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Pivotal research led by Louis Harold Gray in the 1950s suggested that oxygen plays a vital role during radiotherapy. By proving that
tumours have large necrotic cores due to hypoxia and that hypoxic cells require significantly larger doses of ionising radiation to
achieve the same cell kill, Thomlinson and Gray inspired the subsequent decades of research into better defining the mechanistic
role of molecular oxygen at the time of radiation. Ultimately, the work pioneered by Thomlinson and Gray led to numerous elegant
studies which demonstrated that tumour hypoxia predicts for poor patient outcomes. Furthermore, this subsequently resulted in
investigations into markers and measurement of hypoxia, as well as modification strategies. However, despite an abundance of pre-
clinical data supporting hypoxia-targeted treatments, there is limited widespread application of hypoxia-targeted therapies
routinely used in clinical practice. Significant contributing factors underpinning disappointing clinical trial results include the use of
model systems which are more hypoxic than human tumours and a failure to stratify patients based on levels of hypoxia. However,
translating the original findings of Thomlinson and Gray remains a research priority with the potential to significantly improve
patient outcomes and specifically those receiving radiotherapy.
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INTRODUCTION
The origins of radiotherapy date back to 1896 when Emil Herman
Grubbé utilised X-rays, less than 60 days after their discovery by
Wilhelm Conrad Röntgen, to treat a case of advanced ulcerative
breast cancer in Chicago with little knowledge of their physical
properties or biological effects [1]. Over successive decades,
rigorous scientific research was conducted to facilitate the
continuous advancements in knowledge of the fundamental
mechanisms of action and factors affecting radiosensitivity. One
important name underlying a significant proportion of research
during this time is Louis Harold Gray, the British physicist whose
landmark contributions inspired the naming of the SI unit of
absorbed ionising radiation dose. In the 1950s, Gray began
studying the importance of tumour oxygen concentration and
hypoxia in the context of radiotherapy efficacy with colleagues,
revealing critical findings that provided solid foundations for the
years of radiobiological research that have followed [2, 3].
In 1955, Gray published a research paper in collaboration with

Raymond Hugh Thomlinson titled “The histological structure of
some human lung cancers and the possible implications for
radiotherapy” in the British Journal of Cancer [3]. At this time, it
had been established that tumours contained hypoxic regions and
the levels of oxygenation could determine radiosensitivity and
tumour regression [4, 5]. By cutting histological sections of human
epithelial tumours, Thomlinson and Gray observed areas of

necrosis in the centre of large tumours which were encompassed
by rings of intact tumour cells [3]. More specifically, in 159 out of
the 160 tumour areas measured and studied, the authors were
able to determine that central tumour necrosis was absent in all
tumour sections <160 µm in radius whilst present in all tumour
sections >200 µm in radius [3]. In addition, they established that
the radius of intact tumour cells that surrounded the central
necrotic core never exceeded 180 µm; instead, the radius of the
necrotic core increased as the overall tumour size increased [3]. As
illustrated in Fig. 1a, b, Thomlinson and Gray suggested that these
observations were due to a decreasing gradient in oxygen tension
from the periphery to the tumour centre, the magnitude of which
is dependent on oxygen consumption, since the blood vessels
supplying oxygen were identified toward the tumour epithelial
surface but not intertwined deep into the tumour bulk [3]. In
conclusion, Thomlinson and Gray identified necrosis as one of the
first distinguishable biomarkers of tumour hypoxia.

IMPLICATIONS FOR RADIOTHERAPY
These seminal findings from Thomlinson and Gray in 1955 built
upon the prior pivotal research of Gray et al., which demonstrated
that tumour cells experiencing anoxia at the time of irradiation are
~2.5–3 times more radioresistant to a given dose of X-rays or γ-
rays than oxygenated tumour cells [2]. Together, the results clearly
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demonstrated an oxygen concentration gradient that reduces
from the periphery to the innermost part of the tumour sections,
thus suggesting that the central tumour cells would be more
radioresistant due to the presence of less molecular oxygen at the
time of irradiation [2, 3].
In addition, Thomlinson and Gray noted that a given dose of

radiation, sufficient to cause cell death in the outer radiosensitive
cells, will increase the supply of oxygen and other nutrients to the
central necrotic cells, allowing the cells to continue proliferation if
they have retained the capacity to replicate following the period
of oxygen deprivation [3]. Today, this reoxygenation of hypoxic
cells that follows irradiation is known as one of the 5R’s (repair,
repopulation, reoxygenation, redistribution and radiosensitivity)
which are all supporting factors that provide the rationale for
fractionation of clinical radiotherapy regimens [6].
At the time of this pivotal research, the influence of oxygen

tension at the time of irradiation on the biological response to
radiotherapy had not been mechanistically evaluated [2]. How-
ever, the widely accepted theory to explain this close relationship
is now known as the oxygen fixation hypothesis [7]. During
radiation treatment, incoming X-ray photons interact with
surrounding water molecules in biological matter, in a reaction
known as water radiolysis, which generates highly reactive
hydroxyl radicals (OH•) capable of directly interacting with DNA

and producing DNA radicals (DNA•) [7, 8]. In the presence of
oxygen, reactions between DNA• and molecular oxygen yield a
permanent DNA peroxyl radical (DNA–OO•) which is challenging
or even impossible to repair [7, 8]. Hence, the damage is
considered ‘fixed’ in place in oxygenated cells targeted with
radiation. Conversely, in conditions of hypoxia, the lack of
available oxygen permits DNA• radicals to be efficiently repaired
via donation of hydrogen ions from cellular thiols which
chemically restores the DNA structure [7, 8]. Today, a value known
as the oxygen enhancement ratio (OER) is calculated to represent
the ratio of radiation doses required under hypoxia to achieve the
same cell kill levels as under normal physiological conditions. For
X-rays and γ-rays this OER is 2.5–3, therefore emphasising that
hypoxic tumours require significantly higher radiation doses to be
controlled or cured [2, 7].

MOVING ON FROM NECROSIS—MARKERS OF TUMOUR
HYPOXIA
As previously, the pioneering work of Thomlinson and Gray
highlighted central cores of necrotic cells as the first indicator of
tumour hypoxia. Necrosis of tumour cells occurs as a result of
chronic or diffusion-limited hypoxia at distances >180 μM from
functional blood vessels [3, 9]. As predicted by Thomlinson and
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Fig. 1 Regions of hypoxia (insufficient oxygen) lead to necrosis in solid tumours. a Schematic illustration summarising the key findings
from Thomlinson and Gray [3]. In solid tumours, cells proximal to blood vessels are well oxygenated, whilst cells at a distance become
increasingly hypoxic with increased distance from the functional blood supply. Necrosis was found to occur ≤180 µm from the blood supply,
resulting in necrotic cores at the centre of solid tumours with a total radius of >200 µm [3]. The figure includes adapted templates from Servier
Medical Art (with permission). b Transverse section of tumour chord (labelled ‘TC’) from carcinoma of the bronchus demonstrating that cords
greater than 180 μM have necrotic centres (labelled ‘N’). Image reproduced from Thomlinson and Gray [3]. c Axial image of F-MISO PET CT scan
showing large NSCLC with hypoxic region (red, labelled ‘H’) surrounding a necrotic core (blue, labelled ‘N’) without F-MISO penetration. Image
supplied by Dr Daniel McGowan and Dr. Geoff Higgins (University of Oxford).
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Gray, a gradient in oxygen concentration occurs between the
tumour vasculature and necrotic regions due to chronic or
diffusion-limited hypoxia, which occurs due to cells closest to
functional tumour vessels metabolising all available oxygen and
leaving none for cells at the tumour core. This was validated and
quantified in later years following the emergence of Eppendorf
polarographic oxygen electrodes as a methodology for direct
measurements of intratumoral oxygen tension [10, 11]. These
oxygen probes are often referred to as the “gold standard” tool for
direct tumour hypoxia determination and were frequently
successful in predicting treatment outcome, however, their clinical
use is limited today due to associated invasiveness [10, 11].
Importantly, the probes often overestimated hypoxic fractions
since they are not able to distinguish necrotic tissue from viable
hypoxic tissue [10, 11]. Although not currently widely used,
necrosis remains an important marker of tumour hypoxia and
predictor of those patients likely to benefit from hypoxia
modification [12].
After Thomlinson and Gray highlighted that hypoxia could be

visualised through necrosis, significant effort was invested in
developing probes for hypoxia in both the laboratory and clinical
settings. For example, the 2-nitroimidazole compounds Pimoni-
dazole and EF5 act as predictive biomarkers for hypoxia by being
reduced and covalently binding intracellular macromolecules
specifically at low oxygen concentrations <10mmHg [13, 14].
Pimonidazole and EF5 binding can be detected either immuno-
histochemically with antibodies against the formed macromole-
cule adducts, or non-invasively by positron emission tomography
(PET) imaging, a type of imaging modality in nuclear medicine if
labelled with radionuclides [14]. Subsequently, several redox-
sensitive molecules, notably nitroimidazoles and Cu-chelated
complexes, have been clinically tested as tracers and found to
predict hypoxia and therapy outcomes [15]. However, factors such
as slow pharmacokinetics and low tumour-to-background signal
ratio, oxygen-independent efflux from cells, poor tumour pene-
tration, as well as cost have limited their widespread applicability
[16]. In contrast, 18F-fluoromisonidazole (FMISO) is one of several
18F-labelled tracers more recently utilised in oncology to
specifically detect hypoxic tumour regions. Lipophilic FMISO
diffuses into a cell where its nitro group is reversibly reduced
via the addition of two electrons by nitroreductase enzymes [17].
In oxygenated cells, the reduced FMISO is re-oxidised and
therefore can diffuse out of the viable cell where it circulates
and is eventually excreted [17]. However, in hypoxic cells, the lack
of available molecular oxygen prevents re-oxidation of the
reduced FMISO molecule, thus causing its accumulation and
retention in the intracellular space whereby it can be quantita-
tively imaged using PET [17] (Fig. 1c). The use of FMISO is
beneficial since the dynamic range of retention falls within the
range of radiobiological hypoxia (<0.1% O2) [18], allowing the
signal intensity to create parametric maps that indicate the
oxygen distribution within a tissue or tumour [19]. FMISO PET can
be used to measure hypoxia predictively or prognostically,
however, is not yet routinely used clinically to image hypoxia
beyond the clinical trial setting [14].
Conversely, endogenous markers of tumour hypoxia are genes

or proteins whose expression is selectively induced in conditions
of hypoxia. The most studied are the hypoxia-inducible factors
(HIFs), the master orchestrator of the biological response to
physiological hypoxia, whose transcriptional activity is highly
dependent on cellular oxygen concentration [18, 20]. As
transcription factors, the HIF family regulate the expression of
numerous genes involved in fundamental cellular processes that
promote tumour cell survival in the hostile hypoxic tumour
microenvironment. Some well-characterised genes that are
directly transcriptionally activated in response to HIF signalling
related to glucose metabolism, angiogenesis and pH homoeos-
tasis include glucose transporters 1 and 3, pyruvate

dehydrogenase kinases, vascular endothelial growth factor and
carbonic anhydrase IX [18]. Using endogenous markers is
advantageous as they can be detected in archived specimens,
meaning no additional biopsies are required [14]. Despite their
expression being significantly associated with poor prognosis and
treatment outcomes, their use is limited by their poor hypoxia
specificity since they are indirect functional biomarkers whose
expression kinetics may only modestly correlate with hypoxia
[21–23]. Interestingly, recent developments in robust hypoxic-
specific gene expression signatures have demonstrated larger
statistical power than any single endogenous biomarker alone,
therefore increasing potential benefit as accurate predictive and
prognostic markers more suited to applications in a clinical
context [24].
More recently, it has become apparent that not only does

hypoxia exist as a gradient, but the biological response to hypoxia
differs in an oxygen-dependent manner [25, 26]. For example,
whilst stabilisation of the HIFs occurs in relatively mild levels of
hypoxia, responses, including the unfolded protein response or
DNA damage response, are associated with more severe levels of
hypoxia [25, 26]. Consequently, significant effort has been directed
towards the identification and validation of novel exogenous and
endogenous biomarkers to identify and assess tumour hypoxia in
research today [14, 19].

CLINICAL RELEVANCE OF HYPOXIA
As a hallmark characteristic of solid tumours, the clinical
importance of tumour hypoxia as a strong predictive biomarker
indicating a likely poor response to both chemotherapy and
radiotherapy treatments is well-established, with the latter being
first revealed as significant by Gray et al. in 1953 [2]. In addition,
subsequent research revealed that the presence of tumour
hypoxia is strongly associated with poor patient outcomes and
prognosis across a range of solid tumour types [27–30]. Hypoxia is
associated with resistance to chemotherapy due to the chaotic
and disorganised nature of tumour vasculature as a result of
aberrant angiogenesis pathways, resulting in blood flow variations
that significantly hinder effective drug delivery to all regions of the
tumour [31]. Hypoxic cells are also able to evade therapy by
undergoing adaptations, the majority of which result from HIF
pathway activation and the consequent transcriptional upregula-
tion, which confer a selective survival advantage in comparison to
other tumour clones [32, 33]. Examples of such adaptations
include increasing cell motility and driving metastasis through
regulation of the epithelial-to-mesenchymal transition in addition
to increased stemness [32, 33]. More recently, with the advent of
immunotherapies, hypoxia has been linked to a phenomenon
known as immune exclusion, thus limiting the efficacy of immune-
oncology therapeutic agents [32]. Hypoxia-mediated immune
exclusion is believed to occur due to physical barriers, such as
vascular accessibility in the aberrant tumour vasculature, hypoxic
cytokine-mediated immunosuppression involving adenosine pro-
duction, cancer cell coating with the inhibitory chemokine CXCL12
to shield them from Tcells, and also a variety of functional barriers,
such as nutrient depletion or other metabolic issues affecting
T-cell function [34]. Taken together, Thomlinson and Gray were
the first to suggest that the presence of hypoxia and its associated
signalling are drivers of a highly aggressive tumour phenotype,
which has been well-validated by subsequent research and
emphasises an urgent clinical need for accurate hypoxia
identification and modification in patient tumours.
Over the recent decades, several hypoxia modification strate-

gies have been developed and investigated in an attempt to
improve patient outcomes (reviewed by Horsman et al. [35]),
however, most reported improvements in outcomes are modest
due to the heterogeneity in hypoxia distribution, lack of hypoxia
assessment and poor patient selection and stratification in clinical
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studies [14, 36]. One early approach aimed to increase oxygen
delivery to tumours by allowing patients to breathe hyperbaric
oxygen (100% oxygen) or carbogen (95% oxygen and 5% carbon
dioxide). Carbogen was thought to influence chronic hypoxia but
have no effect on acute hypoxia, occurring as a consequence of
transient blood vessel flow changes, and so its benefit was limited
unless in combination with the radiosensitiser nicotinamide
[37, 38]. The Accelerated Radiation, CarbOgen and Nicotinamide
(ARCON) trial clinically evaluated this combination treatment and
reported comparable toxicity and positive improvements in
regional control rate in head and neck cancers [39, 40]. The use
of hyperthermia immediately following radiotherapy has also
been effective in enhancing sensitisation and radiation response
of hypoxic cells in a number of tumour types [41]. The
radiosensitisation effect is only observed if there is no time
interval between irradiation and the given heat treatment, as it is
thought that the immediate effect of heat is what kills hypoxic
cells [37]. In addition, targeting HIF signalling was explored as a
potential therapeutic strategy, and several HIF inhibitors achieved
pre-clinical success, but the complexity of HIF biology in
combination with toxicities due to the non-specificity of some
currently available inhibitors has made successful translation
challenging [42]. Despite this, an oral inhibitor of HIF-2α
(belzutifan) was recently FDA approved in 2021 for use in patients
with Von Hippel–Lindau disease-associated cancers such as renal
cell carcinoma following promising results from a Phase II trial
(NCT03401788) [43].
In addition, the first proposed some decades ago was hypoxia

modification through the development of hypoxia-activated
prodrugs (HAPs). HAPs are compounds that are selectively
reduced by reductase enzymes exclusively in regions of hypoxia
to yield cytotoxic agents. Examples include tirapazamine [44, 45],
TH-302 [46] and CP-506 [47]. HAPs are still thought to be a
potential method for sensitising hypoxic tumour regions to
radiotherapy and chemotherapy, despite the limited success so
far due to unanswered questions regarding action and toxicity
[44, 45, 48]. Recent developments in this area of research include
the development of molecularly targeted HAPs [49, 50].
A more recent strategy to eliminate tumour hypoxia by

correcting the imbalance between oxygen supply and demand
is via decreased oxygen consumption resulting in increased
availability of oxygen to hypoxic cells [51]. This strategy is based
on theoretical models that have revealed that moderate changes
in oxygen utilisation can significantly impact overall oxygenation
[52]. For example, atovaquone is a previously FDA-approved drug
known to inhibit complex III of the mitochondrial electron
transport chain, thus reducing oxygen consumption without
killing hypoxic cells [53]. Results from the ATOM clinical trial have
revealed large reductions in tumour hypoxic volumes post-
treatment with atovaquone, assessed using FMISO PET imaging,
in non-small cell lung cancer (NSCLC) [54]. Currently, the
ARCADIAN Phase I aims to establish the maximum tolerable dose
of atovaquone in combination with radical chemoradiotherapy for
patients with NSCLC (NCT04648033). Another repurposed drug
being investigated as a hypoxic modulator is papaverine which
has known phosphodiesterase 10A inhibitory activity but also
inhibits mitochondrial complex I activity, and through this latter
off-target activity is able to decrease hypoxia in vivo and
radiosensitise tumour models [55, 56]. Phase I clinical testing of
papaverine combined with either stereotactic body radiotherapy
(NCT03824327) or chemoradiation (NCT05136846) for NSCLC is
currently underway with drug-induced changes in oxygenation
being assessed as a secondary endpoint.

CONCLUSION
Today, tumour hypoxia is well-established as a critical character-
istic of the majority of solid tumours and is closely associated with

negative treatment outcomes in a clinical setting. Data generated
in the 1950s, including that published by Thomlinson and Gray,
suggested a critical role of oxygen in radiation therapy efficacy
and identified regions of necrosis as a consequence of tumour
hypoxia. Importantly, both of these key findings have since been
mechanistically validated.
Inspired by this pivotal research, extensive studies have been

undertaken to better define hypoxic regions, develop measure-
ment and quantification methods, as well as propose targeted
modification strategies [18]. Issues related to appropriate meth-
odology and patient selection in previous clinical trials have
limited the successful translation of hypoxia-specific therapies
thus far. However, the interest and abundance of pre-clinical
research in support of hypoxia-modifying treatments in combina-
tion with improved hypoxia measurement strategies encourage
future clinical trials. The ability to translate research from 75 years
ago through the introduction of personalised, hypoxia-specific
therapeutic strategies in combination with accurate tumour
hypoxia assessment remains an important and unrealised goal
to advance cancer therapy. Successful translation has the potential
to yield meaningful therapeutic benefits and improve individual
patient outcomes, specifically for the multitude of patients that
receive radiotherapy as part of their treatment regimens.

REFERENCES
1. Grubbé EH. Priority in the therapeutic use of X-rays. Radiology. 1933;21:156–62.
2. Gray LH, Conger AD, Ebert M, Hornsey S, Scott OC. The concentration of oxygen

dissolved in tissues at the time of irradiation as a factor in radiotherapy. Br J
Radiol. 1953;26:638–48.

3. Thomlinson RH, Gray LH. The histological structure of some human lung cancers
and the possible implications for radiotherapy. Br J Cancer. 1955;9:539–49.

4. Mottram J. A factor of importance in the radio sensitivity of tumours. Br J Radiol.
1936;9:606–14.

5. Hollcroft JW, Lorenz E, Matthews M. Factors modifying the effect of X-irradiation on
regression of a transplanted lymphosarcoma. J Natl Cancer Inst. 1952;12:751–63.

6. Steel GG, McMillan TJ, Peacock JH. The 5Rs of radiobiology. Int J Radiat Biol.
1989;56:1045–8.

7. Hall EJ, Giaccia AJ. Radiobiology for the radiologist. 8th Edition ed. Philadelphia:
Wolters Kluwer; 2019.

8. Grimes DR, Partridge M. A mechanistic investigation of the oxygen fixation
hypothesis and oxygen enhancement ratio. Biomed Phys Eng Express. 2015;
1:045209.

9. Jing X, Yang F, Shao C, Wei K, Xie M, Shen H, et al. Role of hypoxia in cancer
therapy by regulating the tumor microenvironment. Mol Cancer. 2019;18:157.

10. Lyng H, Sundfør K, Rofstad EK. Oxygen tension in human tumours measured with
polarographic needle electrodes and its relationship to vascular density, necrosis
and hypoxia. Radiother Oncol. 1997;44:163–9.

11. Vaupel P, Höckel M, Mayer A. Detection and characterization of tumor hypoxia
using pO2 histography. Antioxid Redox Signal. 2007;9:1221–35.

12. Eustace A, Irlam JJ, Taylor J, Denley H, Agrawal S, Choudhury A, et al. Necrosis
predicts benefit from hypoxia-modifying therapy in patients with high risk bladder
cancer enrolled in a phase III randomised trial. Radiother Oncol. 2013;108:40–7.

13. Gross MW, Karbach U, Groebe K, Franko AJ, Mueller-Klieser W. Calibration of
misonidazole labeling by simultaneous measurement of oxygen tension and
labeling density in multicellular spheroids. Int J Cancer. 1995;61:567–73.

14. Le Q-T, Courter D. Clinical biomarkers for hypoxia targeting. Cancer Metastasis
Rev. 2008;27:351–62.

15. Fleming IN, Manavaki R, Blower PJ, West C, Williams KJ, Harris AL, et al. Imaging
tumour hypoxia with positron emission tomography. Br J Cancer. 2015;112:
238–50.

16. Huang Y, Fan J, Li Y, Fu S, Chen Y, Wu J. Imaging of tumor hypoxia with
radionuclide-labeled tracers for PET. Front Oncol. 2021;11:3547.

17. Bowen SR, van der Kogel AJ, Nordsmark M, Bentzen SM, Jeraj R. Characterization
of positron emission tomography hypoxia tracer uptake and tissue oxygenation
via electrochemical modeling. Nucl Med Biol. 2011;38:771–80.

18. Hammond EM, Asselin MC, Forster D, O’Connor JPB, Senra JM, Williams KJ. The
Meaning, measurement and modification of hypoxia in the laboratory and the
clinic. Clin Oncol. 2014;26:277–88.

19. Walsh JC, Lebedev A, Aten E, Madsen K, Marciano L, Kolb HC. The clinical
importance of assessing tumor hypoxia: relationship of tumor hypoxia to prog-
nosis and therapeutic opportunities. Antioxid Redox Signal. 2014;21:1516–54.

K.R. Worth et al.

410

British Journal of Cancer (2023) 128:407 – 412



20. Semenza GL. HIF-1 and mechanisms of hypoxia sensing. Curr Opin Cell Biol.
2001;13:167–71.

21. Baba Y, Nosho K, Shima K, Irahara N, Chan AT, Meyerhardt JA, et al. HIF1A
overexpression is associated with poor prognosis in a cohort of 731 colorectal
cancers. Am J Pathol. 2010;176:2292–301.

22. Goethals L, Debucquoy A, Perneel C, Geboes K, Ectors N, De Schutter H, et al.
Hypoxia in human colorectal adenocarcinoma: comparison between extrinsic
and potential intrinsic hypoxia markers. Int J Radiat Oncol Biol Phys. 2006;
65:246–54.

23. Kaanders JH, Wijffels KI, Marres HA, Ljungkvist AS, Pop LA, van den Hoogen FJ,
et al. Pimonidazole binding and tumor vascularity predict for treatment outcome
in head and neck cancer. Cancer Res. 2002;62:7066–74.

24. Buffa FM, Harris AL, West CM, Miller CJ. Large meta-analysis of multiple cancers
reveals a common, compact and highly prognostic hypoxia metagene. Br J
Cancer. 2010;102:428–35.

25. Bolland H, Ma TS, Ramlee S, Ramadan K, Hammond EM. Links between the
unfolded protein response and the DNA damage response in hypoxia: a sys-
tematic review. Biochem Soc Trans. 2021;49:1251–63.

26. Bader SB, Dewhirst MW, Hammond EM. Cyclic hypoxia: an update on its char-
acteristics, methods to measure it and biological implications in cancer. Cancers.
2020;13:23.

27. Nordsmark M, Bentzen SM, Rudat V, Brizel D, Lartigau E, Stadler P, et al. Prognostic
value of tumor oxygenation in 397 head and neck tumors after primary radiation
therapy. An international multi-center study. Radiother Oncol. 2005;77:18–24.

28. Le QT, Chen E, Salim A, Cao H, Kong CS, Whyte R, et al. An evaluation of tumor
oxygenation and gene expression in patients with early stage non-small cell lung
cancers. Clin Cancer Res. 2006;12:1507–14.

29. Lyng H, Sundfør K, Tropé C, Rofstad EK. Disease control of uterine cervical cancer:
relationships to tumor oxygen tension, vascular density, cell density, and fre-
quency of mitosis and apoptosis measured before treatment and during radio-
therapy. Clin Cancer Res. 2000;6:1104–12.

30. Lally BE, Rockwell S, Fischer DB, Collingridge DR, Piepmeier JM, Knisely JP. The
interactions of polarographic measurements of oxygen tension and histological
grade in human glioma. Cancer J. 2006;12:461–6.

31. Brown JM, Giaccia AJ. The unique physiology of solid tumors: opportunities (and
problems) for cancer therapy. Cancer Res. 1998;58:1408–16.

32. Kopecka J, Salaroglio IC, Perez-Ruiz E, Sarmento-Ribeiro AB, Saponara S, De Las
Rivas J, et al. Hypoxia as a driver of resistance to immunotherapy. Drug Resis-
tance Updates. 2021;59:100787.

33. Muz B, de la Puente P, Azab F, Azab AK. The role of hypoxia in cancer progression,
angiogenesis, metastasis, and resistance to therapy. Hypoxia. 2015;3:83–92.

34. Pietrobon V, Marincola FM. Hypoxia and the phenomenon of immune exclusion.
J Transl Med. 2021;19:9.

35. Horsman MR, Sørensen BS, Busk M, Siemann DW. Therapeutic modification of
hypoxia. Clin Oncol. 2021;33:e492–e509.

36. Overgaard J. Hypoxic modification of radiotherapy in squamous cell carcinoma of
the head and neck – A systematic review and meta-analysis. Radiother Oncol.
2011;100:22–32.

37. Horsman MR, Overgaard J. The impact of hypoxia and its modification of the
outcome of radiotherapy. J Radiat Res. 2016;57:i90–i8.

38. Horsman MR. Nicotinamide and other benzamide analogs as agents for over-
coming hypoxic cell radiation resistance in tumours. A review. Acta Oncol. 1995;
34:571–87.

39. Janssens GO, Rademakers SE, Terhaard CH, Doornaert PA, Bijl HP, van den Ende P,
et al. Accelerated radiotherapy with carbogen and nicotinamide for laryngeal
cancer: results of a phase III randomized trial. J Clin Oncol. 2012;30:1777–83.

40. Bernier J, Denekamp J, Rojas A, Minatel E, Horiot J, Hamers H, et al. ARCON:
accelerated radiotherapy with carbogen and nicotinamide in head and neck
squamous cell carcinomas. The experience of the Co-operative group of radio-
therapy of the european organization for research and treatment of cancer
(EORTC). Radiother Oncol. 2000;55:111–9.

41. Horsman MR, Overgaard J. Hyperthermia: a potent enhancer of radiotherapy. Clin
Oncol (R Coll Radio). 2007;19:418–26.

42. Soni S, Padwad YS. HIF-1 in cancer therapy: two decade long story of a tran-
scription factor. Acta Oncologica. 2017;56:503–15.

43. Jonasch E, Donskov F, Iliopoulos O, Rathmell WK, Narayan VK, Maughan BL, et al.
Belzutifan for renal cell carcinoma in von Hippel-Lindau disease. N. Engl J Med.
2021;385:2036–46.

44. Cowen RL, Williams KJ, Chinje EC, Jaffar M, Sheppard FC, Telfer BA, et al. Hypoxia
targeted gene therapy to increase the efficacy of tirapazamine as an adjuvant to
radiotherapy: reversing tumor radioresistance and effecting cure. Cancer Res.
2004;64:1396–402.

45. Marcu L, Olver I. Tirapazamine: from bench to clinical trials. Curr Clin Pharm.
2006;1:71–9.

46. Spiegelberg L, van Hoof SJ, Biemans R, Lieuwes NG, Marcus D, Niemans R, et al.
Evofosfamide sensitizes esophageal carcinomas to radiation without increasing
normal tissue toxicity. Radiother Oncol. 2019;141:247–55.

47. van der Wiel AMA, Jackson-Patel V, Niemans R, Yaromina A, Liu E, Marcus D, et al.
Selectively targeting tumor hypoxia with the hypoxia-activated prodrug CP-506.
Mol Cancer Ther. 2021;20:2372–83.

48. Mistry IN, Thomas M, Calder EDD, Conway SJ, Hammond EM. Clinical advances of
hypoxia-activated prodrugs in combination with radiation therapy. Int J Radiat
Oncol Biol Phys. 2017;98:1183–96.

49. Estrada-Bernal A, Le AT, Doak AE, Tirunagaru VG, Silva S, Bull MR, et al. Tarlox-
otinib is a hypoxia-activated Pan-HER kinase inhibitor active against a broad
range of HER-family oncogenes. Clin Cancer Res. 2021;27:1463–75.

50. Skwarska A, Calder EDD, Sneddon D, Bolland H, Odyniec ML, Mistry IN, et al.
Development and pre-clinical testing of a novel hypoxia-activated KDAC inhi-
bitor. Cell Chem Biol. 2021;28:1258–70.e13.

51. Kery M, Papandreou I. Emerging strategies to target cancer metabolism and
improve radiation therapy outcomes. Br J Radiol. 2020;93:20200067.

52. Secomb TW, Hsu R, Ong ET, Gross JF, Dewhirst MW. Analysis of the effects of
oxygen supply and demand on hypoxic fraction in tumors. Acta Oncol. 1995;
34:313–6.

53. Bourigault P, Skwarski M, Macpherson RE, Higgins GS, McGowan DR. Investigation
of atovaquone-induced spatial changes in tumour hypoxia assessed by hypoxia
PET/CT in non-small cell lung cancer patients. EJNMMI Res. 2021;11:130.

54. Skwarski M, McGowan DR, Belcher E, Di Chiara F, Stavroulias D, McCole M, et al.
Mitochondrial inhibitor atovaquone increases tumor oxygenation and inhibits
hypoxic gene expression in patients with non-small cell lung cancer. Clin Cancer
Res. 2021;27:2459–69.

55. Benej M, Hong X, Vibhute S, Scott S, Wu J, Graves E, et al. Papaverine and its
derivatives radiosensitize solid tumors by inhibiting mitochondrial metabolism.
Proc Natl Acad Sci USA. 2018;115:10756–61.

56. Chappie TA, Humphrey JM, Allen MP, Estep KG, Fox CB, Lebel LA, et al. Discovery
of a series of 6,7-dimethoxy-4-pyrrolidylquinazoline PDE10A inhibitors. J Med
Chem. 2007;50:182–5.

ACKNOWLEDGEMENTS
The authors would like to thank Dr. Daniel McGowan and Dr. Geoff Higgins for
generously providing the image shown in Fig. 1c and for helpful feedback. Our
apologies to those whose work we have not cited due to space limitations.

AUTHOR CONTRIBUTIONS
KRW wrote the manuscript and created the figure. EMH and IP provided feedback
and edited the manuscript.

FUNDING
None.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Not applicable.

CONSENT TO PUBLISH
Not applicable.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Ester M.
Hammond.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

K.R. Worth et al.

411

British Journal of Cancer (2023) 128:407 – 412

http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

K.R. Worth et al.

412

British Journal of Cancer (2023) 128:407 – 412

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	How the histological structure of some lung cancers shaped almost 70 years of radiobiology
	Introduction
	Implications for radiotherapy
	Moving on from necrosis—markers of tumour hypoxia
	Clinical relevance of hypoxia
	Conclusion
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	Consent to publish
	ADDITIONAL INFORMATION




