be reached regarding the most appropriate segmentation
method and MTV cutoff point that should be used for validation in large prospective studies
(Table 3).
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TLG
TLG is defined as the tumor volume multiplied by SUVmean of included voxels [68].
Because this parameter incorporates both the MT and SUV, it represents both the degree of
FDG uptake and the size of the tumor. Like MTV, TLG theoretically represents the total
activity of the metabolically active cancer cells. It should be an ideal representation of
overall tumor burden. TLG has also demonstrated prognostic value in other cancers,
including non-Hodgkin's lymphoma, lung, breast and rectal carcinomas [69–72].

There is literature supporting the value of TLG, specifically in nasopharyngeal carcinomas.
In a study of 196 patients diagnosed with nasopharyngeal carcinomas, Chan et al. found that
stage III cancers tended to have lower TLG and MTV values compared with stage cancers (p
< 0.0001). On univariate analysis, the authors found a significant correlation between high
TLG (using a cut-off value of 330) and OS (p < 0.00001), DFS (p < 0.00001), local failure-
free survival (p < 0.00001) and distant failure-free survival rates (p = 0.037). Accounting for
potential confounding variables using multivariate analysis, TLG >330 was significantly
associated with OS, DFS and local failure-free survival rates (p = 0.0014, 0.0005 and
<0.0001, respectively), but not distant failure-free survival rates. Furthermore, TLG was the
only independent predictor of OS and DFS, while tumor and nodal SUVmax were not [73].
This latter finding is in contradiction to some literature that previously supported SUVmax as
a predictive marker [5,10,13–16,21,23,34]. Similarly, in another study involving 108
patients diagnosed with nasopharyngeal carcinomas, Chang et al. demonstrated that primary
tumor TLG was the best predictor of survival after treatment. High tumor TLG values are
associated with poorer OS (p = 0.33), local RFS, distant metastasis-free survival and DFS.
Patients with tumor TLG values less than the median of 65 g had a local RFS of 88%,
compared with those with tumor TLG >65 g, which was associated with local RFS of 66.2%
(p = 0.014). The distant metastasis-free survival rate for patients with tumor TLG less than
the median was 72.3 versus 60.5% for those with TLG >65g (p = 0.023). DFS for tumor
TLG <65g was 79.9% compared with DFS of 37.4% in those with TLG >65 g (p < 0.001)
[74].

Moon et al. studied 69 patients diagnosed with SCC of the tonsil and compared the value of
TLG to that of MTV and SUVmax [75]. They concluded that TLG was the only significant
prognostic factor associated with decreased OS in these patients. In addition, TLG had a
greater area under the curve than MTV on receiver operating characteristic analysis,
indicating better predictive value in determining time to event (0.929 vs 0.858, respectively).
Cheng et al. retrospectively analyzed pretreatment FDG-PET/CT scans of 60 patients
diagnosed with oropharyngeal SCC. Although both HPV-16 positivity and high tumor TLG
(cutoff set at 135.3 g) were found to be associated with OS (p = 0.027 and 0.011,
respectively), only primary tumor TLG >135.3 g was independently associated with DFS (p
= 0.001), PFS (p = 0.011) and locoregional control (p = 0.034). To further support the value
of TLG, the authors found that HPV-positive patients with low TLG values (<135.3 g)
experienced better survival rates than those who were HPV-negative with measured TLG
>135.3 g [76].

It appears that FDG volumetric imaging biomarkers would be more valuable in predicting
the outcome for patients with head and neck cancers than the single-pixel SUVmax.
However, large prospective cohort studies are needed to establish the use of these
parameters and their repeatability and reliability before incorporating them into routine
clinical practice (Table 4).
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Pitfalls of SUV parameters
Just as with any other biomarker, there are limitations associated with SUV measurements.
Both SUVmax and SUVmean showed poor repeatability for lesions with low FDG uptake
[77]. It has been difficult comparing the value of SUV as a radiological biomarker,
evidenced across different studies. This is due to the use of different SUV cutoff values,
which may be prejudiced by patient selection, and the multiple other factors that influence
SUV measurement. Most factors that change SUV measurements affect the measurement of
the radioactivity concentration. Biologic factors, such as patient blood glucose level and
tracer uptake time, can have a substantial impact on SUV measurements. Technological
factors, such as interscanner variability, image acquisition and reconstruction parameters, as
well as interobserver variability, can also have an impact [24,78,79]. Reducing the large
variability currently affecting SUV estimates would probably enhance its prognostic value
[80]. Thus, it is important to keep as many of these factors as possible the same between
baseline and follow-up studies of a patient. This will be critical for quantitative PET/CT
imaging in oncology.

Conclusion
Over the past decade, noninvasive imaging with FDG-PET/CT has become increasingly
important in head and neck cancer management. It has been used for staging, RT planning,
therapy response assessment, follow-up and potentially, as a prognostic and risk-
stratification imaging modality. The SUVmax is the most extensively studied FDG parameter
in HNSCC. SUVpeak appears to be less affected by noise but its value in HNSCC has not
been established. There is growing interest in FDG volumetric parameters, such as MTV and
TLG, which appear to be superior predictive parameters compared with SUVmax. However,
more studies are needed to establish the value, repeatability and reader variability of these
parameters for use in clinical practice.

Future perspective
FDG-PET volumetric imaging biomarkers (MTV and TLG) are yet to be proven to provide
superior predictive and prognostic information about patient outcome to SUVmax. MTV and
TLG repeatability and reader reliability should be established. A consensus about the most
appropriate segmentation method to estimate MTV and TLG needs to evolve over the next
few years. Integration of clinical factors, such as HPV status and FDG-PET/CT- (and MRI)-
based imaging biomarkers, will be critical in deciding personalized therapy and follow-up
strategies in HNSCC.
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Executive summary
18F-fluoro-2-deoxyglucose

■ The 18F-fluoro-2-deoxyglucose (FDG)-PET/CT is a valuable imaging tool in
the management of head and neck squamous cell carcinoma.

■ Several FDG-derived parameters have been studied and clinically employed
as potential quantitative and prognostic/predictive biomarkers: standardized
uptake value (SUV)max, SUVmean, SUVpeak, metabolic tumor volume and
total lesion glycolysis.

■ Qualitative response assessment has been demonstrated to have high negative
predictive value and a better outcome, especially in the post-therapy setting.

SUVmax

■ SUVmax is defined as the maximum SUV within a defined region of interest
or volume of interest. It is the most extensively studied, widely used, least
observer dependent and highly reproducible, but is sensitive to noise.

■ Baseline SUVmax

- The higher the SUVmax, the greater the chance of having residual
disease or being a nonresponder.

- Generally, patients with tumors with SUVmax ≥9 appear to have
relatively poorer outcomes.

- Higher SUVmax is associated with more advanced tumor stage,
poorer differentiation and perineural/extracapsular invasion.

■ Therapy response SUVmax

- A 12-week post-therapy PET/CT has fewer false positives than
PET/CT studies performed earlier after completion of treatment
because the effect of radiation-induced inflammation is reduced.

- Values of 50–65% decrease from baseline SUVmax demonstrated
excellent predictive value for complete response, loco-regional
control and survival.

- In general, SUVmax values above 4.0 on follow-up scans
approach 100% sensitivity for residual disease and positive
predictive value for treatment failure. Conversely, values below
2.5 are probably associated with complete response and longer
disease-free survival.

■ Follow-up SUVmax

- The ideal time for obtaining follow-up PET/CT has not been
established.

- Early studies suggest that a 6- or 12-month follow-up study after
completion of therapy has a 100% sensitivity and negative
predictive value for recurrence.

SUVmean

■ SUVmean is defined as the average SUV of multiple pixels/voxels within the
region/volume of interest.
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■ SUVmean is less variable with image noise, but more observer-dependent
variability (defined by the region/volume of interest).

■ Only a few studies have been published and this is generally not used in the
clinical setting.

SUVpeak

■ SUVpeak is a recently proposed parameter and conceptually a more stable and
reproducible PET-derived metric, representing a hybrid between SUVmax and
SUVmean.

■ No published studies are available in head and neck squamous cell
carcinoma.

Metabolic tumor volume

■ Metabolic tumor volume is the FDG avid tumor volume. It is more accurate
in tumor burden evaluation and possibly better in predicting outcome than
SUVmax.

■ A small number of studies have been published.

■ Tumors less than 7 ml appear to have better local control, while lesions ≥17
ml are associated with increased risk for progression.

■ It requires more studies to validate its value as a prognostic and predictive
biomarker, and to establish repeatability and reader reliability.

■ It requires consensus on segmentation methods.

Total lesion glycolysis

■ Total lesion glycolysis is defined as metabolic tumor volume multiplied by
SUVmean (of included voxels). It may be a better biomarker, approximating
both the FDG uptake and tumor volume.

■ Small number of studies published.

■ It may be an independent biomarker for nodal involvement/burden, local
control and disease-free survival.

■ It requires more studies to validate its value as a prognostic and predictive
biomarker, and to establish repeatability and reader reliability.

■ It requires consensus on segmentation methods.
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Figure 1. Left base of tongue squamous cell carcinoma, stage T4N2cM0
A 62-year-old male with left base of tongue squamous cell carcinoma, infiltrating the
oropharyngeal wall and left pterygoid muscle and with bilateral nodal metastases. The
patient received concurrent chemoradiation therapy with complete metabolic response on
follow-up 18F-fluoro-2-deoxyglucose PET/CT scans and no evidence of recurrent disease in
5 years. Staging PET/CT (A) maximum intensity projection (B) fused PET/CT demonstrates
heterogeneously intense metabolic activity in the left base of tongue/oropharynx
(standardized uptake value normalized to lean body mass of 5.8 and maximum standardized
uptake value of 7.5) compatible with infiltrating primary tumor, as well as several additional
foci of 18F-fluoro-2-deoxyglucose uptake (standardized uptake value normalized to lean
body mass of 2.5 and maximum standardized uptake value of 3.3) corresponding to bilateral
nodal metastases and (C) CT and volumetric PET images with standardized uptake value
normalized to lean body mass of 3.0 threshold demonstrate primary metabolic tumor volume
of 4.3 ml without quantifiable nodal volume for the threshold.
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Figure 2. Glottic squamous cell carcinoma, stage T4aN2bM0
A 49-year-old male presenting with hoarseness and weight loss. Direct inspection showed
irregular appearing laryngeal mucosa, concerning for malignancy. The biopsy was
consistent with squamous cell carcinoma, stage T4aN2bM0. The patient expired, despite
treatment with neoadjuvant chemoratiation therapy. Staging PET/CT (A) maximum
intensity projection (B) fused PET/CT images demonstrate an area of intense metabolic
activity (standardized uptake value normalized to lean body mass of 8.7 and maximum
standardized uptake value of 10.9) corresponding to an infiltrating soft tissue lesion
involving both vocal cords and extending from the epiglottis down to the thyroid cartilage,
consistent with a primary tumor. In addition, focal 18F-fluoro-2-deoxyglucose uptake is
noted in the right neck (standardized uptake value normalized to lean body mass of 4.0 and
maximum standardized uptake value of 4.2) fusing to metastatic lymphadenopathy, levels 2
and 4. (C) Fused CT and volumetric PET images (standardized uptake value normalized to
lean body mass of 3.0 threshold) shows large primary metabolic tumor volume (32.9 ml)
with measurable node volume of 0.9 ml.
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Figure 3. Left tonsillar squamous cell carcinoma, stage T2N2bM0
A 37-year-old female with human papillomavirus-positive keratinizing squamous cell
carcinoma of the left tonsil. The patient underwent transoral robotic radical tonsillectomy
and neck dissection, followed by chemoradiation therapy with no recurrence in 3 years.
Staging PET/CT (A) maximum intensity projection and (B) fused axial PET/CT images
demonstrates intense metabolic activity within the left tonsil (standardized uptake value
normalized to lean body mass of 10.4 and maximum standardized uptake value = 14.7)
representing primary as well as foci of intense 18F-fluoro-2-deoxyglucose uptake fusing to
several left cervical nodes (standardized uptake value normalized to lean body mass of 6.5
and maximum standardized uptake value = 9.1), consistent with regional nodal metastases
and a total metabolic tumor volume of 7.5 ml (primary tumor 4.4 ml and lymph nodes 3.1
ml) (C).
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Figure 4. Left piriform sinus squamous cell carcinoma, stage T2N2bM0
A 53-year-old male presenting with enlarging neck mass and voice changes, diagnosed with
left piriform sinus squamous cell carcinoma. The patient received concurrent
chemoradiation therapy with complete metabolic response on follow-up PET/CT scans and
no recurrent disease for 4 years. Staging PET/CT scan (A) maximum intensity projection,
(B) fused axial PET/CT images demonstrates focal intense FDG uptake associated with a
soft tissue lesion obliterating left piriform sinus (standardized uptake value normalized to
lean body mass of 7.3 and maximum standardized uptake value of 9.1), consistent with
primary tumors, as well as intense metabolic activity corresponding to a soft tissue mass in
the left level 2/3 region (standardized uptake value normalized to lean body mass of 22.9
and maximum standardized uptake value = 28.5), representing ipsilateral nodal metastasis
and (C) fused CT and volumetric PET images (with standardized uptake value normalized to
lean body mass of 3.0 threshold) shows small-size primary tumor volume (metabolic tumor
volume: 1.6 ml) with large node metabolic tumor volume of 13.1 ml.
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Table 1

Prospective studies and meta-analyses evaluating the prognostic value of baseline maximum standardized
uptake value in head and neck squamous cell carcinoma.

Study (year) Number of patients Type of study Conclusion Ref.

Minn et al. (1997) 37 Prospective Patients with SUVmax <9.0 have better OS (3-year survival 73 vs 22%) [23]

Allal et al. (2004) 120 Prospective SUVmax is a significant independent prognostic factor in DFS and LC
Median SUVmax of 4.76 was significant for predicting LC (p = 0.003)
and DFS (p = 0.005) Multivariate analysis showed that SUVmax

remained a significant factor for LC and DFS

[18]

Liao et al. (2009) 109 Prospective A SUVmax cutoff of 19.3 provided the greatest prognostic information
for the 5-year LC rate (55 vs 88%; p = 0.0135) The combination of the
primary tumor SUVmax(≥19.3) and pathologic tumor depth (≥12 mm)
identified a subgroup of OSCC patients at greatest risk of poor LC and
death

[29]

Torizuka et al.
(2009)

50 Prospective Patients with SUVmax<7.0 have a higher rate of 2-year LC and DFS. In
the Cox proportional hazards model, tumor SUVmax was a significant
and independent predictor of LC (p = 0.022) and DFS (p = 0.019)

[30]

Zhang et al.
(2010)

495 Meta-analysis Using the SUVmax threshold from individual studies, the combined RR
for the LC was 0.71, 0.63 for DFS and for OS, it was 0.57 (95% CI:
0.44–0.74)

[33]

Xie et al. (2011) 1415 Meta-analysis Pooled survival data suggested better DFS, OS and LC in patients with
low pretreatment SUVmax

[17]

DFS: Disease-free survival; LC: Local control; OS: Overall survival; OSCC: Oral cavity squamous cell carcinoma; RR: Relative risk; SUVmax:

Maximum standardized uptake value.
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Table 2

Prospective studies and meta-analyses evaluating the value of PET or PET/CT in predicting therapy response
and outcome.

Study (year) Number of patients Type of study Conclusion Ref.

McCollum et al.
(2004)

40 Prospective After ICT, PET imaging had a sensitivity of 100% and specificity of
65% for detecting persistent disease at the primary tumor site

[38]

Brun et al. (2002) 47 Prospective FDG-PET in the 1–3 weeks of CRT is predictive of tumor response (p
= 0.007), survival (p = 0.0042) and LC (p = 0.002)

[45]

Hentschel et al.
(2011)

37 Prospective A 50% decrease of SUVmax from baseline during first or second week
(10 or 20 Gy) of CRT is a potential prognostic marker for patients with
HNSCC (2-year OS, p = 0.02, 2-year LRC, p = 0.06)

[44]

Connell et al.
(2007)

76 Prospective There was significant difference between both DFS (p = 0.046) and
overall survival (p = 0.037) between complete metabolic responders
and nonresponders

[48]

Moeller et al.
(2009)

98 Prospective FDG-PET/CT outperformed CT alone in predicting response
assessment for patients at high risk for treatment failure. The positive
predictive value of FDG-PET/CT is twice that of CT alone (75 vs
37.5%, respectively)

[5]

Kitagawa et al.
(1999)

15 Prospective Post-treatment SUVmax of 4.0 has a sensitivity of 100% and specificity
of 64% in predicting the presence of residual disease after treatment

[50]

Xie et al. (2011) 1415 Meta-analysis Patients with tumors with post-treatment low SUVmax had significantly
better DFS (OR: 0.17) and OS (OR: 0.28) compared with those with
high SUVmax

[17]

CRT: Chemoradiotherapy; DFS: Disease-free survival; FDG: 18F-fluoro-2-deoxyglucose; HNSCC: Head and neck squamous cell carcinoma; ICT:
Induction chemotherapy; LC: Local control; LRC: Loco-regional control; OR: Odds ratio; OS: Overall survival; SUVmax: Maximum standardized

uptake value.
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Table 3

Studies evaluating the prognostic value of metabolic tumor volume in head and neck squamous cell
carcinoma.

Study (year) Number of patients Type of study Conclusion Ref.

Dibble et al.
(2012)

45 Retrospective Primary tumor MTV and TGA are potential FDG markers for time to
survival in patients with oral and oropharyngeal SCC and may provide
prognostic information in addition to the AJCC stage

[15]

Chung et al. 82 Retrospective MTV >40 ml indicated a significantly worse DFS than MTV <40 ml
(HR: 3.42; 95% CI: 1.04–11.26; p = 0.04). MTV has a potential value in
predicting short-term outcome and DFS in patients with pharyngeal
cancers

[60]

Romessor et al.
(2012)

41 Retrospective GTV and MTV demonstrate superior prognostic utility as compared with
SUVmax′, with larger tumor volumes correlating with inferior LC (p =
0.001) and OS (p = 0.04) in HNSCC patients treated with definitive
IMRT

[61]

Tang et al.
(2012)

83 Retrospective Total MTV of 17 cm was associated with a 2.1-fold increase in the risk
of disease progression (p = 0.0002) and a twofold increase in the risk of
death (p = 0.0048). SUVmax was not associated with either outcome
MTV independently predicts outcomes in HNSCC

[66]

Chu et al. (2012) 51 Retrospective Primary tumor MTV velocity predicted disease progression (HR: 2.94; p
= 0.01) and OS (HR: 1.85; p = 0.03). Primary tumor MTV velocity
appears to be a better prognostic indicator of disease progression and
survival in comparison to nodal MTV velocity

[67]

Murphy et al.
(2011)

47 Retrospective Postradiation MTV is an adverse prognostic factor in HNSCC. MTV of
21 ml (calculated by fixed SUVmax of 2.0) was associated with an
increased risk of disease progression (HR: 2.5; p = 0.0001) and death
(HR: 2.0; p = 0.003)

[16]

AJCC: American Joint Committee on Cancer; DFS: Disease-free survival; FDG: 18F-fluoro-2-deoxyglucose; GTV: Gross tumor volume; HNSCC:
Head and neck squamous cell carcinoma; HR: Hazard ratio; LC: Local control; IMRT: Intensity modulated radiation therapy; MTV: Metabolic
tumor volume; OS: Overall survival; SCC: Squamous cell carcinoma; SUVmax: Maximum standardized uptake value; TGA: Total glycolytic

activity.
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Table 4

Studies evaluating the prognostic value of total lesion glycolysis in head and neck squamous cell carcinoma.

Study (year) Number of patients Type of study Conclusion Ref.

Chan et al. (2011) 196 Retrospective There was a stepwise decrease in the 5-year local (p < 0.0001) and
distant control rates (p < 0.0001) with a TLG cut point of 300 g

[73]

Chang et al. (2012) 180 Retrospective Total TLG values are associated with tumor burden and clinical stage,
whereas tumor TLG is the best predictor of patient survival after
treatment

[74]

Moon et al. (2012) 69 Retrospective TLG is a significant independent metabolic prognostic factor for
overall survival (p = 0.023) in patients with SCC of the tonsil

[75]

Cheng et al. (2012) 60 Retrospective Tumor TLG >135.3 g was independently associated with PFS, DFS and
LC (p = 0.011, 0.001 and 0.034, respectively)

[76]

DFS: Disease-free survival; LC: Locoregional control; PFS: Progression-free survival; SCC: Squamous cell carcinoma; TLG: Total lesion
glycolysis.
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