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Abstract

Hypoxia is a common feature of solid tumors, and abnormal tumor oxygen transport is a key factor
in the imbalance between tumor oxygen supply and demand. Novel advanced imaging techniques

can enable new insights into the complexities of tumor oxygen transport and hypoxia that were not
previously known or fully appreciated. In this paper, we document new insights into tumor oxygen

transport enabled by spectral imaging of microvascular hemoglobin saturation.

1. INTRODUCTION

Tumor hypoxia has long been known to be an important aspect of tumor physiology and is an
independent negative prognostic indicator in solid tumors. As early as 1955, Thomlinson and
Gray predicted that the presence of hypoxic cells in tumors would limit the success of radiation
treatment. More recently, the presence of intra-tumoral hypoxia has been linked to adverse
outcomes regardless of treatment modality as there are multiple mechanisms by which it exerts
anegative impact on various treatment types [1-5]. For example, hypoxic tumor cells are more
radio-resistant than their more oxygenated counterparts because in radiation-induced cell
damage, oxygen reacts with damaged DNA, making it unrepairable by cellular machinery
[6]. Inaddition, the cytotoxicity of many commonly used chemotherapeutics is directly affected
by hypoxia. This may be due to increased time spent in the G, portion of the cell cycle [7], up-
regulation of glutathione [8], or by decreased production of nitric oxide [9].

From a molecular medicine viewpoint, there are many opportunities to exploit tumor hypoxia
and target hypoxia responsive genes and gene products for therapeutic purposes. The role of
HIF-1 in tumor oxygenation and response to therapy, particularly radiation, has been
extensively reviewed by our group [10-12]. Erythropoietin (EPO), one of the first identified
HIF-regulated gene products, has also been investigated by our group as a potential method of
improving tumor oxygenation [13,14], although EPO treatment has been associated with little
preclinical improvement in treatment response [15,16] and potentially an increase in tumor
growth and angiogenesis [17]. Additionally, adverse outcomes have been reported in several
recent clinical trials [18-23], making EPO treatment in cancer patients the subject of recent
controversy.

Hypoxia-responsive genes are involved in cell cycle control, apoptosis regulation,
angiogenesis, regulation of metabolism and protection of cells from oxidative stress [24]. Up-
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regulation of hypoxia-mediated genes may induce p53 mutations and production of pro-
angiogenic cytokines leading to increased angiogenesis and metastasis, and a switch to
anaerobic metabolism leading to decreased tumor pH [25]. Hypoxia is now regarded as an
almost universal feature of solid tumors. Given the significant impact of hypoxia on tumor
biology and therapy, it is imperative that the causes and consequences of tumor hypoxia are
more widely understood so that rational approaches to the improvement of current therapies
and invention of new treatments are possible.

Abnormal oxygen transport is one cause of tumor hypoxia. The traditional view is that diffusion
limits of radial oxygen transport from tumor microvessels and acute local stoppages of blood
flow are the main mechanisms responsible for hypoxic regions in solid tumors. New imaging
technologies enable a more modern perspective that the causes of tumor hypoxia are in many
ways more subtle and complex than described by the traditional view alone. In this review, we
discuss new insights into tumor hypoxia and oxygen transport gained with spectral imaging of
microvascular hemoglobin saturation.

2. TRADITIONAL VIEW OF TUMOR HYPOXIA

Most simply, tissue oxygenation is determined by the balance between oxygen delivery to the
tissue and oxygen consumption by the tissue. In normal tissues, this balance is maintained by
normally distributed vascular networks, intact vascular signaling pathways, and direct
alterations in oxygen consumption [26], all resulting in a “normoxic” environment. However,
solid tumors are unable to maintain this balance, resulting in regions of decreased oxygenation
and the negative consequences mentioned above.

Classically, two types of hypoxia have been described: chronic, diffusion-limited tumor
hypoxia and acute, perfusion-limited hypoxia [27]. However, these two concepts can be viewed
as oversimplifications of more complex processes resulting in tumor hypoxia. In reality, there
are both spatial and temporal fluctuations in oxygenation. Two types of oxygen gradients within
tumors have been identified: (1) radial gradients, resulting from oxygen diffusion limitations,
and (2) longitudinal gradients, resulting from depletion of oxygen from hemoglobin as it
progressed from the arterial to the venous circulation [28].

One of the factors affecting oxygen gradients within tumors is the irregular vascular network
that exists in tumors. Imbalanced expression of various cytokines results in the classic
characteristics of tumor vasculature: abnormal branching structures, steep longitudinal
gradients along afferent vasculature, decreased numbers of afferent vessels, and uneven
distribution of red blood cells at bifurcations. The abnormal vessel architecture results in
regions with increased vascular density, where the presence of shunts alters oxygen delivery,
and regions with decreased vessel density, where areas of tissue are located beyond the
diffusion distance of oxygen. The presence of longitudinal gradients can also contribute to this
chronic hypoxia. Axial oxygen gradients are present in arterioles and can be worsened by the
absolute decrease in number of afferent vessels within the tumor. The end result is a vessel that
is paradoxically hypoxic while still being perfused and resultant hypoxic adjacent tissue.

Tumor oxygen consumption can also contribute to the hypoxic environment, even though
tumor cells do not have drastically increased oxygen consumption rates compared to that of
normal tissues. However, there is clearly an imbalance between consumption rates and oxygen
delivery that will result in hypoxic conditions [29].

It is also clear that oxygenation within the tumor is unsteady and can change in part due to
remodeling of tumor vasculature that happens on the scale of days. Transient blood flow has
been demonstrated in animal models [30], not only in terms of temporal fluctuations in blood
flow, but also heterogeneity in the magnitude and frequency of these fluctuations [31]. Red
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cell flux can fluctuate resulting in temporal instability on the order of minutes to hours [32],
resulting in fluctuations in perivascular and interstitial pO, in tumors. The resulting pO,
fluctuations can lead to transient hypoxia and repeated hypoxia-reperfusion injury to the
adjacent tumor tissue and also the microvascular endothelial cells [33]. Intravascular hypoxia
resulting from longitudinal O, gradients has also been demonstrated [34]. The overall
oxygenation state of the tumor varies with the average magnitude of oxygen delivered and the
instability in red cell flux of surrounding microvessels.

3. MODERN VIEWS OF TUMOR HYPOXIA AND OXYGEN TRANSPORT

Microvascular morphological and functional changes are evident from very early stages of
cancerous lesion development. Li et al. demonstrated increases in host vessel diameter and
tortuosity induced by a transformed tumor cell population of about 60-80 cells and the
appearance of new functional blood vessels with a tumor mass of about 100 cells [35]. In a
rodent model of spontaneous cancer, Hagendoorn et al. documented increases in microvascular
permeability and tissue interstitial fluid pressure during the hyperplastic/dysplastic stage of
lesion development [36]. Spectral imaging measurements of microvessel hemoglobin
saturation have shown that tumor-induced increases in host venule diameter and tortuosity are
accompanied by increases in venular oxygenation. The increases in venular oxygenation are
initially confined to vessels and vessel branches with a more direct connection with the
developing tumor, while vessels further away and not directly connected to the tumor are
relatively unaffected as shown in Fig. (1).

Sprouting of new blood vessels from existing vessels is one mechanism by which angiogenesis
occurs in tumors [37]. Until the sprout makes a functional connection with another vessel, there
is no functional blood flow in the sprout and red blood cells can become trapped. Sometimes
significant hemorrhaging can occur as erythrocytes leak from an open end in the sprout into
the interstitial space. Spectral imaging reveals that in these areas of very active angiogenesis
in tumors, a significant area of tissue can contain deoxygenated blood from trapped and
hemorrhaged red blood cells before functional blood flow in the neovasculature is established
(Fig. 2). Some tumor vascular regions can contain deoxygenated blood despite the proliferation
of nearby neovasculature that contains relatively well oxygenated blood (Fig. 3). The sprouts
that form in tumors can anastomose with neighboring arterioles. These arteriovenous
anastomoses, when part of a tumor microvessel network with chaotic branching and blood
flow, can lead to the paradoxical situation in which tumor vascular networks are both supplied
and drained by venules [38]. The direct connection between arterioles and venules in tumors
may negatively affect treatment by providing a route for blood flow carrying drugs or other
therapeutic agent that bypasses a tumor mass [39]. Highly oxygenated blood due to inspired
100% oxygen can also bypass a tumor [40]. An example of this effect is shown in Fig. (4).
This phenomenon may explain in part why previous clinical attempts to increase efficacy of
radiotherapy by moderating tumor hypoxia with hyperoxic gas breathing at ambient and
hyperbaric pressures have had limited success [39,41]. The abnormal response of tumor
microvasculature to inspired gases may potentially be exploited, however, for contrast
enhanced detection of cancerous lesions [42].

In addition to connections made by arteriovenous anastomoses, direct connections and merging
of vessels with highly different hemoglobin saturations can occur in tumor vascular networks
during tumor angiogenesis [40]. An example is shown in Fig. (5). The large difference in the
oxygenation of the merging vessels can be due to different paths traversed by the vessels
through the tumor tissue. For example, if one vessel takes a longer more tortuous path through
a greater volume of tumor tissue than the connecting vessel, then it is more likely to have a
lower oxygenation at the connection point. Perfusion dynamics within the local network are
expected to be influenced by a connection of vessels in this manner because of differences in
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the mechanical properties of red blood cells with different oxygenations — less oxygenated red
blood cells are stiffer and less deformable than well oxygenated ones [43].

Slow periodic fluctuations in tumor oxygenation have been documented, and recent research
suggests that intermittent acute hypoxic episodes from these fluctuations may be more
clinically relevant to therapeutic outcome and tumor progression than classically defined
chronic and acute hypoxia [40,44-47]. Regional blood flow and oxygen delivery fluctuations
also occur in normal tissues and have primarily been attributed to local spontaneous
vasomotion. The frequency and character of the fluctuations generally are dependent on the
tissue type and animal model. VVasomotion in rabbit cerebral arterioles occurs with a frequency
on the order of 0.74cpm (cycles per minute) that is independent of vessel diameter [48]. The
frequency of vasomation in skin skeletal muscle arterioles of Syrian hamsters are generally
faster than those in rabbit cerebral arterioles, on the order of 3cpm, and is faster in smaller
diameter arterioles [49]. In tumors, dye mismatch experiments to highlight transient blood flow
have shown slow temporal fluctuations in blood flow and intratumoral heterogeneity in terms
of fluctuation magnitude and frequency [30,31]. Measurements of tumor tissue pO, with
oxygen microelectrodes revealed slow fluctuations in the range of 0.12 — 0.28cpm [47].
Fluctuations in tumor microvessel oxygenation were observed in the same frequency range
with spectral imaging measurements of microvessel hemoglobin saturation [40]. An example
of slow fluctuations in a tumor microvessel network is shown in Fig. (6). The oxygenation at
a point in tumor tissue is strongly influenced by the surrounding microvasculature, and
fluctuations in red cell flux in tumor microvessels can result in transient hypoxia [32,33].
Repeated incidents of transient hypoxia can subject the affected tumor tissue and microvascular
endothelial cells to hypoxia-reperfusion injury and thus influence the physiology of the injured
cells. Besides affecting the immediately adjacent tumor regions that receive oxygen by
diffusion from the microvessels, fluctuations in red cell flux and microvessel oxygenation will
affect any downstream tumor areas supplied by the vessels. For some tumor microvessels, the
blood oxygenation fluctuations closely follow the fluctuation pattern of nearby normal tissue
venules [40].

CONCLUSIONS

While hypoxia is widely recognized as a general feature of solid tumors, the complexities of
tumor oxygen transport are still not completely understood or fully appreciated. Novel imaging
technologies can enable new insights into tumor oxygen transport to reveal subtle features and
effects to increase understanding of this important concept.

Spectral imaging measurements of microvascular hemoglobin saturation have shown that early
tumor-induced changes in vascular morphology are accompanied by functional changes as
well. This may have important consequences in terms of tumor biology and may also provide
afunctional signal that can be used for diagnostic and therapeutic monitoring purposes. Spectral
imaging also reveals that abnormal tumor angiogenesis can have surprising results, such as
connections between microvessels with highly different oxygenations. This phenomenon was
not previously observed and it adds another layer of complexity to understanding the mechanics
of oxygen transport in tumor microvascular networks. The effect of arteriovenous anastomoses
and functionally equivalent structures on tumor oxygen transport with hyperoxic gas breathing
was demonstrated with spectral imaging. It is known that venous blood exiting tumors can
have increased oxygen content [50], and it is also known that intratumoral shunting of
intravenously administered agents can occur [51], but this phenomenon has been under-
appreciated in terms of clinical attempts to ameliorate tumor hypoxia with hyperoxic gas
breathing for therapeutic purposes. Spectral imaging clearly reveals that shunting of
oxygenated blood around a tumor can also occur and is a factor that needs to be considered.
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In conclusion, spectral imaging has enabled new observations that demonstrate that tumor
oxygen transport is an even more dynamic and complex problem than previously appreciated.
More research needs to be done to understand the mechanics of tumor oxygen transport
completely.
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%HbSat

Fig. (1).
Photomontage of microvascular hemoglobin saturation in a 4T1 mouse mammary carcinoma
grown in a nude mouse dorsal skin window chamber. Pixels are colored according to the
hemoglobin saturation values in the scale bar, with background the lowest color on the scale
(under the 0% saturation color). Venules with branches directly connected to the tumor are
tortuous, dilated, and have increased oxygenation compared to hormal appearing venules at a
distance from the tumor. The window chamber is 12mm diameter.
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Transmitted Light

Hemoglobin Saturation

Fig. (2).
4T1 mouse mammary adenocarcinoma five and six days after implantation of tumor cells. A
large region of deoxygenated red blood cells (arrows in transmitted light image) is seen on day
five due to entrapment in vessel sprouts and hemorrhaging from extensive regional
angiogenesis. Patent vessels established in the area on day six help supply oxygenated blood
to some areas in the region while others areas remain deoxygenated. The color scale for the
hemoglobin saturation image is the same as that in Fig. (1).
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Transmitted Light Hemoglobin Saturation

Fig. (3).

Tumor with a large region of deoxygenated blood despite proliferation of nearby
neovasculature with relatively higher oxygenation. This is the same tumor as in Fig. (4) at a
later time point. The color scale for the hemoglobin saturation image is the same as that in Fig.

).
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100% O;

Fig. (4).

Oxygenated blood from inspired 100% O, can bypass a tumor from arterioles to venules. A
host venule (arrow) with branches in intimate contact with a 4T1 tumor has significantly
increased oxygenation upon a switch from breathing room air to 100% O,. Non-tumor
associated branches from this venule are relatively unaffected by the switch to oxygen
breathing. The color scale for the hemoglobin saturation image is the same as that in Fig. (1).
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Transmitted Light Hemoglobin Saturation

W Yo W

Fig. (5).

Example of two merging vessels with highly different oxygenations. The hemoglobin
saturation map area is indicated by the boxed region in the transmitted light image. The percent
hemoglobin saturation of the indicated vessels is given as the mean + standard deviation of a
small region of pixels in the image. The color scale for the hemoglobin saturation image is the
same as that in Fig. (1).
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20 25 30 35 40

Time (min)

Fig. (6).

Oxygenation fluctuations in microvasculature of a 4T1 tumor. (a) Transmitted light image of
tumor with regions of interest indicated. (b) Hemoglobin saturation of the indicated regions.
Measurements were acquired every 20s. Slow fluctuations can be seen that generally follow
the same temporal pattern although there are microregional differences. A deoxygenation spike
occurs around 15min in regions 1-3 that is not present in region 4, and regions 3 and 4 have
different average oxygenations compared to regions 1 and 2.
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