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Abstract

Purpose—Inflammation and increased metabolic activity associated with oxidative stress in
irradiated normal tissues may contribute to both complications following radiotherapy and increased
glucose uptake as detected by post-therapy FDG PET imaging. We sought to determine if increased
glucose uptake in normal tissues after chemoradiotherapy is associated with increased toxicity.

Methods—Consecutive patients with locoregionally advanced head and neck cancers treated with
IMRT and free of recurrence at one year were studied. FDG-PET imaging was obtained at 3 and 12
months post-treatment. SUV levels were determined at various head and neck regions. Functional
outcome was measured using a quality of life questionnaire and weight loss and type of diet tolerated
one year after therapy. A one-tailed Pearson correlation test was used to examine associations
between SUV levels and functional outcome measures.

Results—SUV levels in the supraglottic and glottic larynx from FDG PET imaging obtained 12
months post-treatment were inversely associated with quality of life measures and were correlated
with a more restricted diet one year after therapy. SUV levels at 3 months after therapy did not
correlate with functional outcome. Increases in SUV levels in normal tissues between 3 and 12
months were commonly found in the absence of recurrence.

Conclusion—Altered metabolism in irradiated tissues persists one year after therapy. FDG PET
scans may be used to assess normal tissue damage following chemoradiotherapy. These data support
investigating hypermetabolic conditions associated with inflammation and\or oxidative stress as
causal agents for radiation induced normal tissue damage.
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INTRODUCTION

Definitive chemoradiotherapy for head and neck cancer frequently results in long-term tissue
injury and dysfunction (1-10). Increasing the intensity of treatment increases locoregional
control rates, but also results in greater toxicity. Speech and swallowing are functions affected
by chemoradiotherapy. A dose-response relationship has long been established between
laryngeal irradiation and speech outcome (11,12). Higher radiation doses, particularly above
60 Gy, result in inferior speech related quality of life (QOL) (1). Volume of tissue irradiated
also impacts on voice function after therapy (12). Likewise, increased radiation doses to the
supraglottic larynx and nearby lateral pharyngeal walls are correlated with a more restricted
diet, greater weight loss, and lower health-related QOL measures following chemoradiotherapy

0.

The mechanism, or mechanisms, responsible for chronic, late term toxicity after
chemoradiotherapy are poorly understood. Various models have been proposed including
chronic inflammation, and on-going tissue injury. Hauer-Jensen (13) and others (14) have
proposed that radiation exposure results in a complex wound, with an excess of pro-
inflammatory cytokines and perpetuation of tissue injury. Indeed, excess cytokines, including
TGF-beta, are seen after irradiation and appear to correlate with some radiation induced
toxicities, including radiation pneumonitis after thoracic irradiation (15). The ongoing
inflammatory response is thought to lead to the fibrosis characteristic of late radiation reactions.

Inflammation creates an increase in metabolism associated with chronic oxidative stress (16).
Glucose metabolism serves as a major source for reducing equivalents for the detoxification
of hydroperoxides through the formation of pyruvate, which directly scavenges
hydroperoxides, and NADPH, which acts as a cofactor for glutathione and thioredoxin
dependent peroxidases (17-22). Therefore, the increased glucose consumption in tissues under
going inflammatory processes [and corresponding increased 18F fluorodeoxyglucose (FDG)
uptake seen on positron emission tomography (PET)] may represent a response to the severity
of the oxidative stress associated with inflammation. In some cases, FDG uptake in
inflammatory processes can be difficult to distinguish from FDG uptake in cancer. In addition,
metabolic changes within irradiated tissues undergoing chronic inflammatory processes may
also alter glucose uptake and retention after radiotherapy. Recently, Guerrero et al.(23)
examined correlations between radiation dose delivered to lung and FDG uptake on post-
treatment PET scans. They found a linear relationship between dose delivered and FDG uptake,
providing evidence that glucose metabolism is altered in irradiated tissues. The increased use
of FDG PET for post-treatment cancer surveillance affords the opportunity to examine glucose
consumption not only in cancer tissues but also in adjacent normal tissues. Since an increasing
number of patients are examined with FDG PET scans after chemoradiotherapy to assess tumor
response, information regarding normal tissue FDG uptake in irradiated tissues is available.

The hypothesis of this work is that long-term tissue damage following chemoradiotherapy may
result from processes such as chronic inflammation or oxidative metabolic derangements
within irradiated normal tissues. This hypothesis would predict patients with high FDG uptake
in normal tissues after radiotherapy may experience worse normal tissue toxicity. To test this
hypothesis, metabolic activity in normal tissues, as shown by FDG uptake in PET scans
performed after treatment, was correlated with dietary and quality of life outcomes in a cohort
of patients treated with chemoradiotherapy for head and neck cancer.
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METHODS

Patients

This work was performed with approval from the University of lowa Institutional Review
Board IRB-01. The patients reviewed for this report are a subset of 27 patients with stage 111
and IV squamous cell cancer of the head and neck, previously reported by our group (1). The
subset of 18 patients reported here are those patients that had FDG PET scans performed at
approximately 12 months post-therapy. Seventeen of the 18 patients also had an FDG PET
scan performed at approximately 3 months after therapy. Patient characteristics are provided
(Table 1). These patients received cisplatin-based chemotherapy concurrently with
radiotherapy delivered via intensity modulated radiation therapy (IMRT) (1,24). The details
of the IMRT have been reported previously (24). Briefly, areas of gross disease were treated
using 2 Gy daily fractions to 66—74 Gy. Adjacent regions at high risk of harboring microscopic
disease were treated using 1.8 Gy fractions to 63 Gy. Anatomic regions with standard risk were
treated to 50.4 to 54 Gy in 1.8 Gy fractions. Doses were prescribed to ensure that 95% of the
target volume received the indicated doses, therefore some areas could receive higher doses.

These patients have been followed after completing therapy for at least one year without
recurrence. All patients were followed radiographically using PET and CT imaging. In
addition, patients were also followed with clinical assessments, which included at a minimum
a directed history and physical examination, including fiberoptic nasopharyngoscopy. One
patient with concerning findings on physical exam underwent direct laryngoscopy and biopsy
showing no evidence of cancer. Finally, all patients were followed by clinical exam by both
the responsible Radiation Oncologist and Otolaryngologist for an additional minimum of 6
months after the one year PET and toxicity assessment. No locoregional recurrences have been
seen in this group.

PET Imaging

The dose of FDG, given intravenously, was 10-15 mCi. After an uptake period of 90 min,
patients were imaged with a CTI Biograph duo PET/CT tomograph (Siemens LSO Biograph
duo PET/CT tomograph; Siemens Medical Systems, Hoffman Estates, IL) from skull base to
umbilicus. Images were reconstructed using ordered subset expectation maximization at a
resolution of approximately 8 mm. These images were interpreted with a display station
showing orthogonal attenuation corrected and noncorrected images. For images with increased
focal FDG uptake, a maximum standardized uptake value (SUV) was calculated in manually
placed regions of interest using built-in software based on the conventional formula for SUV
using body weight normalization. All PET scans utilized in this study were obtained in a
systematic fashion, with the use of a uniform length of time between FDG injection and
imaging, pre-imaging determination of blood glucose levels, routine use of benzodiazapines
to limit muscle activity and FDG uptake and close observation and instruction to rest quietly
and not talk between FDG injection and imaging.

Functional Outcome

Twelve months after treatment, all subjects completed the Head and Neck Cancer Inventory
(HNCI), a 31-point validated health related quality of life questionnaire addressing eating,
speaking, aesthetics and social function domains in quality of life (5,25). Scores in each domain
are normalized to a total possible 100 points. The type of diet tolerated by the patient was also
determined at 12 months post-treatment and scored from 1 to 6, with no oral intake (NPO)
scored as 1, and unrestricted diet scored as 6. The degree of weight loss at 12 months and the
use of percutaneous endoscopic gastrostomy (PEG) tubes were also determined for each
patient.
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Imaging Outcome

Subjects also underwent serial FDG PET imaging at approximately 3 and 12 months post-
treatment. Maximum SUV were determined in normal tissues at five levels, corresponding to
the superior border of the tongue, the mid- tongue base, the vallecula, the supraglottic larynx
and the glottic larynx. At each of these levels, a region of interest including mucosal surfaces
and adjacent tissue was defined on an axial image. The maximum SUV within this region of
interest was determined and used for further analysis (Fig. 1). Correlations between maximum
SUV levels and outcome measures were determined using the Pearson product moment
correlation (Pearson’s r).

Eighteen patients with locoregionally advanced head and neck cancer undergoing definitive
chemoradiotherapy at the University of lowa form the patient population (Table 1). These
patients had a minimum of one year follow-up without recurrence and had also completed a
validated health related quality of life questionnaire, the HNCI. All were treated with IMRT
and details of the radiotherapy have been described (24). The patients studied for the current
report are a subset of 18 from a larger group of 27 patients also treated with chemoradiotherapy
and followed using the HNCI. These 18 were chosen because FDG PET scans were performed
at approximaately 3 and 12 months post-treatment. Previous analysis of the 27 patients showed
higher doses of radiation to various structures in the upper aerodigestive tract had an inverse
dose response between radiation dose and late term toxicities (1). Specifically, higher doses of
radiation in the region of the supraglottic larynx are correlated with increased toxicity 12
months after treatment. The specific doses of radiation delivered to a series of points along the
upper aerodigestive tract were presented previously (1), and ranged from 25 to 90 Gy.

Toxicity was assessed by a variety of measures for these patients as previously described.
Briefly, the HNCI was used to determine the health-related QOL 12 months following
treatment. Objective measures of outcome including the amount of weight loss, presence or
absence of a PEG tube and type of diet tolerated, ranging from NPO to unrestricted, were also
assessed one year after treatment. The outcome measures assessed for this group are
summarized (Table 2).

FDG PET uptake by head and neck tissues was assessed at 5 axial levels, corresponding to the
most superior extent of the tongue, the mid base of tongue, the vallecula, the suprglottic larynx
approximately at the AE folds, and the glottic larynx. At each of these levels, a region of interest
was defined including essentially all soft tissues anterior to the vertebral bodies. The location
of the axial planes chosen are shown (Fig. 1); examples of the regions of interest within the
axial planes are also provided (Fig. 2). The maximum SUV within each region of interest was
determined and used for subsequent analysis. Each PET scan was therefore condensed to 5
SUV numbers, representing the highest SUV for the neck tissues at each of 5 axial levels (Table
3). A number of patients showed increases in normal tissue FDG uptake between the 3 and 12
month scan. At each of the 5 planes measured, 17% to 40% of the patients demonstrated a
minimum increase of 12% in the SUV between the 3 and 12 month scan. The threshold of 12%
was chosen based on previous studies showing a variation of between 10% to 12% in SUV
levels on subjects imaged serially at close intervals without receiving any therapy (26,27).
Again, no recurrences have been found for these patients, suggesting these rising SUV levels
in normal tissue may be a relatively common finding and not necessarily a harbinger of tumor
recurrence.

To determine if a significant correlation existed between the degree of FDG uptake and quality
of life outcomes, the SUV numbers were compared to the HNCI scores. Using a Pearson
correlation test, correlation between FDG uptake and outcome was examined. No significant
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relationships were found between any outcome measure and the FDG PET uptake at the five
levels examined for the 3 month scan. However, significant correlations were found between
quality of life outcomes and FDG uptake at the level of the supraglottic and glottic larynx for
the 12 month post-treatment PET scan. Figure 2 shows the correlations between FDG SUV at
the level of the glottic larynx and eating QOL (2A), type of diet (2B) and speech related quality
of life (2C). Figure 3 shows the correlation between FDG uptake in the plane of the supraglottic
larynx 12 months after treatment and eating QOL (3A) and type of diet tolerated (3B) also
assessed at 12 months.

Table 4 summarizes the significant correlations between post-treatment FDG uptake at 12
months in the glottic and supraglottic larynx and functional outcomes 12 months after
treatment. The type of diet tolerated was given a numeric score, ranging from 1 for NPO to 6
for full unrestricted diet. Higher FDG SUV in the supraglottic and glottic larynx is inversely
correlated with this diet score. No significant correlations were seen at the superior three levels
where SUV was measured, nor was there any correlation between FDG SUV levels and
persistence of PEG tubes or degree of weight loss. For each correlation, increased FDG uptake
was associated with increased toxicity. Higher FDG uptake and worse functional outcome is
consistent with our hypothesis that increased metabolic activity, such as inflammation, in
irradiated tissues corresponds to increased toxicity.

DISCUSSION

This retrospective study analyzed quality of life and dietary outcome one year after definitive
chemoradiotherapy for head and neck cancer. Elevated SUV levels in and around the larynx
one year after chemoradiotherapy for head and neck cancer is associated with a decreased
functional outcome. This finding suggests FDG PET scans may be used to assess hormal tissue
damage as well as tumor response following chemoradiotherapy for head and neck cancers.
This association is consistent with our hypothesis and supports investigating inflammation or
other hypermetabolic conditions associated with oxidative stress as causal agents for radiation
induced normal tissue damage.

Increased FDG uptake in normal tissues following irradiation has also been described for the
lungs (23,28) and heart (29). Data from lung treatment suggests not only is there a dose response
between radiation delivered to normal lung and subsequent FDG uptake (23), but the degree
of FDG uptake in adjacent normal lung is also directly correlated with local control. Jingu et
al.(29) have recently reported that increased FDG uptake in myocardium after radiotherapy
may be correlated with myocardial injury. These authors reported that 13% of patients who
received significant radiation dose to the heart had increased FDG uptake and retention several
months after treatment. The majority of patients with increased FDG uptake also showed
altered 1231 methyl-iodophenyl pentadecanoic acid (1231 BMIPP) and/or thallium 201 SPECT
scans, suggesting abnormalities in either cardiac perfusion, fatty acid metabolism, or both.
Thus, the findings of Jingu and colleagues are consistent with the data presented in the current
study and suggest metabolic changes after radiotherapy are associated with radiation induced
toxicity. Since biopsies were not routinely obtained in any of these studies, it is not possible
to define a mechanism for the increased FDG uptake in patients with greater toxicity. The
findings of our study are consistent with either a prolonged inflammatory state producing both
increased FDG uptake and tissue injury, or radiation induced metabolic damage producing
both increased glucose consumption and tissue damage. The limitations of our study do not
enable us to define a mechanism.

Inflammation has long been appreciated as a cause for increased FDG uptake and retention
during FDG PET scanning (30). An alternative possibility is suggested by the recent
appreciation of mitochondrial injury following radiotherapy. Kim et al. (31) have found
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changes in mitochondrial DNA and function following irradiation that appear to result in
chronic nuclear genotoxic stress. If radiation exposure can lead to prolonged mitochondrial
injury, cellular uptake of glucose (and therefore FDG) may increase as a compensatory
mechanism. Kim et al. (31) also demonstrated that irradiated cells produced larger amounts of
superoxide. Furthermore, Slane et al. (22) demonstrated that mutations in genes coding for
mitochondrial electron transport chain proteins lead to increased superoxide production and
oxidative stress that is accompanied by increased glucose consumption and genomic instability.
If this process occurs in normal irradiated tissues, the persistent increased production of
superoxide following irradiation could contribute to increased oxidative stress and normal
tissue toxicity, as well.

Although our results cannot distinguish between these, or other potential, mechanisms, the
correlation between increased FDG uptake and normal tissue toxicity appears robust. Given
the expanding role of FDG PET in cancer surveillance after chemoradiotherapy, the
opportunity to simultaneously examine the effects of treatment on adjacent normal tissues will
also increase. Further efforts to explore the clinical connection between increased FDG uptake
and toxicity based on preclinical models of tissue injury resulting from prolonged inflammation
or mitochondrial injury leading to oxidative stress may provide the insight necessary to develop
treatments able to decrease toxicity.

FDG uptake in the larynx has been described as a potential artifact in PET imaging. Speaking
during the FDG uptake phase prior to imaging is thought to result in higher accumulation of
FDG in laryngeal tissues. Several maneuvers listed in the Methods section, including avoiding
speech and use of benzodiazapines, were used to minimize potential artificial uptake in the
larynx. Therefore, since all reasonable measures to limit the known causes of spurious laryngeal
FDG uptake have been taken, the association between laryngeal FDG uptake and late term
toxicity is likely an actual association.

The data presented in the current study also suggest rising SUV levels in previously uninvolved
normal tissues are common and do not necessarily imply recurrent cancer. The results described
here provide a rationale for using FDG PET scans not only for cancer restaging and
surveillance, but also for assessing chronic normal tissue toxicity. These results also provide
further justification for examining the role of increased metabolic activity, resulting from either
inflammatory reactions within irradiated tissues or from metabolic or mitochondrial damage
of the irradiated tissue itself, in creating radiation induced toxicity via chronic oxidative stress.
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Figure 1. Determining FDG SUV in irradiated tissues

Sagittal views of PET(a) and CT (b) showing the 5 axial planes for which FDG SUVs were
determined. At each level, a region of interest was defined to include all mucosal surfaces and
surrounding soft tissue. An example is shown for the laryngeal axial plane with both PET(c)
and CT (d) images.
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Figure 2. Higher FDG SUVs in the glottic larynx 12 months after treatment are correlated with a
worse functional outcome

A) Normalized eating-related quality of life scores measured at 12 months post-treatment from
the HNCI are shown as a function of normal tissue FDG uptake at the level of the glottic larynx
(see figure 1) from a PET scan also obtained 12 months after therapy. B) Diet scores ranging
from 1 for NPO to 6 for full, unrestricted diet determined 12 months after treatment are shown
as a function of normal tissue FDG uptake at the level of the glottic larynx (see figure 1) from
a PET scan also obtained 12 months after therapy. C) Normalized speech-related quality of
life scores measured at 12 months post-treatment using the HNCI are shown as a function of
normal tissue FDG uptake at the level of the glottic larynx (see figure 1) from a PET scan also
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obtained 12 months after therapy. In each graph, there is a significant association showing
higher FDG uptake is associated with increased toxicity 12 months after therapy.
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Figure 3. Higher FDG SUVs in the supraglottic larynx 12 months after treatment are correlated
with a worse functional outcome

A) Normalized eating-related quality of life scores measured at 12 months post-treatment from
the HNCI are shown as a function of normal tissue FDG uptake at the level of the supraglottic
larynx (see figure 1) from a PET scan also obtained 12 months after therapy. B) Diet scores
ranging from 1 for NPO to 6 for full, unrestricted diet determined 12 months after treatment
are shown as a function of normal tissue FDG uptake at the level of the supraglottic larynx (see
figure 1) from a PET scan also obtained 12 months after therapy. In each graph, there is a
significant association showing higher FDG uptake is associated with increased toxicity 12
months after therapy.
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Characteristic Number (%)
Age” 35-75
Post-treatment PETJr

First 2.0-6.5

Second 6.2-16.0
Sex

Male 16 (88.9)

Female 2(11.1)
Clinical stage

1 0(0)

1l 0 (0)

I 6 (33.3)

v 12 (66.7)
Subsite

Nasopharynx 1(5.6)

Oropharynx 9 (50.0)

Hypopharynx 1(5.6)

Larynx 6 (33.2)

Unknown primary 1(5.6)
Treatment

RT only 0 (0)

RT + Chemo 18 (100.0)

*
measured in years; mean age was 54 years

7Lmeasured in months post-treatment; mean was 3.5 months for PET 1 and 12.3 months for PET 2
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Table 2
Outcome Measures. A variety of outcome measures were used. Health-related
quality of life for various domains was determined using the Head and Neck Cancer
Inventory (5,25). Data regarding weight and PEG tube use and duration were
determined from reviewing the patient medical record. Type of diet tolerated data
was obtained prospectively with the HNCI data, but was not available for two

subjects
Score

Measure Average (SD) Range
Quality of Life

Speech 62.3(31.2) 3-100

Diet 59.6 (24.7) 2.5-88

Aesthetics 79.2 (24.2) 25-100

Social disruption 75.1(22.8) 25-100
Diet tolerated

1 (NPO) 3 -

2 3 —

3 0 -

4 0 —

5 2 -

6 (unrestricted) 8 —
PEG tube

Atany time” 15 -

At 12 months 9
Weight loss 12.4 0.5-29.4 (8.9)

*
at any time during or in the first 12 months after treatment.

7 s
measured in kilograms
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