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Abstract

Immature and chaotic vascular networks with critically increased intervascular dis-
tances are characteristic features of malignant tumors. Spatial and temporal heteroge-
neities of blood flow and associated availabilities of O,, together with limited diffusive
O, transport, and -in some patients- anemia, obligatorily lead to tumor hypoxia (=crit-
ically reduced O, levels) on macro- and microscopic scales. This detrimental condi-
tion, recently classified as a key hallmark of malignant growth, acts (a) as a barrier in
most antitumor treatments, and (b) leads to malignant progression based on hypoxia-
induced changes of the genome, transcriptome, and proteome, and finally to poor
patient survival. This knowledge is, to a great extent, based on the systematic detection
of tumor hypoxia in the clinical setting since the late 1980s. Precise assessment of the
tumor oxygenation status was made possible using minimally invasive polarographic
pO, microsensors in a series of research projects. To assess tumor hypoxia in the clini-
cal setting, it is highly desirable to use technologies with (a) high spatial and temporal
resolutions, (b) the capability to judge the severity of tumor hypoxia, (c) to allow map-
ping of pO, of the whole tumor mass, and (d) to enable serial investigations in order to
verify treatment-related changes in tumor hypoxia. Selection and treatment of cancer
patients according to their individual tumor oxygenation/hypoxia status for intensified
and/or personalized hypoxia-targeted treatment strategies should be the ultimate goal.

1 Introduction

Hypoxia characterizes a deficient oxygenation status and is distributed heteroge-
neously within and across tumors. Spatial and temporal heterogeneities of tissue
hypoxia on a micro- and macro-scopic scale as well as pronounced differences in the
severity of hypoxia (hypoxia levels) are a principal hallmark of most cancer types
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because they directly affect or even cause many other hallmarks. Since the early
1990s hypoxia has been recognized as a detrimental condition, which in turn criti-
cally influences a variety of biologic responses that increase the malignant poten-
tial through changes in the genome, transcriptome, and proteome [1]. In addition,
hypoxia can act as a barrier to the effectiveness of most treatment modalities. Tumor
hypoxia is also often observed to co-localize with other cellular “stresses” like lac-
tate accumulation (up to 40 mM), adenosine accumulation (up to 100 uM), extracel-
lular acidosis (pH < 6.8) and/or glucose deprivation (<1 mM) [2]. Taken together,
tumor hypoxia is associated with a poor prognosis.

1.1 Defining Levels of Hypoxia

This paper uses a rather rudimentary summary of critical oxygen partial pressure/
pO, levels (“pO, cutoffs”) for hypoxia divisions encompassing mild, moderate, and
extreme (= severe) hypoxia, because the different thresholds are not well defined nor
agreed upon. Furthermore, there is no clear declaration of hypoxia exposure times in
order for a tissue to be described as ‘having mild hypoxia’ and so forth.

Nevertheless, the definitions used below, followed by a brief description of the
potential pro-tumor consequences of having regions with critically low oxygen in
tumors, give a rough picture of the current situation with which the clinician is con-
fronted during tumor detection and therapy.

Tissue anoxia is the pathophysiological condition defined by the absence of oxygen,
i.e., pO,=0 mmHg' (“complete lack of oxygen”). Because some pathophysiological
processes can adapt to functioning in anoxic conditions, some of the same genomic
changes described below for extreme hypoxia can occur even in the absence of oxy-
gen, i.e., tissue anoxia does not necessarily lead to cell death or regions of tumor
Necrosis.

Extreme hypoxia (pO,<1 mmHg). Genomic changes, i.e., genomic instability,
mutations, and genomic heterogeneity usually occur in situations with extreme/
severe hypoxia. Increased genomic instability and mutation rates are especially pro-
nounced in extreme hypoxia followed by reoxygenation. The selection and expan-
sion of cell clones with permanent genomic changes favoring cell survival can in
turn promote malignant progression, which is decisive for prognosis [1, 2].

Moderate hypoxia (pO, < 10 mmHg) can lead to reversible, adaptive alterations (i.e.,
stimulation or inhibition) of gene expression as well as posttranscriptional and post-
translational modulations that result in changes in the cancer cell proteome. It is
these changes that in turn facilitate multiple pro-tumor effects, including apopto-
sis resistance, unrestricted proliferation, epithelial-mesenchymal transition (EMT),
migration, local invasion, and metastatic spread, poorly organized and chaotic tumor

! For readers more familiar with kilopascals, 1 mmHg =0.133 kPa, 1 kPa=7.519 mmHg.
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angiogenesis, metabolic reprogramming, development of the Warburg phenotype,
and recruitment of pro-tumor immune cells and inhibition of antitumor immune
responses [3—6].

Mild hypoxia (pO,<20 mmHg). Oxygen partial pressures characterizing mild
hypoxia can also result in several progressive effects that are pro-tumor. These
include (a) a progressive decrease in the radiosensitivity of cancer cells on expo-
sure to X- and y- radiation, (b) potentially compromising some chemotherapy (e.g.,
bleomycin, doxorubicin, platinum compounds), (c) possibly acting as an adverse
parameter in antihormonal therapy, (d) potentially inducing resistance to hormonal
treatment, and (e) becoming an obstacle to using photodynamic therapy (e.g., [7]).
Finally, mild hypoxia may also lead to the release of reactive oxygen species (ROS)
and HIF- activation.

In this rather rudimentary summary of critical pO, levels (“pO, cutoffs”) for
hypoxia divisions encompassing mild, moderate, and severe hypoxia, the different
thresholds are not well defined. In addition, there is no clear declaration of hypoxia
exposure times. Nevertheless, they give a rough picture of the situation with which
the clinician is confronted during tumor detection and therapy. Assessment of the
size of hypoxic sub-volumes and different severity of hypoxia in tumors, therefore,
should be a “sine qua non” condition before and during treatment to guarantee effec-
tive personalized (individualized) therapy [8].

1.2 Clinical Implications

Based on the (a) hypoxia-induced malignant progression and (b) the hypoxia-related
barriers to therapy as described above, hypoxia has been considered to be a power-
ful, independent, and adverse prognostic (or predictive) factor in clinical oncology
since the early 1990s [9]. Thus, as a part of deciding on the best course of treatment,
monitoring for interim outcomes and changes in oxygen, and assessing and refin-
ing prognosis, subtle assessments of tumor hypoxia (e.g., its severity and extent of
macro- and micro-regional heterogeneities) should be a mandatory component of
patient care both before and during treatment.

Nonetheless, there are significant barriers to operationalizing such assessments
that have prevented its universal application in clinical settings. To overcome the
current impediments to using measures of hypoxia in cancer treatment, it is impor-
tant both to design hypoxia-detecting tools that are capable of providing high resolu-
tion in a clinically acceptable way and to design individualized treatment strategies
considering heterogeneities and severity (=level, extent) of hypoxia that can result
in clinically significant improved care [§].

Below, we expand on the complexities of understanding the importance of levels
of oxygen in tumors. Table 1 illustrates this complexity by listing the major param-
eters that affect both the supply of oxygen to tissues as well as the factors that influ-
ence the demands for consuming oxygen. As detailed in Table 1, directly assessed
oxygen partial pressures in tumors, which constitute the driving force for diffusive
transport, are the result of a plethora of different determinants. We turn next to
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Table 1 Major parameters determining the oxygenation status of tumors (selection)

A. Determinants of the oxygen supply (availability)

Perfusion (microregional limitations, flow rate, flow distribution, perfusion shunts, interstitial fluid pres-
sure, fluctuating ischemia)

Diffusion (microregional limitations, microvascular geometry, size of interstitial space, water content,
diffusion shunts)

O,-capacity of the blood (overall and microregional reductions)

B. Determinants of the oxygen demand

Cell density (cellularity), tumor type (cell line)

Proliferation rate/growth rate, number of proliferating cells

Size of the stromal compartment, composition of the interstitial space,
Water content (~ 10% higher than in normal tissues)

Fraction of necrotic/apoptotic cells

Impact of hostile tumor microenvironment (TME)

Auvailability of nutrients (e.g., glucose, glutamine)

Role of metabolic reprogramming, expression of the Warburg effect
Role of the reverse Warburg effect

Maintenance of ATP/energy homeostasis

Maintenance of redox homeostasis

Maintenance of trans-membranous gradients (pH, ions)

Tissue temperature (HbO,-binding, O,-consumption rate, O,- diffusivity)
Primary vs. metastatic lesions

Tumor growth in pre-irradiated regions (tumor bed effect)

Impact of antitumor immune responses

Protumor inflammatory processes

Trans-membranous transport of substrates and metabolites

measures of levels of oxygen that attempt to capture both the availability and the
consumption of oxygen in tissues and how that influences diffusion.

2 0, Extraction: A Principal Parameter Determining the Spatial
and Temporal Oxygen Distribution in Tumors

0, extraction rate (=0, consumption/O, availability-ratio) is the key measure of the
adequacy of the O, supply to an organ or tissue. O, extraction is a comprehensive
parameter which is greatly determined by parameters describing the “quality” of
blood flow through tissues.

A strong inverse correlation was found between the extraction rate and median
pO, values, both for malignant tumors and normal tissues [10]. At comparable O,
extraction values, the median pO, in solid tumors was substantially lower than those
in normal tissues. This finding clearly mirrors the pronounced limitations in the con-
vective and diffusive O, delivery.
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3 Critical Oxygen Diffusion Distances in Tumors: A Numbers Game

In 1955 Thomlinson and Gray [11] published a frequently quoted paper, describing
tumor cords from a human bronchial carcinoma with central necrosis separated by
a band of viable tumor cells 100-150 um wide. However, in this study (and others)
data were used to calculate O, diffusion distances that were completely unrelated to
the tumor type of interest.

For these earlier calculations to be correct, diffusion-parameters must be assumed
to be identical for all normal and tumor tissues. However, as shown later [12-16],
this is not a good assumption. Thus, the resulting rough estimates cannot be regarded
as a representative description of the real, in vivo oxygen supply situation.

Nonetheless, Thomlinson and Gray [11] concluded, after applying estimated crit-
ical diffusion distances based on different tissues and tissue geometries, that oxygen
depletion (i.e., chronic hypoxia) must be the primary factor leading to the develop-
ment of necrosis.

This dogma still governs the literature on O, supply to tumors, i.e., not consider-
ing varying diffusion geometries and other factors at work.? For example, the Hill-
model postulates there is a centripetal diffusion when blood vessels surround the
tumor cord. This is in contrast to the Krogh-model which hypothesizes centrifugal
diffusion when axial blood vessels are surrounded by tumor cords. This geometric
difference, whether blood vessels surround or are surrounded by tumor cords, is thus
biologically highly significant because, even when being in identical O, supply con-
ditions, diffusion that is driven by centrifugal forces alone would lead to 2.7 times
larger hypoxic subvolumes and about 25% shorter diffusion distances (data refer to
the arterial end of the microvessels) compared to what happens when driven by cen-
tripetal diffusion (Fig. 1).

In addition to ignoring diffusion geometries, the impact of glucose, the major
nutrient in the development of necrosis, is completely neglected in Thomlinson and
Gray’s analysis. We return to this point below.

Furthermore, the fact that O, diffusion distances progressively decrease in the
radial direction from the microvessel into the surrounding tissue, as well as in lon-
gitudinal from the arterial to the venous end of the microvessel, is not considered.
This results in completely neglecting that the rim of normoxic cells surrounding a
patent blood vessel becoming thinner.

Yet there is strong evidence of this phenomenon. For example, data from human
melanomas [18] found a thinning from~200 to~20 um (modal value: 110 pm).
Similarly, in human breast cancers, diffusion distances for O, decreased from~70
(arterial inflow) to 30 um (venous outflow) [15, 16]. Oxygen supply distances in
human hypopharyngeal cancers (FaDu xenografts) varied between ~ 140 and ~40 um
with a median of 80 um. Within normoxic rims surrounding patent tumor microves-
sels, unrestricted proliferation of cancer cells occurs. The dimensions of these

2 There is clear evidence that singular “typical” diffusion distances cannot exist in malignant tumors.
Instead, a broad distribution (i.e., a continuum) of O, diffusion distances is usually observed [17]. This is
expected, due to the longitudinal and radial pO, gradients described in this section.
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Fig. 1 Centripetal O, diffusion with blood vessels surrounding a tissue cord (Hill model, A) versus cen-
trifugal diffusion with an axial vessel surrounded by a tissue cord (Krogh model, B). The latter diffusion
geometry is characterized by shorter diffusion distances (—25%) at identical arterial oxygen availabilities

cone-shaped rims further depend on (a) blood flow directions (concurrent vs. coun-
tercurrent blood flow), (b) diffusion shunts in glomerular or chaotic vascular net-
works and between the inflow limb and outflow limb of hairpin-shaped, countercur-
rent microvessels, etc.), and (c) variations between different tumor types.

Normoxic tissue cones are surrounded by a variable hypoxic rim, which is ade-
quately supplied with glucose. More specifically, since critical diffusion distances
for glucose are about 160 pm (at the arterial end) and approx. <70 um (at the venous
end of microvessels) in breast cancer, glucose is still available in hypoxic tumor
regions. When glucose is used for anaerobic glycolysis in this outer rim, a (reduced)
energy supply is still maintained, i.e., at 2 ATPs per mole of glucose, there is an
accelerated glycolytic flux by HIF1a- mediated activation of glucose uptake and of
key glycolytic enzymes [18]. Therefore, necrotic tissue is found only quite distant
from the hypoxic zones where the glucose supply also becomes inadequate.

Figure 2 illustrates the diffusion distances for oxygen (O,) compared to glu-
cose, showing that glucose (the nutrient needed for functioning) can diffuse
much farther than oxygen, allowing cells to survive if they are able to adapt to
anoxic conditions. (The data used in Fig. 2 are based on breast cancers.) Note that
oxidative metabolism and aerobic glycolysis (i.e., the Warburg effect) are thus
restricted to tissue volumes next to the blood vessel and to adjacent areas suf-
ficiently supplied with both O, and glucose, whereas anaerobic/hypoxic glyco-
lysis is expected to be occurring in hypoxic/anoxic regions that still exhibit an
adequate glucose supply. Having a critical oxygen supply is thus thought to be the
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Fig.2 Relationship between mean critical diffusion distances for oxygen (O,, left curve) and glucose
(right curve). The data shown here, to compute radial diffusion distances from an axial blood ves-
sel within a tissue cord, used in vivo data assessed in xenograft breast cancers. As shown for oxygen
diffusion, at the arterial end of the blood vessel (pO,=100 mmHg), the critical diffusion distance for
oxygen is~75 um, followed by a fast decline with decreasing blood pO, values towards the venous
end. The respective critical diffusion distance for glucose at the arterial end of the tumor blood vessel
(Cgrue=100 mg/dL) is~160 pm, followed by a slightly slower decline with decreasing blood glucose
concentrations towards the venous end. This flatter slope is due to a smaller extraction rate for glucose
(~38%) than for O, (~44%) [44]. Direction of blood flow is marked by arrows

primary substrate limitation that restricts rapid proliferation, but it is not the criti-
cal limitation for cell survival and necrosis formation. Instead, the latter may be
attributed to glucose depletion, possibly combined with other detrimental factors.
This is in contradistinction to the thesis based on Thomlinson and Gray.

In addition, studies in the late 1990s showed that, since pO, values decline
more rapidly with distance from blood vessels than do glucose levels, low O,
levels are the first substrate limitation confronting cancer cells. Consequently, in
most malignant tumors, oxygen depletion merely limits cell proliferation rather
than causes necrosis [16].

In sum, these more recent data, and especially the more complex understand-
ing regarding the biologically significant pathways that influence diffusion and
cellular energy supply, necessitate a major revision of the relationship between
hypoxia and necrosis. Several others have noted and agreed with the urgent need

@ Springer



1458 P.Vaupel et al.

Table2 Chronic hypoxia in the literature: Synonyms, major causative factors (pathogenesis), and time-
frame of exposure

Synonyms of chronic hypoxia Continuous, diffusion-limited, long-term, sustained, static, steady state

Causative factors 1. Diffusion-limitations
Enlarged diffusion distances™

Adverse diffusion geometries* (concurrent vs. countercurrent blood
flow, Krogh- vs. Hill-type diffusion geometry)

Extreme longitudinal intravascular O, gradients*
Shunt perfusion*
Shunt diffusion
2. Hypoxemic hypoxia
Tumor-associated anemia*
Therapy-induced anemia*
HbCO formation in heavy smokers
Small liver tumors supplied by portal vein
3. Compromised perfusion of microvessels*

Disturbed Starling forces caused by high interstitial fluid pressure
(transmural coupling and drop in perfusion pressure)

Compression of microvessels caused by solid-phase stress due to
non- fluid components

Intratumor thrombosis
Long term obstruction of the microvasculature

Timeframe for chronic hypoxia ~ 60 min — weeks

*Groebe and Vaupel [15] reported computed O, diffusion radii for these pathogenetic conditions in a
human breast cancer cell line

to revise the original (and often misleading) data interpretation by Thomlinson
and Gray (which has been commonly accepted for more than 65 years!) [19, 20].

4 Pathogenesis-Related Classifications of Tumor Hypoxia

Understanding the major causative factors (pathogenesis) underlying hypoxia is
important because both acute and chronic hypoxia in tumors can contribute to
their malignant progression and can impact the efficacy of their treatment.

G. Schwarz, more than 110 years ago, was the first to describe the effect of
ischemic hypoxia, a subtype of chronic hypoxia, in protecting from X- and y-rays
[21]. By placing sources of y-ray on his own arm and binding one source tightly
while leaving the other unbound, Schwarz observed that skin compression with
its subsequent reduction in skin blood flow negatively influenced the radiosensi-
tivity of cells, i.e., produced less radiation burn. About 65 years ago, Thomlinson
and Gray [11] in their influential paper also discussed the phenomenon of diffu-
sion-limited hypoxia, another subtype of chronic hypoxia.

@ Springer



Oxygenation Status of Malignant Tumors vs. Normal Tissues:... 1459

Table 3 Acute hypoxia in the literature: synonyms, major causative factors (pathogenesis), and time-
frame of exposure

Synonyms of acute hypoxia Transient, short-term, perfusion-limited, cyclic, fluctuating, inter-
mittent, periodic

Causative factors 1. Temporary flow stop in microvessels
Due to tumor cell or blood cell aggregates, fibrin clots
Ischemic hypoxia due to vascular remodelling
2. Transient hypoxemia
Temporary plasma flow in microvessels*
Fluctuating red blood cell fluxes
3. Thermoregulation in superficial tumors

Timeframe Rapid cycles: 2-5 cycles per hour. Slow cycles: Cycles over hours

Groebe and Vaupel [15] reported computed O, diffusion radii for these pathogenetic conditions in a
human breast cancer cell line

These are but two of the many studies regarding the pathophysiology that explain
how chronic hypoxia can lead to poorer prognosis or alter the impact of treatment.
The major factors hypothesized in this large body of work, along with the many
synonyms for this phenomenon and the timeframes (exposure times) associated
with chronic hypoxia are summarized in Table 2. Of interest but not detailed here is
the observation of the different stability of HIF-1a and HIF-2«, and the duration of
hypoxia [22].

In contrast, regions of acute hypoxia develop in tumors as a result of short-term
interruptions or transient fluctuations in blood flow. The occurrence of acute hypoxia
was first described in 1979 by Brown [23] and Yamaura and Matsuzawa [24] and
was experimentally evidenced by Chaplin and colleagues in 1987 [25]. Since then,
a large body of literature discussing the differing mechanisms that cause acute
hypoxia and reporting on their timeframes (exposure times) has been published (see
the summary in Table 3).

Later on, Vaupel and Mayer [26] added another relevant pathogenetic factor for
the development of tumor hypoxia, i.e., hypoxemic hypoxia, which may be either
chronic (e.g., in tumor-associated or therapy-induced anemia) or acute (e.g., during
plasma flow only in the tumor microvasculature).

Other biological factors besides the multiple pathophysiological paths of hypoxia
complicate the measurement of hypoxia in tissues. As an example of the problems
confounding our understanding of the biology of acute hypoxia, consider the com-
plexity of the subvolumes in normal and tumor tissues. Unfortunately, hypoxic sub-
volumes/subregions are often organized on a submillimeter scale with steep gra-
dients between well-oxygenated and hypoxic regions [17]. Therefore, the spatial
resolution of hypoxia imaging is too low with regard to observing the spatial dimen-
sions of the microregional heterogeneities.

Furthermore, cyclic variations in tumor oxygenation have been observed on time-
scales that are substantially shorter than the 1-2 h post bolus injection in typical PET
studies. For example, radial diffusion times of misonidazole, ['®F]Fluorodeoxyglucose
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Fig. 3 Diffusion times for oxygen, glucose and misonidazole (exogeneous hypoxia marker) in tumor tis-
sues (based on Einstein’s diffusion equation, D =diffusion coefficient in tumor tissue)

and oxygen within tumor tissues, calculated using Einstein’s equation for one-dimen-
sional diffusion can occur within seconds or minutes, as shown in Fig. 3. Since maxi-
mum distances between adequately perfused microvessels can exceed 1 mm in cancers
[27], the diffusion time for O, is expected to be about 1 min to reach central microareas
between the microvessels. For glucose, the diffusion time is~ 10 times, and for misoni-
dazole almost 40 times longer [28]. These long diffusion times may prevent capturing
the signal of fast changes. To date, the diffusion limitations of PET tracers to hypoxic
regions may lead to (a) low-signal-to-noise ratios (i.e., poor accuracy) or (b) complete
failure to detect acute hypoxia in the clinical setting (i.e., incorrect clinical interpreta-
tion of the presence/absence of hypoxia).

Despite the considerable effort that has been devoted by many laboratories and
researchers in trying to understand the mechanisms and measures of acute and chronic
hypoxia, these studies have not yet resulted in reaching an understanding of tumor biol-
ogy that is sufficient for designing novel treatment strategies, for detecting tumors by
imaging and for targeting tumor treatments in personalized medicine [26, 29, 30].

@ Springer



Oxygenation Status of Malignant Tumors vs. Normal Tissues:... 1461

5 Direct Assessment of the Oxygenation Status and Detection
of Tumor Hypoxia using pO, Polarography

Direct assessment of the tumor oxygenation status using polarography in experi-
mental tumors and in the clinical setting dates back to the late 1950s, i.e., Urbach’s
studies of pO, values in human skin tumors [31, 32] and to the early 1960s using
various invasive techniques.

To date, the most direct and frequently used method to describe tissue oxygena-
tion is polarographic measurement of O, partial pressures (pO, tensions).® With this
(ideally) minimally invasive microtechnique, frequency distributions (histograms) of
measured intratumor pO, values are assessed with a high spatial resolution. Other
direct procedures used in the clinical setting include fiberoptic sensors and elec-
tron paramagnetic resonance (EPR) oximetry, the latter method also being mini-
mally invasive, requires only application of the paramagnetic material. (EPR studies
have been discussed in Swartz et al. [8] and Schaner et al. [36]).

Anecdotal and sporadic reports of the pO, distribution in animal and human
tumors are all based on polarographic measurements (for a review see [37]). These
experiments already provided some hints that hypoxia and anoxia may occur in
malignant tumors at advanced growth states due to the surpassing of critical supply
conditions.

The development, applicability, and clinical impact of pO, microsensors in onco-
logical research to assess the oxygenation status of tumors and to investigate the
sophisticated pathogenesis of tumor hypoxia, a key hallmark of cancers, is roughly
outlined in Table 4.

5.1 Oxygenation Status of Isograft Tumors

The first systematic studies on isograft rat tumors were performed by Vaupel
et al., starting more than 50 years ago, using self-made, membrane-covered gold

* Directly measured tumor pO, values using oxygen electrodes, data derived from hypoxia imaging pro-
cedures, the expression of hypoxia-inducible biomarkers and the detection of exogeneous compounds
have been correlated, although these different techniques assess hypoxia on different scales.

In imaging studies (a) the spatial resolution was often too low with regard to the spatial dimension
of microregional heterogeneities, and (b) different biologically relevant levels of hypoxia could not be
discriminated, thus excluding correlations with oxygen electrode measurements, and (c) adequate tracer
accumulation may be inadequate due to long diffusion times, as mentioned in Sect. 4.

Endogenous biomarkers cannot substitute for direct pO, measurements mainly since the expression of
HIF-1a and its downstream proteins (e.g., GLUT 1, CA IX) are significantly modulated by non-hypoxic
signaling (e.g., in Warburg phenotypes). In addition, in many studies the biomarker expression was
detected in tumor subregions distant from the region of the electrode track, thus excluding any correla-
tion [33-35].

In hypoxia detection with exogenous bioreductive compounds, no clear correlations were found between
pO, measurements and tracer uptake. Major reasons for this missing correlation may be (a) long diffu-
sion times and (b) comparing tumor microregions from different tumor subvolumes [6].

Note: Immunohistochemical biomarker detection and pO, readings must be derived from identical
tumor subvolumes / tumor regions. Otherwise, correlation analyses based on these two data sets are not
appropriate.
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microelectrodes with tip diameters of 1-8 um [38, 39]. These experiments showed
that (a) tumor oxygenation is extremely heterogeneous and (b) the pO,-histograms
(i.e., pO,-distribution curves) were extremely left-shifted, i.e., most values of pO,
were very low and the median pO, exponentially decreased from 6 to 3 mmHg with
increasing tumor volume. As early as 1974, Vaupel and Thews [40] theoretically
analyzed the critical O, supply conditions in tumor tissues. Their work was based
on experimental data, on diffusion equations using in vivo data, and on measured O,
diffusion coefficients of tumor tissues (having a 10% higher water content than nor-
mal soft tissues). Their results suggested two causal mechanisms for severe hypoxia
developing with increasing tumor size: diffusion-limitations (due to increasing inter-
capillary distances and lengths of tumor microvessels) and perfusion-limitations (as
a consequence of an exponential drop of the size of the vascular space).

This was the first description differentiating between diffusion-limited and perfu-
sion- limited chronic hypoxia. In addition, their initial estimates (detailed below)
clearly showed that isobaric inspiratory hyperoxia and arterial hyperoxemia
(pO,>450 mmHg) can only improve the O, supply at the arterial end of the tumor
microvessels. The peripheral areas, especially at the venous end of the microvessels
are not influenced at all [40].

There were two sets of initial findings that led to these observations: O, partial
pressures measured in isograft C3H mouse breast cancer using “gold in glass” type
microelectrodes with tip diameters of 1-5 um -in principle- revealed similar results:
The median pO, was 4 mmHg, the modal class being 0-5 mmHg. Here again, the
mean pO, values exponentially decreased with increasing tumor volume from about
10 mmHg to 2 mmHg. Pronounced heterogeneities existed within the same tumor
considering different microelectrode tracks. Left-shifts of the pO,-distribution curve
toward having mostly very low values were a common finding [41].

Computer-based analysis of the spatial distribution of intratumor pO, values
assessed with the pO,- histography system, originally described by Weiss and Fleck-
enstein [42], was possible by interpolating the measured pO, values in different
tumor layers using an inverse-distance weighting algorithm [43]. Data confirmed
that the spatial pO, distribution is chaotic and anisotropic: In small tumors, large
areas with relatively high pO, values were identified next to small confluent hypoxic
areas. With increasing tumor volume, the spatial distribution became more uniform
with a preponderance of low pO, values (see Fig. 4).

5.2 Oxygenation Status of Human Tumor Xenografts

In the mid-1980s, tissue oxygenation in human breast cancer xenografts grown in
immune-deficient rats was assessed using recessed, membrane-covered Whalen-
type, self-made O,-sensitive microelectrodes with tip diameters <20 pm. In general,
there was a distinct shift of the pO,-distribution toward lower values with increas-
ing tumor volumes similar to those described for isograft tumors. Besides intratu-
mor heterogeneities, there was a marked inter-tumors variability with severe hypoxia
existing between neighboring microregions [44].
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Fig.4 Reconstructed spatial pO, distributions in the lower, horizontal tissue layer of the normal subcutis
and of isograft tumors with increasing volumes from 0.45 to 1.49 ml. Computation based on polaro-
graphic pO, measurements (O. Thews and P. Vaupel, unpublished data)

pO, measurements were also performed in a large number of human tumor xen-
ografts with greatly differing blood flow rates using a prototype of the Eppendorf
histography system. This was available for the first time in the mid-1980s in our
laboratory [45, 46]. Considering O, levels in well-perfused tumors as a function
of volume, a worsening of the tissue oxygenation status was noted in advanced
growth states, concomitant with a decrease of tumor blood flow rates. Hypoxic
subvolumes in these well-perfused xenografts were < 10% of the measured total
volume. In contrast, in poorly perfused tumors, hypoxia (pO, <5 mmHg) was
already detected in> 50% of the tissue mass at much smaller volumes. There was
clear evidence that the median/mean pO, strongly depended on the O, availabil-
ity, and thus on the efficacy of tumor blood flow.
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5.3 Oxygenation Status and Hypoxia Detection in Human Tumors in Situ

As already mentioned, anectodal and sporadic pO, measurements in human tumors
date back to the late 1950s and early 1960s, and have been reviewed earlier (e.g.,
[47]). Nearly two decades later, Gatenby et al. [48] described a polarographic tech-
nique that, using CT- guided probes, allowed in vivo mapping of tumor oxygen
levels in lymph node metastases of head and neck cancers (SCCHN). Our preced-
ing studies, using a cryospectrophotometric approach on tumor cryobiopsies, pub-
lished for isograft and xenograft tumors and for human primary carcinomas of the
oral cavity [49] and of the rectum [50], i.e., “lowered oxygen levels and nonrandom
distributions”, were thus confirmed. Later, Gatenby et al. [51], defining a pO, cut-
off of 8 mmHg, described a relationship between pO, in lymph node metastases of
SCCHN and responses to radiotherapy.

Systematic studies in the clinical setting on primary and recurrent gynecological
cancers (breast, uterine cervix, vulva) were initiated in the late 1980s by the Hockel/
Vaupel group using the Eppendorf pO, histography system. As commended by G.
Semenza, Nobel Prize Winner of Physiology or Medicine in 2019, these “ground-
breaking clinical studies” [52] were expanded by correlation analyses of measured
pO, values and expression of endogenous hypoxia markers in the Vaupel/Mayer lab-
oratory [33-35].

Prerequisites for these latter coexistence analyses were needle core biopsies
immediately after the pO, measurements. These core biopsies, including the tumor
subvolume around the microsensor track, also allowed exclusions of pO, measure-
ments in necrotic regions [33]. Without this exclusion, our thesis that tumor hypoxia
may have a strong impact on patient survival could not have been validated in a pro-
spective study (see Sect. 5.3.3).

5.3.1 The Computerized pO, Histography System for Direct Assessment of Tissue
Oxygen Tensions

This novel system was tested and validated in the late 1980s under in vitro and
in vivo conditions before starting its use in the clinical setting. The histography sys-
tem was found to be reliable in isotonic solutions and in fresh donor blood. Histo-
grams obtained in rat liver, mouse skeletal muscle, and subcutis were comparable
with previously reported pO, distributions obtained using Whalen-type microsen-
sors [44]. The measuring micro-cathode, imbedded in a jacket tube, was mechani-
cally stable and only had a negligible O, consumption and did not exert compression
artifacts (as evidenced by lacking negative pO, readings) due to the special stepwise
forward movement immediately followed by a backward step of 30% of the forward
movement. Details of the measuring system were repeatedly and comprehensively
described (e.g., Vaupel et al. [53, 54]). A critical evaluation of the computerized pO,
histography system, approved for clinical use and considered to be the gold standard
for microregional hypoxia detection since the early 1990s has been summarized in
a meeting report by Tatum et al. [55]. Despite some limitations due primarily to its
invasive nature and to some variations associated with operator use, the system was
successfully used to assess oxygen levels in tissues in 30 institutions (22 in Europe, 5
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in the USA, 2 in Canada, and 1 in Australia). Altogether, hypoxia detection was pos-
sible in 15 different tumor entities (primary, recurrent, metastatic, benign tumors),
mainly in accessible SCCHNSs, breast cancers, cervix cancers, soft tissue sarcomas
and primary brain tumors (for a comprehensive overview see [54]).

The prognostic significance of pretherapeutic tumor hypoxia was validated by
multivariate analyses for cancers of the uterine cervix (using disease-free survival
[DFS])), for SCCHNSs (overall survival [OS], local control [LC]) and soft tissue sar-
comas (DFS, OS, distant spread).

The grand median pO, value in these investigations was~10 mmHg, i.e., all
tumors were moderately/severely hypoxic before therapy. The hypoxic fraction
with pO, values <2.5 mmHg in these tumors was about 20%. (In normal tissues
pO, values <2.5 mmHg have been detected only in the inner medulla of the kidney,
HF2.5= ~10%, and in the uterine cervix, HF2.5= ~8%). Pancreatic adenocarcino-
mas (n=_8) were the most hypoxic cancers as evidenced by a hypoxic fraction HF2.5
of ~60% and a median pO, of 2 mmHg.

Although the computerized pO, histography system, equipped with a recessed
tip microelectrode, provided biologically relevant information and the most detailed
data with prognostic power in the clinical setting so far, this technique, although
found to be reliable, is no longer commercially available because the invasive nature
of this method limited its broader clinical application.

5.3.2 Hallmarks of Human Cancer Oxygenation

The Hockel/Vaupel group focused on locally advanced gynecological cancers [53,
56, 57]. For comparison, they investigated the oxygenation status of selected non-
malignant pathologies (e.g., fibrocystic breast disease, uterine fibroids) and normal
tissues.

Accumulated evidence has shown that most primary cancers may exhibit hypoxic
and anoxic tissue subregions that are heterogeneously distributed within the tumor
mass. The pretherapeutic oxygenation status assessed in breast, cervix, and vulva
cancers was poorer than that in the respective normal tissues and is independent of
clinical size, stage, histology, grade, nodal status, and a series of other tumor charac-
teristics or patient demographics. Furthermore, results obtained on primary cancers
do not suggest a topological distribution of pO, values within a tumor (e.g., center
versus tumor periphery). They also show that tumor-to-tumor variability in oxygen-
ation is greater than intratumor variability.

Local recurrences have a higher hypoxic fraction than the respective primary
tumors [58]. The findings that hypoxic subregions in metastases are larger than
in the primaries are not always consistent. Cancers in anemic patients are more
hypoxic (i.e., anemic hypoxia) than in non-anemic patients [59]. Heterogeneities in
the oxygenation status exist on a microscopic scale as evidenced by immunohisto-
chemistry and steep pO, gradients have been described (e.g., 40-50 mmHg/mm).

Transgression of grade IVA cervix cancers into neighboring tissues can have an
impact on the pretherapeutic oxygenation status due to parasitic connections to the
surrounding vascular networks (i.e., “vascular co-option” by incorporation of preex-
isting vessels into the invading tumor).
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5.3.3 Tumor Hypoxia, Prognostic Value and Adverse Impact on Clinical Outcome

The Hockel/Vaupel group [60, 61] was the first to describe the association between
tumor hypoxia (pO, <10 mmHg) and poor prognosis in primary carcinomas. This
knowledge coincided with three important explorations supporting the hypothesis
that hypoxia was associated with malignant progression and poor patient progno-
sis: (a) the exploration of the molecular basis of hypoxia-induced genome changes
associated with malignant progression, (b) the discovery of the hypoxia-inducible
factor (HIF) (triggering changes of the tumor proteome [62, 63]), and (c) considera-
tion of the roles of clonal selection (mechanisms described in the early 2000s, e.g.,
[64-66]).

Tumor hypoxia has also been classically associated with acquired treatment
resistance (radiotherapy with X- and y-rays, numerous chemotherapeutic agents,
immunotherapy, and photodynamic therapy) [7].

6 4D-Heterogeneity of O, Partial Pressures (pO, Values) in Malignant
Tumors: Reference Data Based on Direct Measurements

The realization that hypoxia (i.e., a critically reduced oxygenation status) is a
major hallmark of cancer and a key driver of malignant progression requires an
exact, updated knowledge of the oxygenation status of solid malignancies (see
Table 5), especially because a series of inconsistencies and fallacies are often
encountered in the description of tumor hypoxia, e.g., incorrect units, basic concep-
tions of respiratory physiology not considered, equivocal (and without any need)
conversion of partial pressures into concentrations in heterogeneous tissues without
knowledge of the solubility coefficient a, and inadequate terminology.

7 Physiological Variability of O, Partial Pressures (pO, Values)
in Normal Tissues/Organs: Updated Reference Data Obtained
from Direct Measurements

While the characteristic spatio-temporal heterogeneities ( “chaotic 4D- heterogenei-
ties”) within and between tumors of the same type, size and grade are mainly caused
by pathophysiological mechanisms (“pathomechanisms’) occurring during carcino-
genesis and unrestricted growth, the structurally and physiologically organized
variability in normal tissues/organs is based on various morphological, functional,
metabolic, tissue-specific features.

As shown in Table 6, tissue oxygen levels in healthy individuals may vary due
to (a) zonal structures (e.g., liver), (b) compartmentations within organs and tissues
(e.g., eye, bone), (c) age-related changes (e.g., thymus), (d) different morphologies
with special functions (e.g., brain, kidney), (e) existence of different tissue subtypes
and their individual functions (e.g., white and brown adipose tissue), (f) adjacent tis-
sue layers with specific functions (e.g., epidermis and dermis involved in thermoreg-
ulation), (g) organs that have a specific microvascular organization (e.g., closed
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vs. open circulation in the spleen), (h) tissues with dual, diffusive and convective,
oxygen supply (e.g., skin), (i) hollow organs exposed to varying wall tensions (e.g.,
heart, aortic wall, urinary bladder), and (j) temporary, rapidly growing organ sys-
tems (e.g., fetal-placental unit). Note: It should be pointed out—as mentioned earlier
in this article—that the oxygen extraction rate is a major determinant of the actual
tissue oxygenation as already described for tumors (see Sect. 2). The “physiologi-
cal” oxygenation status of the carotid bodies—as evidenced by a grand mean pO,
of 32 mmHg [67, 68]—results from a blood flow rate of 14.2 ml/g/min (the high-
est flow rate for any organ in the body! [69]) and a very low O, extraction fraction
of 0.01; (for comparison, see other O, extraction fractions: kidney =0.1, brain=0.4
and skeletal muscle=0.6).

8 Conclusions

The use of the pO, histography system in the clinical setting, if properly applied by
experienced investigators (e.g., exclusion of pO, measurements in grossly necrotic
regions and/or in the stromal components of carcinomas, avoidance of “negative”
pO, readings as a consequence of tissue compression) has unequivocally shown that
hypoxia is a chief hallmark of most malignancies in adults. Clinical investigations
have detected hypoxic subvolumes which are heterogeneous in (a) extensions, (b)
spatial distributions within a tumor, (c) over time, (d) severity (extent), and (e) as a
consequence of treatment. Tumor hypoxia (pO, <10 mmHg) has been identified as
a strong, independent and adverse prognostic factor of several malignancies, leading
to poor long-term prognosis in cancer patients [54].

In addition, the pO, histography system has enabled us to define an “optimal”
hemoglobin concentration with regard to tumor oxygenation, avoiding hypoxemic
hypoxia on the one hand and inappropriate treatments/corrections on the other hand
[59].
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