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Abstract

This study aimed to examine if exposure to ionizing radiation during clinical radiotherapy (RT) causes increased oxidative
damage. Seven patients with nasopharyngeal cancer (NPC) who underwent RT took part in this controlled-trial study.
Blood and urine samples were obtained for F,-isoprostanes (F,-IsoPs) measurement. Urinary F,-IsoPs levels were elevated
pre-treatment and remained high (but did not increase) during treatment, but decreased to the normal range after treat-
ment. Plasma F,-IsoPs decreased significantly after the start of treatment before rising midway through treatment. Levels
decreased significantly to below baseline following treatment. However, the patients were observed to have substantially
lower levels of plasma esterified arachidonic acid (AA) residues than controls. The data shows that NPC is associated with
elevated F,-isoprostanes in urine and in plasma after correction for decreased AA levels. RT did not increase these levels

and, indeed, was associated with falls in F,-IsoPs. The validity and usefulness of correction of plasma F,-IsoPs for lowered

AA levels is discussed.
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Introduction

Ionizing radiation causes damage to biomolecules, in
part by causing the generation of highly reactive rad-
icals such as hydroxyl radical, OH" [1,2]. However,
few studies have examined the degree of oxidative
stress produced in humans by exposure to radiation,
particularly during radiotherapy [2—4]. Radiotherapy
(RT) involves the use of high dose ionizing radiation
to deliver a cytotoxic level to the tumour whilst min-
imizing exposure to normal tissue. RT is used with or
without chemotherapy as the primary curative treat-
ment in certain cancers, e.g. nasopharyngeal carci-
noma (NPC). However a substantial heterogeneity in
patient response to radiation exists. This may be due
to intrinsic differences in cellular radiosensitivity of
individuals [3].

Measurement of prostaglandin (PG)-like sub-
stances that are produced by oxidation of arachidonic
acid, such as F,-isoprostanes (F,-IsoPs), has been
established as a reliable method to assess oxidative
lipid damage i vivo [5]. This approach allows for
quantification of oxidative lipid damage in a wide
variety of human illnesses, including cardiovascular,
pulmonary, neurological, renal and liver disease [5-7],
and has led to the preliminary development of disease
predictive tools based on combining parameters of
oxidative damage with those of redox state, DNA-
repair activity, antioxidant defences and body mass
index [8,9].

To date, however, there have been few studies which
have established the effect of radiotherapy on F,-
IsoPs. One previous study analysing the effect of
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radiotherapy for prostate cancer on urinary levels of
F,-IsoPs failed to show any effect of radiotherapy on
urinary levels. However the authors acknowledged
problems in their study which may have accounted
for the negative result [10]. Another study demon-
strated a correlation of change in levels of antioxidant
enzymes with susceptibility of lung cancer patients to
radiation pneumonitis [11]. The question is impor-
tant as there are widespread speculations as to whether
administration of antioxidants could be beneficial or
deleterious in radiotherapy [12,13] and knowledge
about oxidative damage levels may help inform the
debate.

The aim of this study was to determine if radio-
therapy given with curative intent will alter the lev-
els of F,-IsoPs in plasma and urine of NPC patients.
A second aim was to examine if variation in F,-
IsoPs levels correspond to increasing incidence of
acute toxicity and to rates of local control following
treatment.

Methods and materials
Patient accrual

Patients with American Joint Committee on Cancer
(AJCC) stage IIb to III, World Health Organization
(WHO) type 3 nasopharyngeal cancer (NPC)
were recruited. Under the consent of the Institu-
tional Review board (National Healthcare Group,
Singapore), blood samples from patients undergoing
chemoradiotherapy (CRT) were used for this study.
All patients had a staging magnetic resonance imag-
ing (MRI) scan of the head and neck, computed
tomography (CT) thorax and liver scan, bone scan
and liver and renal function tests. Patients were
excluded if they had received induction chemother-
apy or prior radiotherapy, had an unfavourable
Eastern Cooperative Oncology Group (ECOGQG) per-
formance status (2 or greater) or had a past medical
history of renal impairment, cardiac disease or liver
failure.

Treatment, sample collection and clinical assessment

All patients were treated with intensity modulated
radiotherapy (IMRT) delivered with multi-leaf colli-
mation on a Siemens linear accelerator (Siemens
Healthcare, Erlangen, Germany). An extended field
IMRT technique was used to treat the primary tumour
along with all the regional lymph nodes, including the
supraclavicular nodes. This was achieved with a beam
arrangement consisting of seven equispaced coplanar
beams.

The prescribed dose was 69.96 Gray to the gross
tumour volume (GTV) and positive neck nodes,
59.4 Gray to the clinical target volume (CTV 59.4),
which included the GTV and high risk adjacent
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areas such as the entire nasopharynx, anterior half
of the cilvus, skull base and level II, III and V cervi-
cal nodes and 54 Gray to bilateral uninvolved lower
neck regions (CTV54). A margin of 10 mm was
given to all volumes to account for potential micro-
scopic disease and daily set-up variations. Dose to
critical structures in the head and neck region such
as the brainstem, optic nerves and optic chiasm was
limited to 50-54 Gray in order to minimize the risk
of long-term side-effects due to radiation, e.g. brain-
stem necrosis.

Radiotherapy was delivered in 33 fractions, once
daily for 5 days a week (total 6.5 weeks) at 2.12 Gray/
fraction/day to the GTV, 1.8 Gray/fraction/day to the
CTV 59.4 and 1.64 Gray/fraction/day to the CTV 54
dose to surrounding critical structures.

All patients also received weekly low dose chemo-
therapy (IV cisplatin 40 mg/m?) concurrent with RT.
They were reviewed for toxicity once a week during
treatment. Incidence and severity of mucositis, xeros-
tomia and skin dermatitis were scored in accordance
with the Common Toxicity Criteria for Adverse
Events, version 3.

Follow-up reviews were conducted 1 week after
completion of treatment, 6 weeks after treatment and
then at 3 monthly intervals. Repeat imaging by either
MRI or CT was assessed at 3 months post-RT for
radiologic response to therapy.

Plasma and urine collection and analysis

Blood and urine samples were collected from patients
once weekly within 30 min after treatment. Timing of
sample collection and assessment was taken from the
time the first sample was obtained during the radio-
therapy planning CT scan (week 0). Radiotherapy was
started 3 weeks later and the first sample collected
during the first week of radiation (week 3). Radiother-
apy was completed 6 weeks later and the last sample
collected during the final week of radiation (week 8).
Final sample collections were done at 6 weeks post-
treatment (week 14) and at 3 months (12 weeks) post-
treatment (week 20). A total of nine time points of
blood and urine was collected from every patient.

Blood samples were obtained by venipuncture into
EDTA blood tubes. They were then centrifuged at
3000 rpm for 10 min at 4°C and the plasma portion
was aspirated and placed in microtubes pre-loaded
with indomethacin and BHT to prevent artefactual
oxidation of lipids [14]. The samples were then anal-
ysed for F,-isoprostanes (F,-IsoPs). A total of 2 ml
of midstream urine was also collected for F,-IsoPs
analysis.

For extraction of total (free+esterified) form of F,-
IsoPs and total arachidonate, deuterated standard
was added to 1 ml plasma which was then hydrolysed
at 37°C for 30 min with 1 ml of 1 M potassium
hydroxide prepared in methanol, to release the esterified
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lipids [15,16]. Afterwards, 0.5 ml of methanol, 0.2
ml of 5 M HCI and 2.5 ml of 40 mM formic acid
(pH 4.6) were further added and mixed. For mea-
surement of free forms in plasma and urine for
F,-IsoPs deuterated standard and 1 ml of formic acid
(40 mM, pH 4.5) was added to 1 ml of sample,
mixed and then immediately processed by anionic
solid phase extraction (SPE) [15,16]. For standard-
izing the dilution of urine, creatinine levels were
measured using the Sigma (St Louis, Missouri, USA)
diagnostic kit. The extracted samples were deriva-
tized [15,16] for gas chromatography-mass spectrom-
etry/negative chemical ionization (GC-MS/NCI)
analysis. Quantitation was achieved by relating the
peak area of the total and free forms of F,-IsoPs and
total arachidonate with their respective peaks of deu-
terated internal standard [15,16].

Statistical analysis

The data are expressed as the median* SD. Changes
in oxidative stress markers from baseline were com-
pared using the Generalized Estimating Equation
(GEE) models as described in Zeger and Liang [17].
These models help to correctly account for any inher-
ent within-patient correlation in the parameters. For
the GEE models, we specified the exchangeable cor-
relation structure in all analyses. The naive statistical
methods would include the r-tests and analysis of
variance (ANOVA). However, the main assumptions
for these tests include observations being indepen-
dent, which is not true in this study, as the observa-
tions are repeated for the same patients. To study the
impact of changes in covariates such as mucositis and
xerostomia with each outcome, we specified an inter-
action term consisting of each covariate against week.
Data analysis was performed using StataV10.2 (Stata
Corp, College Station, TX), with level of significance
set at 5%.

Results

Seven male patients were enrolled in the trial and
their characteristics are summarized in Table I. All
patients completed the prescribed course of radio-
therapy with chemotherapy and had samples taken at
all time points. A group of age and sex matched con-
trols (n=7) was also included in this study to serve
as healthy reference controls and samples were taken
at similar time points.

Urinary F,-isoprostanes levels

As shown in Figure 1, baseline median urinary F,-
IsoPs levels standardized to creatinine, 1.04 ng/mg Cr
(0.42-1.73), were significantly higher (p=0.04) than
control levels, 0.61 ng/mg Cr (0.15-0.84) at all time

Table 1. Patient characteristics.

Patients Control

Number 7 7
Age

Mean 53 55

Range 42-68 50-63
ECOG performance status

0 2 -

1 5 -
AJCC clinical stage

IIb 1 -

111 6 -

points, before and during RT. There was no signifi-
cant change in the levels during treatment. Upon
completion of treatment, urinary F,-IsoPs levels had
become significantly lower than baseline levels, 0.58
ng/mg Cr (0.16-1.0) at week 14 (p=0.04) and 0.31
ng/mg Cr (0.18-0.84) at week 20 (»=0.007) and had
moved into the range of the control subjects.

Plasma F,-isoprostanes levels

In contrast to the results from urine, baseline median
total plasma F,-IsoPs 0.71 ng/ml (0.49-1.09) and
esterified F,-IsoPs 0.68 ng/ml (0.44-1.03) levels prior
to starting therapy were not significantly different
from baseline median levels of the healthy controls,
0.71 ng/ml (0.18-1.03) and 0.64 ng/ml (0.13-0.89)
(Figure 2), respectively. Upon commencement of RT,
levels of total F,-IsoPs and esterified F,-IsoPs
declined, with a significant decrease in levels compared
to baseline by week 4 of RT 0.57 ng/ml (0.38-0.70)
and 0.52 ng/ml (0.33-0.64), in both cases p < 0.05.
There was then a significant rise in levels in week 5,
when compared to week 4 (p < 0.05), followed by a
continuous rise until the end of RT to reach the initial
levels.

Post-treatment showed a significant decrease in
total F,-IsoPs and esterified F,-IsoPs in levels to
below baseline 0.51 ng/ml (0.32-0.69) and 0.46 ng/
ml (0.29-0.62) at week 14 (p=0.01) and at week 20
0.45 ng/ml (0.34-0.73) and 0.39 ng/ml (0.30-0.67)
(p < 0.001). These levels were still significantly lower
compared to control levels, p < 0.05. There was no
significant change in free F,-IsoPs levels during treat-
ment or upon completion of treatment when com-
pared to baseline levels.

These studies therefore appear to show no rises
(in fact falls) on F,-IsoPs levels during CRT. How-
ever, F,-IsoPs arise from attack of free radicals and
other ROS on arachidonic acid residues (AA) in
membranes and lipoproteins. As shown in Figure 3
(bottom panel), plasma total arachidonate levels of
the patients are significantly lower than control lev-
els (p < 0.005) and remained consistently low, with
no significant changes throughout the course of
treatment.
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Figure 1. Urinary F,-IsoPs levels over time in NPC patients. The boxes indicate the 25" and 75™ percentile (the lower and upper edge,
respectively) and the lines between the shadings within the boxes represent the median. The points at the ends of the whiskers are the
greatest or the smallest points. *Indicates the significant elevated baseline levels compared to controls. # Indicates the significant decrease
in levels compared to baseline following treatment. R is the ranges in the healthy control subjects.

If we corrected for the lowered arachidonic acid, as
shown in Figure 3, median baseline levels of total F-
IsoPs/AA 16.3 pg/ug (13.4-26.7), esterified F,-IsoPs/
AA 15.0 pg/ug (12.5-25.1), were significantly ele-
vated compared to controls (p < 0.005) at all time
points, both before and during radiotherapy, but
decreased at weeks 14 and 20.

Toxicity

All patients experienced xerostomia, mucositis, der-
matitis and weight loss during treatment. Incidence
rate by week is shown in Table II. Following comple-
tion of treatment, other than xerostomia, all other
acute toxicities had resolved. No correlation was
observed between levels of urinary or plasma F,-IsoPs
(whether corrected for AA or not) in relation to inci-
dence and severity of acute toxicity.

Patients had a significant loss of weight each week
(»p=0.001) and overall lost an average of 14 kg by
completion of treatment. There was no further weight
loss after completion of treatment, but patients’ weights
remained significantly less compared to pre-treatment
levels (p=0.01). There was no association between
weight loss and changes in levels of AA or F,-IsoPs
whether corrected for AA or not (data not shown).

There were no cases of neutropenic sepsis during the
course of concurrent chemoradiotherapy. While the
absolute neutrophil count of all patients did fluctuate
during treatment, there was no significant reduction in
level compared to baseline nor was there any correla-
tion found with variations in levels of AA or F,-IsoPs.

Response

All patients achieved a complete response by 3 months
post-treatment (week 20), as confirmed by clinical

examination, nasoendoscopy and radiologic imaging.
Response to treatment was significantly associated
with decrease in the levels of total and esterified F,-
IsoPs. Even after adjusting for arachidonic acid,
decreases in mean levels of plasma total and esterified
F,-IsoPs were still significantly associated with
response (p < 0.01). Similarly, a decrease in level of
urinary F,-IsoPs levels was also significantly associ-
ated with response to treatment (p < 0.001).

Discussion

In this study to assess the relationship of oxidative
lipid damage to ionizing radiation exposure in humans,
we decided to focus on patients with nasopharyngeal
carcinoma (NPC) only. The rationale for NPC
patients is that the ‘gold standard’ of treatment is RT
alone or with low dose chemotherapy (as used here).
A randomized trial previously conducted to assess
supplementation with antioxidant vitamins in patients
with head and neck cancers treated with radiotherapy
demonstrated that, while toxicity was reduced, local
failure rates were higher as the efficacy of radiation
therapy may have been compromised [13]. This
emphasizes the uncertainty surrounding the use of
antioxidants, a problem which may be amendable to
further study, first by establishing if systemic oxidative
stress is really increased by radiotherapy, a question
examined in our paper.

Our study illustrates that, before treatment, patients
with NPC have elevated levels of urinary F,-IsoPs
and, after adjusting for arachidonic acid, total and
esterifed F,-IsoPs. Pre-treatment patients with cancer
had significantly lower arachidonic levels than healthy
controls and these levels remained low throughout
treatment. This could have been due to their reduced
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Figure 2. Comparison of control plasma F,-IsoPs levels over time in NPC patients. The boxes indicate the 25™ and 75™ percentile (the
lower and upper edge, respectively) and the lines between the shading within the boxes represent the median. The points at the ends of
the whiskers are the greatest or the smallest points. *Indicates the significant change from baseline levels to the nadir during
treatment, +indicates the significant rise from the nadir during treatment and # indicates the significant decrease in levels compared to
baseline following treatment.
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Figure 3. Comparison of F,-IsoPs levels after accounting for arachidonic acid levels over time in NPC patients. The boxes indicate the
25% and 75% percentile (the lower and upper edge, respectively) and the lines between the colours within the boxes represent the median.
The points at the ends of the whiskers are the greatest or the smallest points. *Indicates the significant change from baseline levels to the
nadir during treatment, +indicates the significant rise from the nadir during treatment and # indicates the significant decrease in levels

compared to baseline following treatment.
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Table II. Incidence of acute toxicity and weight loss during the
course of treatment.

Incidence of toxicity

(week) 4 5 6 7 8 14 20

15 28 43 8 92 0 O
Mucositis (%) 42 42 57 71 84 0 O
Xerostomia (%) 84 92 92 100 100 86 71
Average weight (kg) 75 74 73 71 69 68 66 61 60

Dermatitis (%)

(==l e) (=]
o O O SN

nutritional state and/or changes in lipid metabolism.
Our F,-IsoPs data suggest that patients are already
under substantial oxidative stress, which could be
related to the presence of cancer (since cancer may
itself cause oxidative stress as well as result from it
[8]), to impaired dietary or other antioxidant status
(perhaps consequent on poor nutrition) or both.

Impact of radiotherapy on plasma levels of F,-IsoPs

Perhaps surprisingly, radiotherapy did not increase
F,-IsoPs. We have shown that there is a sequential
change in the levels of total and esterified F,-IsoPs
levels in the patients during radiotherapy; a rapid
dechine in the marker levels after start of treatment,
followed by a continuous rise mid-treatment and a
second drop to below baseline levels after completion
of treatment. This sequential change in total and
esterified F,-IsoPs levels was demonstrated even after
adjusting for arachidonic acid levels. Following the
start of radiotherapy, there was a drop in the F,-IsoPs
compared to pre-treatment levels. If the cancer is
causing oxidative stress, this could be due to a reduc-
tion in the tumour size following the effects of radio-
therapy, resulting in less ROS production by the
tumour and/or less tumour associated inflammation
[8]. In a study by Barker et al. [18], which investigated
the changes in tumour volume in head and neck can-
cer patients treated with radiotherapy, the gross
tumour size was reduced by a median rate of 2 cm?
per treatment day.

Despite the continuous shrinkage of the tumour
during treatment, levels of F,-IsoPs demonstrated a
subsequent significant rise after the 2nd and 3rd
weeks of radiotherapy. This seems to coincide with
the increase in incidence of acute radiation toxicity
and could be due to secondary efforts of the radio-
therapy, perhaps inflammation and associated
increased ROS production. We were, however, unable
to establish an association between the levels of F,-
IsoPs and the incidence and severity of toxicity. This
could be due to the study not having sufficient statis-
tical power in this small number of patients. Indeed,
one potential criticism of our study is the small num-
ber of patients. However, all subjects completed the
study and gave samples at the required times, and the

samples size was sufficient to reach clear conclusions
for the F,-IsoPs data.

Post-radiotherapy patients showed a significant
drop in the total and esterified F,-IsoPs levels to lev-
els significantly lower than baseline, suggesting that
the oxidative stress status (at least as far as can be
determined by this biomarker) of the patients had
returned to normal. This change in levels was sig-
nificantly associated with a response to treatment.
This is perhaps expected as all patients achieved a
complete response to treatment, i.e. the tumour had
apparently disappeared and the chemoradiotherapy
has ceased. Long-term follow-up will also be required
to determine if a regrowth of the cancer will result
in a rise in the levels. Potentially, oxidative stress
markers might then be used as tools to assess for
response to treatment as well as monitor for a
relapse.

Sequential changes in urinary F,-IsoPs levels

Similar to that seen in the AA-corrected plasma lev-
els, baseline levels of urinary F,-IsoPs were elevated
compared to healthy controls, probably due to the
effect of the tumour on the patients. In line with the
results previously demonstrated by Camphausen
et al. [10] in prostate patients undergoing radiotherapy,
there was no significant rise in the levels of urinary
isoprostanes during treatment nor any correlation
with toxicity. However, post-treatment levels of
urinary isoprostanes were significantly lower than
baseline and correlated with a complete response to
treatment.

Anomalies in expressing F,-IsoPs data

F,-IsoPs levels in plasma are usually expressed per
unit volume. However, in this study (and possibly also
in some human intervention studies with pro-
oxidants, antioxidants or foodstuffs and in several
other diseases), there are substantial changes in
plasma total AA levels. When we correct F,-IsoPs lev-
els for this, different conclusions can result (Figures
2 and 3). This sort of correction is of uncertain valid-
ity and was recently discussed in detail [19]. More
research is needed to see to what extent variations in
the levels of substrates for oxidative damage can alter
levels of biomarkers [19], but there is some evidence
that they can. For example, a recent study showed
that supplementation of animals with DHA decreased
F,-IsoPs levels, apparently by raising DHA and mak-
ing it a preferred target of oxidation [20]. Infusion of
non-esterified fatty acids in obese hypertensive adults
increased plasma F,-IsoPs [21]. Our data add to the
list of studies revealing that measurements of F,-IsoPs
on urine and plasma may not always give the same
answers in relation to human disease and that it is
good to measure both (for a more detailed discussion,
please see Halliwell and Lee [19]).
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Conclusion

This study demonstrates that the presence of NPC in
patients is associated with elevated plasma (after cor-
rection for AA) and urinary levels of F,-IsoPs. This is
the first study to demonstrate a sequential change in
levels of an oxidative stress marker during radiation
treatment and after cessation of radiation as well as a
correlation with response with most of the markers.
Of course, since concurrent chemotherapy was used
(albeit only at a small radiosensitizing dose), we can-
not say that radiotherapy alone was responsible for
the results. Nevertheless, we can say that the radiation
itself did not immediately increase F,-IsoPs levels.
The later rise during treatment may be amendable to
amelioration with antioxidants. This will be the sub-
ject of further studies, but patients will also need to
be followed long-term to determine the predictive
value of F,-IsoPs for chronic radiation toxicity as
well as relapse of disease in relation to antioxidant
administration.

Declaration of interest: We would like to thank the
Biomedical Research Council of Singapore for their
research support (BMRC 03/1/21/18/213).

References

[1] von Sonntag C. Free radical-induced DNA damage and its
repair: a chemical perspective. Basel: Springer; 2006.

[2] Biaglow JE, Mitchell ]B, Held K. The importance of peroxide
and superoxide in the x-ray response. Int J Radiat Oncol Biol
Phys 1992;22:665-669.

[3] Peters LJ. Inherent radiosensitivity of tumour and normal tis-
sue cells as a predictor of human tumour response. Radiother
Oncol 1990;17:177-190.

[4] Halliwell B, Gutteridge JMC. Free radicals in biology and
medicine. Clarendon Press, Oxford (4™ ed), UK; 2007.

[5] Morrow JD, Roberts LJ. The F,-isoprostanes: unique bioactive
products of lipid peroxidation. Prog Lipid Res 1997;36:1-21.

[6] Lee CY]J, Seet R, Huang SH, Long LLH, Halliwell B. Different
patterns of oxidized lipid products in plasma and urine of
dengue fever, stroke and Parkinsons disease patients. Cau-
tions in the use of biomarkers of oxidative stress. Antiox
Redox Signal 2009;11:407—420.

[7] Montuschi P, Peter JB, Roberts LJ. Isoprostanes: markers and
mediators of oxidative stress. FASEB 2004;18:1791-1800.

[8] Halliwell B. Oxidative stress and cancer: have we moved for-
ward? Biochem J 2007;401:1-11.

[9] Keaney JF, Jr, Larson MG, Vasan RS, Wilson PW, Lipinska I,
Corey D, Massaro JM, Sutherland P, Vita JA, Benjamin EJ.

This paper was first published online on Early Online on 29
June 2010.

Isoprostanes and radiotherapy 1071

Framingham Study. Obesity and systemic oxidative stress:
clinical correlates of oxidative stress in the Framingham
Study. Arterioscler Thromb Vasc Biol. 2003;23:434-439.

[10] Camphausen K, Menard C, Sproull M, Goley E, Basu S,
Coleman CN. Isoprostane levels in the urine of patients with
prostate cancer receiving radiotherapy are not elevated. Int J
Radiat Oncol Biol Phys 2004;58:1536-1539.

[11] Park EM, Ramnath N, Yang GY, Ahn JY, ParkY, Lee TY, Shin
HS,Yu ], Ip C, Park YM. High superoxide dismutase and low
glutathione peroxidase activities in red blood cells predict
susceptibility of lung cancer patients to radiation pneumoni-
tis. Free Radic Biol Med 2007;42:280-287.

[12] Meyer F, Bairati I, Fortin A, Gélinas M, Nabid A, Brochet F,
Tétu B. Interaction between antioxidant vitamin supplemen-
tation and cigarette smoking during radiation therapy in rela-
tion to long-term effects on recurrence and mortality: a
randomized trial among head and neck cancer patients. Int ]
Cancer 2008;122:1679-1683.

[13] Bairati I, Meyer F, Gélinas M, Fortin A, Nabid A, Brochet F,
Mercier JP, Tétu B, Harel F, Ardous B, Vineault E, Vass S, Del
Vecchio P, Roy J. Randomized trial of antioxidant vitamins to
prevent acute adverse effects of radiation therapy in head and
neck cancer patients. ] Clin Oncol 2005;23:5805-5813.

[14] Morrow JD, Hill KA, Burk RF, Nammour TM, Badr KF,
Roberts L], 2nd. A series of prostaglandin F,-like compounds
are produced iz vivo in humans by a non-cyclooxygenase, free
radical-catalyzed mechanism. Proc Natl Acad Sci USA
1990;87:9383-9387.

[15] Lee CY]J, Huang SH, Jenner AM, Halliwell B. Measurement
of F,-isoprostanes, hydroxyeicosatetraenoic products, and
oxysterols from a single plasma sample. Free Radic Biol Med
2008; 44:1314-1322.

[16] Lee CYJ, Jenner AM, Halliwell B. Rapid preparation of
human urine and plasma samples for analysis of F,-isopros-
tanes by gas chromatography-mass spectrometry. Biochem
Biophys Res Commun 2004;320:696-702.

[17] Zeger SL, Liang KY. Longitudinal data analysis for discrete
and continuous outcomes. Biometrics 1986;42:121-130.

[18] Barker JL, Garden AS, Ang KK, O’Daniel JC, Wang H, Court
LE, Morrison WH, Rosenthal DI, Chao KS, Tucker SL,
Mohan R, Dong L. Quantification of volumetric and geomet-
ric changes occurring during fractionated radiotherapy for
head and neck cancer using an integrated CT/linear accelera-
tor system. Int J Radiation Oncology Biol Phys 2004;59:
960-970.

[19] Halliwell B, Lee CY]J. Using isoprostanes as biomarkers of
oxidative stress. Some rarely-considered issues. Antiox Redox
Signal 2010;13:145-156.

[20] Yin H, Liu W, Goleniewska K, Porter NA, Morrow ]JD,
Peebles RS, Jr. Dietary supplementation of w-3 fatty acid-
containing fish oil suppresses F,-isoprostanes but enhances
inflammatory cytokine response in a mouse model of ovalbumin-
induced allergic lung inflammation. Free Radic Biol Med
2009;47:622-628.

[21] Stojilikovic MP, Lopes HF, Zhang D, Morrow JD, Good-
friend TL, Egan BM. Increasing plasma fatty acids elevates
F,-isoprostanes in humans: implications for the cardiovascu-
lar risk factor cluster. ] Hypertens 2002;20:1215-1221.

RIGHTS LI N Kdx



