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ABSTRACT 

 

TISSUE AND VASCULAR OXYGENATION DYNAMICS DETERMINED BY 

OPTICAL APPROACHES AND MRI 

 

Publication No. ______ 

 

Mengna Xia, PhD. 

 

The University of Texas at Arlington, 2007 

 

Supervising Professor:  Hanli Liu 

Tumor oxygenation is a crucial factor to determine the efficiency of non-surgery 

therapy, such as radiotherapy and chemotherapy. Therefore, various approaches have 

been applied to tumor in order to improve the tumor oxygen level. Breathing oxygen-

rich gas with normobaric or hyperbaric pressure has been demonstrated to overcome 

hypoxia, but with marginal success. Therefore, the outcome would be improved greatly, 

if the responsive tumors were identified in priori. Two non-invasive techniques were 

applied to monitor tumor oxygenation dynamics simultaneously when rats were 

exposed to hyperoxic gas intervention. 19F MRI provides tumor tissue oxygen tension 

(pO2) images, while Near Infrared Spectroscopy (NIRS) measures global tumor 

vascular dynamics. Multiple correlations were examined between the rate and 
 v



magnitudes of vascular and tissue oxygen responses. In order to extract more 

physiological information from tumor vascular oxygen measured by NIRS, a 

mathematical model, modified from the Windkessel model, was used to obtain the 

tumor blood flow and oxygen consumption rate from hemoglobin concentration.  

Besides normobaric oxygen intervention, hyperbaric oxygen intervention was 

also adopted to improve tumor oxygenation because it increases oxygen tension and 

oxygen delivery to tissue independent of hemoglobin. Two techniques, FOXYTM 

fluorescence quenching oxygen sensor and NIRS, were applied simultaneously to 

monitor tumor tissue and vascular oxygen during and post hyperbaric oxygen 

administration, so as to investigate tumor oxygenation achieved with hyperbaric oxygen 

and the preservation of tumor oxygenation after hyperbaric oxygen intervention. I 

applied combined administration of doxorubicin and hyperbaric oxygen to tumors and 

compared the tumor oxygenation dynamics, tumor size, body weight between rats with 

combined therapy and those with doxorubicin alone.  

Combined application of MRI and NIRS, and FOXYTM oxygen sensor are novel 

methodology, which are complementary. Simultaneous application gives us a better 

understanding on the patho-physiology of tumor and response to therapeutic 

intervention.
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CHAPTER 1 

INTRODUCTION 

 

1.1 Tumor hypoxia — a target for combined modality treatment 

The presence of hypoxia has been demonstrated in breast cancer [1] [2], prostate 

cancer [3], cervical cancer [4], squamous cell carcinoma of the head and neck [5]. The 

oxygen levels are typically very heterogenous both among patients and within 

individual tumors. Tumor hypoxia has been clinically proved to associate with poor 

outcome of radiotherapy in terms of regional control, disease-free survival and overall 

survival [6]. The dosage for ionizing radiation required to produce the same amount of 

cell killing is up to 3 times higher for hypoxic cells compared with well-oxygenated 

cells [7]. Chemotherapeutic drug resistance in hypoxic cells is also partially caused by 

reduced toxicity in the absence of molecular oxygen. Furthermore, chemotherapeutic 

drug delivery to hypoxic areas is challenging since tumor hypoxia itself arises from 

structurally and functionally abnormal vasculature, thus the effective dosage delivered 

to hypoxic regions may be much less than to other parts of the tumor [8, 9].  

Since inadequate tumor oxygenation is a considerable obstacle in the successful 

therapy of some human tumors, a number of strategies have been developed to improve 

tumor oxygenation and increase its uniformity. One commonly accepted method is 

breathing gas mixtures with high O2 fractions (either 100% O2 or carbogen). Using 
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these gas mixtures at ambient pressure in preclinical animal studies, tumor oxygenation 

could be substantially improved, although a complete eradication of tumor hypoxia has 

not been possible in all cases, especially in larger tumors.  

Because of the importance of oxygen, many techniques have been developed based 

on microelectrodes, optical reflectance, electron paramagnetic resonance (EPR), 

magnetic resonance imaging (MRI) and nuclear medicine approaches, as reviewed 

previously [10, 11]. Comparing with needle-based oxygen sensitive electrodes, MRI 

approaches are entirely non-invasive and have advantage of providing dynamic images 

of tumor oxygen tension [12]. Use of MRI contrast agents, such as perfluorocarbons 

(PFCs), allow for the determination of pO2 value within the tissue [12-15]. 19F NMR of 

PFCs is based on the principle that 19F NMR spin-lattice relaxation rates R1 (1/T1) of 

PFC emulsions are linearly proportional to oxygen tension. PFCs such as 

hexafluorobenzene (HFB) are extremely hydrophobic, thus remain as stable droplets in 

tissue. With the assistance of available imaging protocols, it is possible to produce a 

pO2 map with a certain level of temporal resolution. However, the instrument of MRI is 

large and not readily portable. Therefore, it is desirable to find a complementary method 

for monitoring intratumor oxygenation rapidly and noninvasively for tumor prognosis 

and tumor treatment planning. In recent years, Near Infrared Spectroscopy (NIRS) has 

emerged as an important technique to obtain tissue optical properties noninvasively, 

because of the relative high penetration depth and absorption characteristics of tissue 

chromophores, such as oxy-hemoglobin and deoxy-hemoglobin. The change of 

concentration in deoxy-Hb ,oxy-Hb can be estimated by monitoring the change of 
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reflectance based on modified Beer-Lambert law [16]. Most NIRS studies conducted to 

date have been performed on muscle, brain and tumors in human and animal models 

[17, 18]. Despite a lower resolution compared with MRI, NIRS is attractive because of 

its direct sensitivity to important physiological parameters, such as oxy-Hb and deoxy-

Hb. Moreover, the implementation is relatively inexpensive.  

The two non-invasive techniques provide complementary structure and functional 

physiological information. Hence, combination of these two techniques can be applied 

to monitor the dynamic change of tumor oxygenation in response to therapeutic 

interventions, resulting in an improved method to predict cancer treatment efficiency. 

Meanwhile, they have the potential to enhance our understanding of the complex 

biological process associated with tumor growth and response to therapy.  

 

1.2 Hyperbaric oxygen — a potential chemotherapy adjuvant  

Hyperbaric oxygen (HBO) involves the intermittent administration of hyperbaric 

hyperoxic gas, such as 100% O2 and carbogen (95% O2 + 5% CO2). In comparison with 

normobaric oxygen, hyperbaric oxygen increases oxygen tensions and oxygen delivery 

to tissues nearly independent of hemoglobin. Breathing O2 at hyperbaric pressure under 

experimental conditions has provided good evidence that the oxygenation can be 

improved substantially in solid tumors [19].  

Hypoxic tumors are resistant to radiotherapy, photodynamic therapy and some 

chemotherapy. HBO may help overcome chemotherapy resistance by improving tumor 

diffusion and cellular sensitivity. HBO therapy in combination with chemotherapy 
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increases cellular uptake of certain anticancer agents and susceptibility of tumor cells to 

these agents. It has been shown that HBO improve the therapeutic efficiency of 

doxorubicin [20, 21], 5-FU [22].  

In order to optimize schedule and dosage combination of HBO and chemotherapy, it 

will provide valuable information to monitor the tumor oxygen dynamics during and 

after hyperbaric oxygen intervention. An optical oxygen sensor based on dynamic 

quenching of a fluorescence dye was developed more than two decades ago[23]. The 

fluorescence dye was immobilized in the probe tip, which is placed directly in the 

sample. The intensity of fluorescence emitted depends on the oxygen concentration.  

The FOXYTM fluorescence optical quenching system (Ocean Optics Inc., Tampa, FL) is 

a multi- channel fiber optic sensor that utilizes this principle to measure discrete 

changes in local oxygen partial pressure. A multi-channel FOXYTM oxygen sensor has 

been utilized to study regional tumor oxygen dynamics in a minimally invasive manner 

[24]. Besides, fiber optic probes of both FOXY oxygen sensor and NIRS could be 

assembled to the hyperbaric chamber with less difficulty while the major instruments 

could be placed outside chamber. NIRS combined with FOXY oxygen sensor, thus 

allow us to monitor tumor vascular and tissue oxygenation simultaneously when the rats 

were under hyperbaric oxygen intervention.   

1.3 Specific aims for the study 

The overall goal of this project is to 1) investigate the tumor oxygenation change 

with respect to hyperoxic gas intervention at ambient pressures and at higher pressures, 

and the preservation of tumor oxygenation following hyperbaric oxygen intervention;  
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2) demonstrate that simultaneous MRI and NIRS measurements are a feasible and 

effective methodology to monitor tumor responses to therapeutic intervention and 

cancer therapy; 3) investigate if the combined therapy of hyperbaric oxygen and 

doxorubicin will provide better therapeutic efficiency than doxorubicin alone in our 

tumor model. The fundamental hypothesis and specific aims of this project are listed as 

follows:  

Hypothesis 1: NIRS provides real time and noninvasive measurement for the dynamic 

change of tumor vascular oxygenation, which is in good agreement with tissue oxygen 

tension measured by MRI simultaneously. 

Aim 1: to apply NIRS for obtaining global vascular oxygenation and 19F MRI for local 

tissue oxygenation simultaneously. 

Aim 2: to study the correlation between global vascular and tissue oxygenation 

monitored by NIRS and MRI simultaneously when the rats are under normobaric 

hyperoxic gas intervention.  

 

Hypothesis 2: Based on an appropriate theoretical model, changes in tumor blood flow 

and tumor metabolic rate of oxygen can be estimated from the change of hemoglobin 

concentrations in response to gas intervention, which is monitored by NIRS. 

Aim 3: to develop a mathematical model to estimate blood flow and metabolic rate of 

oxygen in breast tumors in animal models from the change of hemoglobin concentration 

with respect to gas intervention.  
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Hypothesis 3: Hyperoxic gas interventions in higher pressure can improve tumor 

oxygenation better than those in ambient pressure, and tumor oxygenation remains at 

elevated levels for minutes even after HBO exposure.  

Aim 4: to investigate tumor vascular oxygenation and tissue oxygen tension during and 

post hyperbaric oxygen exposure, using NIRS and multi-channel FOXYTM fluorescence 

oxygen sensor simultaneously.  

 

Hypothesis 4: Hyperbaric oxygen, when combined with doxorubicin, can provide a 

better therapeutic efficiency than doxorubicin alone.  

Aim 5: to monitor global tumor vascular oxygenation in response to gas intervention by 

NIRS before and after therapy; compare the growth rate of tumor size, body weight loss 

between the rats in the group of combined therapy, chemotherapy alone and control. 

 

Hypothesis 5 (appendix): multi-channel NIRS is a valuable approach to monitor the 

dynamic change of cerebral vascular oxygenation during and after stroke. 

Aim 6: to monitor the cerebral vascular oxygenation during and after middle cerebral 

artery occlusion (MCAO) by NIRS, and characterize the therapeutic effects of estrogen 

on dysfunctional vasculature induced by MCAO. 
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CHAPTER 2 

TUMOR OXYGEN DYNAMICS MEASURED SIMULTANEOUSLY BY 
NEAR INFRARED SPECTROSCOPY AND 19F MAGNETIC RESONANCE 

IMAGING IN RATS 
 

2.1 Introduction 

Tumor oxygenation has been widely recognized as a pivotal factor in the 

efficacy of radiotherapy [25], photodynamic therapy [26] and some chemotherapies 

[27] and patient stratification with respect to tumor oxygenation status could be 

clinically important [28-30]. It has been hoped that modulation of tumor oxygenation 

could be applied to enhance therapeutic efficacy. An attractive intervention is breathing 

hyperoxic gas, and indeed, several clinical trials have examined the efficacy of 

normobaric or hyperbaric oxygen, to improve therapeutic outcome, but often with 

marginal success [31]. It has been suggested that outcome might have been improved, if 

responsive tumors could have been identified a priori. Accordingly, accurate evaluation 

of tumor oxygenation in response to interventions at various stages of growth should 

provide a better understanding of tumor response to therapy, potentially allowing 

therapy to be tailored to individual characteristics.  

Given the importance of tumor oxygenation, many techniques have been 

developed based on microelectrodes, optical reflectance, electron paramagnetic 

resonance (EPR), magnetic resonance imaging (MRI) and nuclear medicine approaches, 

as reviewed previously [10, 11]. While each approach has unique strengths, some are 
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highly invasive. Near-infrared spectroscopy (NIRS) has been developed in recent years 

as a promising non-invasive technique to quantify the concentration of tissue 

chromophores, such as oxygenated and deoxygenated hemoglobin, water and lipid [16, 

32]. Due to the deep penetration depth and biochemical specificity of NIRS, it has been 

widely applied for quantitative measurements of cerebral oxygenation [33, 34] and 

blood oxygenation in muscles in vivo [35]. Recently, NIRS has been also used to 

monitor tumor vascular oxygenation with respect to interventions [16, 24, 36]. With 

notable exceptions [37-40], NIRS currently lacks spatial resolution, and thus, the utility 

of global measurements requires validation, given the well-documented heterogeneity 

of tumor oxygenation. In this regard, Conover et al [41] compared the spatially 

averaged measurement of tumor oxygen saturation (sO2) using NIRS with the local sO2 

in individual blood vessels measured by cryospectrophotometry. The sensitivity and 

specificity analysis suggests that NIRS may identify clinically relevant hypoxia, even 

when its spatial extent is below the resolution limit of the NIRS technique. I have 

previously investigated correlates between pO2 assessed by electrodes [15, 42] or fibre-

optic probes and NIRS [24]. On occasion, there was a good correlation between global 

vascular oxygenation and local pO2 at individual locations, but often, disparate 

behaviour was observed. Sequential MRI and NIRS suggested a better relationship 

based on average pO2 from multiple locations [42]. I have now implemented 

simultaneous NIRS and 19F MRI to examine the relationships further. Since NIRS is 

entirely non-invasive it would provide an attractive surrogate for monitoring tumor 
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oxygenation, and hence, I seek correlations with absolute pO2 measurements observed 

simultaneously by MRI.  

2.2 Materials and methods 

Investigations were approved by the Institutional Animal Care and Use 

Committee. 

2.2.1 Animal preparation and experimental setup 

Mammary adenocarcinomas 13762NF (cells originally obtained from the 

Division of Cancer Therapeutics, NCI) were implanted in skin pedicles [43] on the 

foreback of ten adult female Fisher 344 rats (~150 g). When the tumors reached ~1 cm 

in diameter, the rats were anaesthetised with ketamine hydrochloride i.p. (100 mg/kg 

body weight, Aveco, Fort Dodge, IA) and were maintained under general gaseous 

anaesthesia (air and 1% isoflurane; Baxter International Inc, Deerfield, IL). Tumor hair 

was trimmed to give good optical contact for NIR light transmission. 

Hexafluorobenzene (HFB, 50 μl, 99.9%, Lancaster Co., Pelham, NH) was administered 

along two or three tracks in central and peripheral regions of the tumors in a single 

plane (transverse to the rat’s tumor, and in the region of NIR photon pathway) using a 

Hamilton syringe with a 32 G needle. The needle was inserted manually to penetrate 

across the tumor and was withdrawn ~1 mm to reduce pressure and 3~4 μl of HFB were 

deposited. The needle was then repeatedly withdrawn 1~2 mm and further HFB 

deposited at each point, as described in detail previously [11].  

The tumor was placed inside a size-matched Helmholtz coil, specially designed 

for the simultaneous MRI-NIRS study. The tumor was inserted between the two loops 



 

of the Helmholtz coil and two NIRS probes were introduced through the ends of the coil 

along the coil axis (Figure 2.1). The probes were positioned to be in the same plane as 

the HFB injection. The rats were placed in the magnet on their side, and body 

temperature was maintained using a warm water blanket. A total of ten rats were used in 

the study: seven rats were subjected to respiratory challenge in the sequence of air-

oxygen-air-carbogen-air, one rat breathed air-carbogen-air-oxygen-air, one rat breathed 

air-carbogen-air, and one breathed air-oxygen-air.  

 

Figure 2.1  Schematic of experimental set-up. Z is along the bore of the magnet, 
and X along the axis of the RF coil. PMT represents a photomultiplier tube, I/Q 
represents an In-phase and Quadrature (I/Q) demodulator chip and ADC 
represents an analogue to digital converter. 

 

2.2.2 NIRS for measuring Δ[HbO2] 

A homodyne frequency-domain system (NIM, Philadelphia, PA) was used to 

monitor the global change of deoxy- and oxy-Hb concentration (Δ[HbO2]) in the tumor, 

as described previously [44], though with minor modifications to ensure MR 
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compatibility (Figure 2.1). Briefly, the laser light, which was emitted from two laser 

diodes (at 758 nm and 785 nm), was amplitude-modulated at 140 MHz and time gated 

on and off sequentially. The two time-shared laser beams illuminated the tumor surface 

alternately through a light-delivery fiber bundle (source fiber) with a 7-meter length and 

a 3-mm bundle diameter. The long fibre bundle ensured the separation of the NIRS 

hardware from the magnet. After being absorbed and scattered in the tumor tissue, the 

transmitted light was collected on the opposite side of the tumor by another fiber bundle 

(detector fiber) of same length and diameter as those of source fiber. The collected 

optical signal was detected and amplified by a photomultiplier tube (PMT). The probe 

sheaths at the fiber tips were made of nylon for MR compatibility. An In-phase and 

Quadrature (I/Q) demodulator chip was used to demodulate the amplitude-modulated 

signal from the PMT.  

In principle, since the I/Q system could give both phase and amplitude values, it 

should be possible to calculate absolute HbO2, Hb, and sO2 (Yang et al, 1997). 

However, given the tumor’s small size and large spatial heterogeneity, I am currently 

unable to achieve reliable absolute quantification using the conventional algorithm 

(Fishkin and Gratton 1993) based on the diffusion approximation. Instead, based on 

modified Beer-Lambert’s law, I simply use the amplitude of the light transmitted 

through the tumor to calculate concentration changes in HbO2, Hb and Hbtotal of the 

tumor caused by respiratory intervention. Namely, changes of oxy- and 

deoxyhemoglobin concentration, Δ[HbO2] and Δ[Hb], respectively, can be derived from 

the measured amplitudes at the two wavelengths (758 nm and 785 nm) [42] 
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where Ab is the baseline amplitude, At is the transient amplitude during 

measurement, and d is the direct source-detector separation. DPF (differential path-

length factor) is a tissue-dependent parameter and is defined as the ratio between the 

optical path length and the physical separation between the source and detector.  The 

units for Δ[HbO2], Δ[Hb], and Δ[Hb]total are mM. Since DPF is a variable, depending 

on tissue type and wavelengths, it is currently difficult to quantify DPF for tumors.  

Since this study focuses on dynamic changes of [HbO2], Δ[HbO2] values may be scaled 

by a factor of DPF (in units of mM/DPF), to obtain characteristic features of tumor 

oxygen dynamics [16].  

2.2.3 Mathematical model for blood oxygenation dynamics of tumors 

Based on the previous experimental study, a simple mathematical model [16] 

has been developed to examine tumor vascular dynamics during oxygen intervention, 

by analogy to the method used to quantify regional cerebral blood flow (rCBF) with 

diffusible radiotracers, originally developed by Kety [45]. Accordingly, changes of 

oxyhemoglobin concentration in tumor vasculature induced by hyperoxic gas 

intervention, Δ[HbO2], can be expressed as  
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where Δ[HbO2] corresponds to the changes in oxyhemoglobin concentration 

from tumor vasculature measured by NIRS, H0 is the arterial oxygenation input for 

ΔHbO2
artery after time 0, f is the blood perfusion rate, and γ is the vascular coefficient of 

the tumor, defined as the ratio of [HbO2] changes in the vascular bed to that in the 

veins.  Specifically, γ = Δ[HbO2]vasculature/Δ[HbO2]vein, τ  is the time constant (= γ/f ), and 

A= γΗ0. 

Given that solid tumors often develop hypoxic regions, which are poorly 

perfused [46, 47], I hypothesized that the observed, bi-phasic feature of Δ[HbO2] came 

from two different perfusion regions (well- and poorly-perfused regions). Therefore, it 

is reasonable to define two different blood perfusion rates (f1, f2) with two different 

vascular coefficients (γ1, γ2) in the mathematical model. Consequently, equation 2.3 has 

been modified to a summation of two exponential expressions, representing two 

perfusion regions, as 
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where f1 and γ1 are the blood perfusion rate and the vasculature coefficient, 

respectively, in the well-perfused region, and f2 and γ2 represent the same respective 

meanings in the poorly perfused region. Also, it follows that A1= γ1H0, A2= γ2H0, τ1 = 

γ1/f1 and τ2 = γ2/f2. Since A1, A2, τ1, and τ2 can be determined by curve-fitting equation 
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(2.4) to the dynamic NIRS measurements, I can obtain the ratios for two vascular 

coefficients and two blood perfusion rates, as follows [16]: 
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These two ratios provide insight into tumor vascular structures and blood perfusion 

rates.  Specifically, γ1/γ2 may be associated with the vascular volume fraction between 

the two regions, and f1/f2 reflects the perfusion ratio between the two regions. For 

example, if f1/f2 is substantially greater than 1, the two compartments have significantly 

different perfusion rates.  

This mathematical model is consistent with experimental animal studies [16, 24, 

42]. Moreover, it is supported by computer simulations [48] and a phantom study [49] 

each of which shows that the bi-phasic or bi-exponential feature can be presented if 

both a slow and a fast perfusion of flow co-exist within the interrogated  volume. 

2.2.4  FREDOM for measuring pO2 
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MRI was performed using a Varian Inova 4.7 T horizontal bore system 

equipped with actively shielded gradients. Shimming was performed on the tumor tissue 

water signal to reduce the line-width to less than 100 Hz. 1H MRI (200.1 MHz). T1-

weighted reference images were acquired with TR/TE of 150/10 ms and 40x40 mm2 

field of view. Following 1H MRI, corresponding 19F MR images (188.3 MHz) with a 

matrix size of 32x32 (1.25 mm per pixel) were obtained to show the distribution of HFB 

in the tumor. A single 10-mm thick slice was chosen to include all the injected HFB, as 

the plane of injection was not always perfectly aligned with the imaging plane. The 

actual volume interrogated is defined by the distribution of the reporter molecule in the 
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3rd dimension rather than the imaging gradients [11]. The FREDOM (Fluorocarbon 

Relaxometry by Echo-planar imaging for Dynamic Oxygen Mapping) approach was 

used to measure pO2, as described in detail previously [14]. The spin lattice relaxation 

rate (R1= 1/T1) of HFB is highly sensitive to changes in pO2, but not sensitive to 

temperature variations: a deviation of 1 oC in temperature will introduce a deviation of 

only 0.13 torr in the pO2 estimate, when pO2 is about 5 torr [11]. T1 maps were 

computed on a voxel-by-voxel basis using non-linear least-squares data fitting by the 

Gauss-Newton method. I applied a threshold to the raw T1 data in order to remove 

random noise, i.e., voxels with T1 error >3.6 sec or T1 error/T1 >50% were 

disregarded. Maps of pO2 values with 1.25 mm pixel size were obtained from the T1 

maps using the equation, pO2 = (1/T1-0.0835)/0.001876 [14].  

Each pO2 map was acquired in 6 1/2 min. Three baseline pO2 data sets were 

acquired over 24 mins for all tumors, while the rats breathed air, after which the rats 

were repeatedly exposed to oxygen or carbogen (95% O2 and 5% CO2) interventions. 

Five pO2 maps were obtained during each subsequent gas switch period. Typically, for 

a five gas-intervention sequence (e.g., air-oxygen-air-carbogen-air), a total of 23 pO2 

maps were obtained over a period of 3 h. Due to thresholding, some voxels did not 

appear in all pO2 maps and these were discarded. For temporal analysis, voxels were 

selected as only those which provided consistently reliable data (i.e., satisfied all the 

thresholding criteria specified above) for all 23 measurements over the time course with 

a range of 5 to 44 acceptable voxels for the ten tumors. The slope of dynamic pO2 



 

changes (rate) was defined as d(pO2)/dt and d(pO2’)/dt in response to increasing or 

decreasing inhaled FO2 (Fraction of O2), respectively.  

2.2.5  Statistical Analysis 

Linear regression analysis was used to calculate the correlation between the 

NIRS-derived tumor hemodynamic parameters (i.e., Δ[HbO2], A1/τ1, A2/τ2, f1/f2) and the 

FREDOM-determined tumor parameters (i.e., pO2, d(pO2)/dt, d(pO2’)/dt). Data are 

presented as mean  standard deviation (SD) and paired Student-t tests compared the 

effects of oxygen and carbogen on Δ[HbO2] and pO2.  

±

2.3 Results 

2.3.1 Dynamic response of Δ[HbO2] measured by NIRS 

Figure 2.2 shows a group-averaged, temporal profile of Δ[HbO2] from seven 

13762NF rat breast tumors with air-oxygen-air-carbogen-air intervention, displaying 

apparent biphasic responses to both interventions. Both single (eq. 2.3) and double-

exponential (eq. 2.4) curve fitting were tested for the carbogen intervention in one 

representative tumor (1.6 cm3), as in Figure 2.3.  The maximal Δ[HbO2] achieved with 

oxygen challenge was compared with that of carbogen, and revealed no significant 

difference between oxygen and carbogen intervention (p>0.3); indeed, there was a 

strong correlation between the maximal Δ[HbO2] values with these two interventions 

(R2>0.75, figure 2.4), consistent with our previous observations [24]. No correlation 

was found between the perfusion rate ratio (f1/f2) and tumor size (R2=0.16). Vascular 

oxygen dynamics in response to interventions are provided for individual tumors in 

table 2.2. 
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Figure 2.2  Temporal profiles of Δ[HbO2] (curve only) and mean pO2 (curve with 
) in response to respiratory challenge. Both Δ[HbO2] and pO2 are group-

averaged data from seven 13762NF rat breast tumors with an intervention 
sequence of air-oxygen-air-carbogen-air, measured simultaneously by NIRS and 
FREDOM. The standard deviations of the volume-averaged pO2 from 7 tumors 
are indicated for baseline, but became very large in response to interventions and 
are omitted.  Δ[HbO2] has units of mM/DPF. 
 

2.3.2  pO2 measurements by FREDOM  

Overlay of 19F and 1H MR images demonstrated that HFB was distributed in 

both central and peripheral regions of tumors (Figure 2.5). Individual pO2 values taken 

from each voxel ranged from hypoxic (< 1 torr) to 35 torr under baseline conditions 

(Figure 2.6). Mean baseline pO2 values, which are averaged over all voxels in a given 

tumor in the first three pO2 maps, ranged from hypoxic (< 5 torr) to 27 torr with a 

hypoxic fraction (HF5; fractional voxels that are less than 5 torr) ranging from 0 to  
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Figure 2.3  Dynamic responses of Δ[HbO2] (mM/DPF) to gas intervention 
(carbogen). Single exponential curve fitting yielded Δ[HbO2] = 0.22{1 – exp[-(t-
106.8)/2.5]} (R2=0.64), and double exponential fitting resulted in Δ[HbO2] = 
0.15{1 – exp[-(t-106.8)/0.58]}+ 0.13{1 – exp[-(t-106.8)/23.2]} (R2=0.88). 

 

Figure 2.4 Relationship of maximum Δ[HbO2] (mM/DPF) in breast tumors in 
response to switching from air to oxygen and to carbogen (R2>0.75).   
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100% (mean 36%) and summarised in table 2.1. A strong correlation was found 

between mean baseline pO2 and HF5 (R2>0.85, Figure 2.7). Administration of oxygen or  

carbogen produced significant increases in tumor pO2, as shown in the pO2 maps, 

graphs and table. The tumor pO2 values were averaged over the entire slice and 

responses to respiratory challenge for the group of seven tumors, measured 

simultaneously by FREDOM and NIRS, is shown in figure 2.2. Baseline measurements 

(breathing air) were generally stable, and altering the inhaled gas to oxygen or carbogen 

induced rapid and significant changes in both pO2 and Δ[HbO2] (p<0.001). Upon return 

to air (baseline), Δ[HbO2] dropped quickly and significantly within 16 mins, and then 

more slowly, for the next 24 mins, whereas the pO2 decrease was more gradual. 

Altering the inhaled gas to carbogen also produced a rapid increase in both pO2 and 

Δ[HbO2]. Upon return to air breathing from carbogen, both Δ[HbO2] and pO2 showed a 

similar trend to that following oxygen. As expected, all ten tumors showed a significant 

increase in pO2 (average over entire slice), and decrease in hypoxic fraction (HF) in 

response to oxygen or carbogen inhalation. The magnitude of response to either 

hyperoxic gas was correlated (R2>0.79), as was the maximum volume-averaged pO2 

achieved with either gas (R2>0.83). The rate of increase with oxygen challenge, 

d(pO2)/dt, was significantly faster than the return to baseline, d(pO2’)/dt, for oxygen 

intervention (p<0.02), but no difference was observed for carbogen (p>0.1, figure 2.8). 

The mean pO2 values of individual tumors averaged over the final three pO2 maps 

during exposure to carbogen breathing were significantly higher than oxygen (p<0.01), 



 

and the tumor hypoxic fraction was generally eliminated during carbogen breathing (n = 

7 of 9 tumors, table 2.1).    

 

Figure 2.5   Overlay of 19F and 1H MR images. It demonstrated that HFB was 
distributed in both central and peripheral regions of tumors. 
 
 

 

Figure 2.6  pO2 maps (1.25 mm resolution) obtained using FREDOM overlaid on 
the 1H anatomic image of a tumor (FOV= 4 cm x 4 cm).  Left) Rat breathing air, 
Centre) breathing 100% O2 (fifth map after switching from air), Right) breathing 
carbogen (95% O2 + 5% CO2) (fifth map after switching from air). The pO2 maps 
show distinct heterogeneity.  
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Figure 2.8  Mean d(pO2)/dt (open) and d(pO2’)/dt (shaded) +

21

 
Figure 2.7  Correlation between baseline pO2 and hypoxic fraction (HF5) 
measured using FREDOM (R2>0.85). 

 

 SD for eight tumors 
with both interventions, when gas was switched from air to the hyperoxic gas and 
back to air, respectively. pO2 is the mean value of all acceptable voxels appearing 
in the five maps during the oxygen or carbogen intervention. d(pO2)/dt is the slope 
of regression line of five pO2 readings versus time when switching from air to 
oxygen or carbogen, and d(pO2’)/dt is the slope of regression line for five pO2 
readings during the switch back to air. The rates showed a significant difference 
with oxygen (p<0.02), but not with carbogen (p>0.1).  
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Table 2.2 Summary of vascular oxygen dynamics for the experimental tumors. 
Two amplitudes (A1, A2) and two time constants (τ1, τ2) were determined by 
curve-fitting the dynamic NIRS measurements using a double-exponential 
expression. Nine out of 10 tumors were observed to have double-exponential 
features with either oxygen or carbogen intervention.  A1 is significantly smaller 
than A2 with oxygen (p<0.01), but no significant differences in carbogen (p>0.19). 

 
Tumor Double exponential fitting 

No. intervention A1 (AU) A2 (AU) R τ1 (min) τ2 (min) 
oxygen 0.11 0.002 ± ± ±0.12 0.002 0.49 0.02 6.6 0.2 ± 0.94 a1 carbogen 0.15 0.001 ± ± ±0.13 0.002 0.58 0.01 23.2 ± 1.1 0.94 
oxygen 0.03 0.002 ± ± ±0.11 0.005 0.46 0.18 25.6 ± 2.9 0.91 a2 carbogen ---- ---- ---- ---- ---- 
oxygen 0.15 0.001 ± ± ±0.38 0.003 0.31 0.02 20.1 0.39 ± 0.98 a3 carbogen 0.23 0.005 ± 0.2 ± 0.004 ±1.2 0.04 10.8 0.45 ± 0.95 
oxygen ---- ---- ---- ---- ---- a4 carbogen 0.16 0.002 ± ± ±2.3 0.27 0.29 0.02 155.8 21 ± 0.97 
oxygen 0.12 0.002 ± ± ±0.23 0.002 0.55 0.03 11.6 0.27 ± 0.94 a5 carbogen ---- ---- ---- ---- ---- 
oxygen 0.06 0.001 ± ± ±0.26 0.005 0.13 0.01 31.2 ± 1.1 0.96 a6 carbogen 0.03 0.001 ± ± ±0.08 0.001 0.04 0.02 13.9 ± 0.6 0.78 
oxygen ---- ---- ---- ---- ---- a7 carbogen ---- ---- ---- ---- ---- 
oxygen 0.11 0.002 ± 0.2 ± 0.001 ±0.24 0.02 7.1 0.1 ± 0.96 b8 

0.2 ± 0.002 ± ±carbogen 0.12 0.001 0.49 0.01 9.1 0.2 ± 0.95 
c9 carbogen 0.01 ± 0.0004 0.02 ± 0.0004 ±0.14 0.02 3.9 0.12 ± 0.64 

d10 oxygen 0.05 0.002 ± ± ±0.03 0.002 0.46 0.05 5.6 0.56 ± 0.68 

Mean SD  ± ---- 0.11 0.068 ± ± ±0.32 0.59 0.42 0.3 24.9 40.2 ± ---- 
       
      a: air O2 air carbogen air.  
      b: air  carbogen  air  O2  air. 
      c: air  carbogen  air. 
      d: air  oxygen  air.  
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2.3.3 The relationship between pO2 and Δ[HbO2] with respect to hyperoxic gas 

Taken as a group of 10 tumors, there was no apparent relationship between the 

magnitude of the change in tumor vascular oxygenation (Δ[HbO2]) and change in pO2 

(R2<0.1). However, if tumors were divided into two sub-populations, then two separate 

correlations were found each with similar slope (Figure 2.9). There was also a 

correlation (R2>0.7) between the perfusion rate ratio, f1/f2, derived from fitting the 

Δ[HbO2] curve and the mean pO2 values achieved with hyperoxic gas intervention 

(figure 2.10). Assessment of f1/f2 is predicated on biphasic behaviour with respect to 

interventions, which was observed in most cases (13 of 16 measurements). There was 

also a positive correlation between A1/τ1 (the fast component of biphasic Δ[HbO2]) and 

the d(pO2)/dt of well oxygenated voxels (i.e., those with pO2 values > 10 torr under 

oxygen or carbogen intervention) (R2>0.5, figure 2.11). However, no correlation was 

found between d(pO2)/dt and A2/τ2 (the slow component). 

2.4 Discussion and conclusion 

Integration of diverse imaging techniques can be technically challenging, since 

each modality has specific technical constraints and requirements. Here, the NIR system 

was modified to use longer optical fibers and any metal components were eliminated 

from the fibre tips. Due to the spatial restrictions within the bore of the magnet a 

Helmholtz coil was built specifically providing access to both the tumor and fibers. The 

fibers required sufficient flexibility to allow them to be bent through requisite angles  
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Figure 2.9 Correlation between maximum Δ[HbO2] and change in pO2 with 
respect to hyperoxic gas intervention for two groups of tumors ( ) (group 1: #1, 
2, 6, 7, 8, 9, 10; R2 > 0.51) and (Δ) (group 2: #3, 4, 5; R2 >0.82).  The unit for 
Δ[HbO2] is mM/DPF. 6 of 7 of group 1 tumors had a high initial global pO2 (i.e., 
mean baseline pO2 >5 torr), whereas 2 out of 3 of group 2 tumors on the right had 
low initial global pO2. 

 
Figure 2.10 Correlation between mean pO2 achieved with hyperoxic gas breathing 
and perfusion rate ratio (f1/f2) for tumors with biphasic response to intervention 
(R2>0.7). pO2 is the mean value for the final three pO2 maps under hyperoxic 
intervention, selected from all voxels appearing in the final three pO2 maps during 
oxygen ( ) or carbogen (□) intervention. 
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Figure 2.11 d(pO2)/dt vs A1/τ1 (determined from Δ[HbO2] for tumors with 
biphasic response to interventions) showing a positive correlation (R2>0.5). pO2 
values are the mean value of all well oxygenated voxels (i.e., the maximum pO2 > 
10 torr under oxygen or carbogen intervention) appearing in the five pO2 maps 
during oxygen ( ) or carbogen (□) intervention  

 

within the confines of the magnet bore. To date there have been few reports of 

simultaneous data acquisition by NIR and MRI, e.g., studies of phantoms [37], human 

brain [50, 51] and human breast [52-55].   

In the present study, global average Δ[HbO2] was measured by NIRS, and pO2 

maps were obtained simultaneously by 19F MRI. I used transmission mode NIRS in 

order to interrogate deep tumor tissue. While NIRS is a global measurement, the region 

sampled by it is predominantly a banana-shaped region joining the locations of the 

source and detector [56, 57], and it was recently showed that typically 15 to 30% of the 

vascular volumes of rat tumors are interrogated by NIR using this configuration [58]. I 

positioned the NIRS probes (source and detector) to be in the same plane as the HFB 
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injection to ensure maximum overlap between the regions sampled by the two 

techniques. Utilising our previously developed mathematical model [16], multiple 

hemo-dynamic parameters were derived for Δ[HbO2] (A1/τ1, A2/τ2 and f1/f2) to be 

compared with pO2. The results demonstrate that oxygenation parameters measured 

from both techniques show significant and consistent elevation in tumor oxygenation 

during the hyperoxic gas interventions. As reported previously, the magnitude of the 

vascular response was similar with both hyperoxic gases [24]. As expected, Δ[HbO2] 

increased much faster than pO2 in all ten tumors, indicating that change in tumor 

vascular oxygenation precedes tumor tissue oxygenation. This observation is consistent 

with our previous studies in this tumor type measured simultaneously by NIRS and 

fiber-optic probes [24], as well in the Dunning prostate R3327-AT1 tumors measured 

sequentially by NIRS and 19F MRI [42].  

It have been previously demonstrated the application of FREDOM to monitor 

tumor oxygen dynamics in diverse rat prostate tumors [59, 60], human  tumor 

xenografts [10] and a few breast tumors [46]. Here, mean baseline was pO2=12 10 torr 

for the 10 tumors, which is lower than reported previously [46], but entirely consistent 

with the newer anaesthetic protocol (air or 21% oxygen, as opposed to 33% O2 

previously). There was a strong correlation between baseline pO2 and hypoxic fraction 

(Figure 2.7), as we have previously found using Dunning prostate R3327-HI tumors 

[59]. The pO2 achieved with carbogen in this study was significantly higher than with 

oxygen and carbogen appeared to be more effective at eliminating the hypoxic fraction 

(Table 2.1). However, carbogen was generally applied second in our experimental 

±
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protocols, and it is highly likely that the initial oxygen primed the tumor. Indeed, while 

oxyhaemoglobin generally returned to baseline during the air breathing episode between 

hyperoxic gases, it is clear that pO2 remained elevated (Figure 2.2). Both ΔpO2 and the 

maximum pO2 achieved with either gas were closely correlated. Similar behaviour was 

reported previously based on measurements using fiber optic probes [24]. For the group 

of tumors in this study, mean baseline pO2 did not provide a good indication of response 

to hyperoxic gas (ΔpO2 or pO2max). However, considering the fate of individual voxels 

in separate tumors with respect to intervention, strong linear correlation was observed in 

some tumors (tumor #3, 4, 6 and 9) between initial mean baseline pO2 and the 

maximum pO2 at the same location (voxel) in response to carbogen or oxygen breathing 

consistent with the results of Song et al [46]. Other tumors showed no correlation. 

The rate of pO2 response to either gas was similar (figure 2.8), but decrease 

upon return to air was significantly faster in the case of oxygen, but not carbogen. 

While the relationships between ΔpO2 and Δ[HbO2] are not obvious, there exists a 

significant correlation between f1/f2 and mean pO2 values achieved with hyperoxic gas 

intervention. Most f1/f2 values are between 5 and 60 (figure 2.10), implying that the 

blood perfusion rate in the well perfused region is much higher than that from the 

poorly perfused region. Not surprisingly the higher the ratio of well-perfused to poorly-

perfused regions, the higher the mean pO2 values achieved by the hyperoxic gas 

interventions.  

Previous studies have demonstrated that tumor tissue oxygenation could be 

strongly affected by changes in tumor blood flow measured locally by Laser Doppler 
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Flowmetry [61]. It was also reported that spontaneous fluctuations in flow and peri-

vascular pO2 are correlated at the on micro-regional level [62, 63]. In my study, I am 

able to derive the perfusion rate ratios between the well perfused and poorly perfused 

regions from the hemoglobin concentration responses to the intervention measured by 

NIRS. I found that there was a significant correlation between d(pO2)/dt and A1/τ1 (f1, 

proportional to A1/τ1), but not d(pO2)/dt and A2/τ2 (f2, proportional to A2/τ2), provided 

that the pO2 readings were selected from well oxygenated or responsive voxels (figure 

2.11).  This linear correlation suggests that the rate of change in pO2 is closely related to 

the perfusion rate in the well perfused region, f1. In other words, the dynamic changes in 

pO2 of those regions responsive to hyperoxic gas intervention may be attributed to fast 

tumor vascular perfusion, rather than to the slow perfusion in tumor vasculature. I 

believe these results provide a valuable association between tumor vascular oxygenation 

and tumor pO2 determined simultaneously by the optical and NMR measurements.  

A goal had been to develop a low-cost, simple, fast surrogate measurement of 

pO2 based on NIRS of the oxygenation status of endogenous haemoglobin. Both figures 

2.10 and 2.11 suggest that there exist linear relationships of pO2 with the NIRS 

measurable parameters f1/f2 and with A1/τ1. However, the correlation between ΔpO2 and 

Δ[HbO2] (Figure 2.9) seems to be more complex with a separation of the tumors into 

two groups. It may be noteworthy that the majority (6 of 7) of the tumors associated 

with the correlation on the left hand side of the graph had a high initial global pO2 (i.e., 

mean baseline pO2 >5 torr), whereas 2 out of 3 of the tumors on the right had low initial 

global pO2. A possible interpretation relates to the shape of the hemoglobin-oxygen 
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dissociation curve (the Hill curve). A given pO2 response can correspond to different 

changes in haemoglobin saturation depending on where the change occurs on the Hill 

curve. At lower initial pO2 there may be a substantial ΔpO2 with little Δ[HbO2]. By 

contrast, at higher initial pO2 the same increase in pO2 could produce a greater effect on 

the saturation. While Δ[HbO2] is proportional to the change of sO2 (with the assumption 

of little change in total haemoglobin concentration during intervention), two 

subpopulations of tumors in the relationship between ΔpO2 and Δ[HbO2] could be the 

result of different initial pO2. Similarly, two subpopulations of tumors were observed in 

the relationship between initial sO2 and the carbogen-induced change in saturation in 

the study of Hull et al [36]. Such an effect also confounds the direct correlation of 

BOLD MRI response to changes in pO2 [64]. Significantly, preliminary data reported 

by Gu et al [55] for simultaneous BOLD MRI and NIR in tumors showed a strong 

linear correlation in response to hyperoxic gas challenge, as also reported by Chen et al 

[51] in the rat brain.  

A major concern is tumor heterogeneity, as recognised throughout the literature 

and shown here by 19F MRI (Figure 2.6). Indeed, we have obtained some preliminary 

data using a single NIR source and three detectors placed on various regions across a 

tumor [65], showing that each region of the tumor responded differently to hyperoxic 

gas, in terms of the extent and rate, indicating the heterogeneity of tumor vasculature. 

Spatial discrimination will be even more critical, if such studies are transferred to 

human breast cancer, where the tumor is surrounded by normal tissue [66]. 

Nevertheless, I believe this hemodynamic model and correlation between tumor 
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vascular oxygenation and pO2 provides valuable insight into the tumor compartment of 

such a mixed system and explores dynamic signatures of breast tumors, which could, in 

turn, enhance/assist human breast cancer diagnosis and prognosis. 

In summary, by studying tumor vascular oxygenation concomitantly with 

changes in tumor oxygen tension, I found several significant correlations between rates 

and magnitudes of vascular and tissue responses. This study also demonstrates the 

feasibility of conducting simultaneous NIRS and MRI oximetry. I believe the 

correlation of tumor vascular oxygenation and tumor tissue pO2 can provide valuable 

insights into tumor pathophysiology and response to interventions. 
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CHAPTER 3 

A MODEL OF HEMODYNAMIC RESPONSES OF RAT TUMORS TO 
HYPEROXIC GAS CHALLENGE 

 

3.1 Introduction 

Tumor oxygenation is a critical parameter to determine the efficacy of cancer 

therapies. Poorly perfused regions of tumors are hypoxic and thus resistant to 

radiotherapy. Accordingly, various approaches have been introduced to improve tumor 

oxygenation. The use of hyperbaric oxygen was an early example [67], and it continues 

to be studied in laboratory animal systems and in human clinical trials [68, 69]. 

Inhalation of high oxygen content gases, such as carbogen, has also been studied 

extensively [70-72]. 

Given the importance of tumor responses to hyperoxic gas intervention, many 

techniques have been developed to monitor changes in physiological parameters 

induced by the interventions, such as tumor oxygenation, tumor blood flow and tumor 

metabolic rate of oxygen. Regarding tumor oxygenation, various methodologies have 

been used to measure either oxygen partial pressure in tumor tissues or oxygen levels in 

tumor vasculature, using needle oxygen electrodes, optical reflectance, MRI, and 

nuclear medicine approaches, as reviewed previously [10, 73]. Near infrared 

spectroscopy (NIRS) has been developed in recent years as a promising non-invasive 

technique to improve tumor detection and characterization, and to assist with tumor 
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treatment planning and monitoring of tumor responses to therapy [74-76]. The intrinsic 

sensitivity of optical methods to oxygenated and deoxygenated hemoglobin, as well as 

water and lipid, makes them an attractive means to assess tumor oxygenation status, 

especially to monitor tumor vascular oxygenation with respect to interventions [76-78]. 

Among the techniques for monitoring tumor blood flow (TBF), Laser Doppler 

flowmetry (LDF) has been utilized for this purpose since 80s [79]. However, it is 

sensitive to artifacts and can only monitor TBF mostly in superficial vasculature [80-

82]. Positron Emission Tomography (PET) provides quantitative measurements of the 

metabolic rate of oxygen (TMRO2), but it is restricted by the number of repeated 

measurements with a limited temporal resolution [83, 84]. A previous optical 

spectroscopy study has utilized a theoretical model to associate the NIRS readings with 

cerebral blood flow and metabolic rate of oxygen during neural activation in humans so 

as to estimate these cerebral parameters [85]. Here, taking the similar modeling 

approach, I am investigating if NIRS can be used to estimate changes in tumor blood 

flow and tumor metabolic rate of oxygen non-invasively during hyperoxic gas 

intervention in rat tumors. Such a model will shed light on tumor vascular adaptation to 

therapeutic intervention, giving us a better understanding of physiological responses of 

tumors to intervention. 

3.2 Materials and Methods 

3.2.1 Animal and tumor model 

Mammary adenocarcinomas 13762NF were surgically implanted in skin 

pedicles on the foreback of adult female Fisher 344 rats (~150 g), as described 
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previously [86]. Once the tumors reached ~1 cm in diameter, the rats were administered 

150 μl ketamine hydrochloride (100 mg/ml; i.p.) and maintained under gaseous 

anesthesia with 1.3% isoflurane in air (1 dm3/min), to immobilize the animal and to 

avoid stress associated with confinement. Body temperature was maintained at 37 oC by 

a warm water blanket. Air (20 min.), followed by carbogen (5% CO2+95% O2; 20 min.) 

or oxygen (20 min). Gas was administrated via a nose cone at a flow rate of 1 liter/min. 

The investigated rats were divided into two groups: group 1 (n= 6) administrated with 

air-oxygen-air, and group 2 (n= 5) with air-carbogen-air. 

 3.2.2 NIRS for measurement of changes in hemoglobin concentration 

I used a homodyne frequency-domain system (NIM, Philadelphia, 

Pennsylvania) to measure the change in hemoglobin concentration. Briefly, the light 

from two laser diodes (758 nm and 785 nm) was coupled to a bifurcated fiber bundle for 

illumination of the tumor. The transmitted light was collected on the opposite side of 

tumor by another fiber bundle and propagated to a photomultiplier tube (PMT) for 

amplification. An In-phase and Quadrature (IQ) demodulator chip was used to 

demodulate the amplitude-modulated signal from PMT. 

Based on the modified Beer-Lambert law, changes of oxy- and deoxy-

hemoglobin concentration, Δ[HbO2] and Δ[Hb], respectively, can be derived from the 

measured amplitudes at the two wavelengths (758 nm and 785 nm), by using extinction 

coefficients of oxygenated or deoxygenated hemoglobin published by  Kim [87] 
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where Ab is the baseline amplitude, At is the transient amplitude during the 

intervention, and d is the direct source-detector separation. DPF (differential path-

length factor) is a tissue-dependent parameter and defined as the ratio between the 

optical path length and the physical separation between the source and detector.  Since 

DPF is a variable, depending on tissue types and wavelengths, it is currently difficult to 

quantify DPF for tumors. However, I may include DPF in the unit of [HbO2] and [Hb] 

and still obtain characteristic features of tumor oxygen dynamics, since the study 

focuses on dynamic changes of hemoglobin concentration. After Δ[HbO2] and Δ[Hb] 

are calculated, Δ[HbT] is the summation of Δ[HbO2] and Δ[Hb]. 

3.2.3 Definition of TMRO2 

Tumor metabolic rate of oxygen (i.e. tumor oxygen consumption, TMRO2) is 

simply given by the difference of the oxygen flowing into and out of a region. If I 

assume artery saturation SaO2 =1,  then the relative change of tumor metabolic rate of 

oxygen can be given by ratio method [88], as shown in equation 3.3:  
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where γ and γT factors relates fractional hemoglobin changes in venous compartment to 

those across the vascular compartment.   
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In order to obtain TMRO2 from equation 3.3, there are three unknowns on the 

right side of the equation. NIRS can provide the values of Δ[HbT] and Δ[Hb], but not 

ΔTBF. Therefore, I has to rely on some model which could be employed to estimate 

ΔTBF from Δ[HbT]. 

3.2.4 The Windkessel model used for estimating blood flow from Δ[HbT] 

The Windkessel model relates blood flow to blood volume. With a few 

assumptions, I can thus estimate the blood flow response to intervention from the 

measured Δ[HbT] since Δ[HbT] is directly proportional to changes in blood volume. 

The Windkessel model is based on the conservation of mass to associate changes in 

blood volume with changes in blood flow through the regional arterial, capillary and 

venous compartments, with capillaries and veins lumped together and named a 

Windkessel compartment. The model proposes that the flow into the Windkessel 

compartment is largely determined by the vasomotor control of arterioles, and that the 

capillaries and veins passively respond to arterial pressure changes. Briefly described 

here, the model has the following definitions and relationships [89]:  

1) between flow (F), pressure (P), and vascular resistance (R):  P(t)=F(t)R(t);  
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2) between Windkessel volume (Vw) and pressure (Pw):  Vw(t)=APw(t)1/β;  

3) between Windkessel compartment resistance (Rw) and Windkessel volume:   

Rw(t)/Rw(0)=(V(0)/Vw(t))α;  

4) arterial volume changes are related to the arterial resistance changes. 

In the relationships given above, β represents the vascular compliance, α=2 

indicates laminar flow with the vessel, A is a constant and equal to 

Vw(0)/(F(0)Rw(0))1/β. With these definitions and initial conditions, the Windkessel 

model then arrives at the coupled differential equations, equations (3.6) and (3.7), for 

flow and volume changes due to arterial resistance changes [89], i.e. 
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In the study, I assume a bi-phasic model for the temporal response of arterial 

resistance during hyperoxic gas intervention according to the bi-phasic behavior of 

hemodynamic responses to oxygen or carbogen intervention [16],  i.e. 
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where RA,f and RA,s are the amplitudes of fast and slow arterial resistance 

components, τf and τs are the time constants of fast and slow component, respectively, 

and t0 is the time when the rats were exposed to the hyperoxic gas intervention. The 

numerical solutions of these differential equations, equations (3.6) and (3.7), then 
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provide the relationship between blood flow and blood volume. I normalized the units 

Fin(0)=Fout(0)=1, Vw(0)=Fin(0)τ, and RA(0)+Rw(0)=1. 

In order to estimate the blood flow from blood volume changes, the value of 

[HbT]o and constant hematocrit have to be assumed during the intervention in order to 

establish the equation Δ[HbT]/[HbT]o=ΔBV/BVo. Based on the Windkessel model, I 

need to estimate four parameters for the arterial resistance, i.e., RA,f(0), RA,s(0), τf and τs, 

besides the Windkessel vascular reserve β and the Windkessel transit time τ. The model 

parameters were determined or optimized in a nonlinear fit to the experimentally 

measured Δ[HbT]. Given the optimal parameters, Windkessel model permits to estimate 

ΔTBF/TBFo.  

3.3 Results 

Figure 3.1 shows an example of time course of tumor Δ[HbT] and Δ[HbO2], 

with thick lines, obtained by averaging six sets of measurements from group 1 tumors, 

when the rats were subject to oxygen intervention. Δ[HbT] and Δ[HbO2] have stable 

baselines when the rats were breathing air. As the gas was switched to oxygen, both 

parameters increased consistently with the typical bi-phasic pattern. ΔTBF was 

estimated from Δ[HbT], based on the Windkessel model with equations (3.6) to (3.8). 

After ΔTBF was calculated, ΔTMRO2 was obtained using equation (3.3) with three 

known values, i.e. measured Δ[HbT] and Δ[HbO2], comupted ΔTBF. Both ΔTBF and 

ΔTMRO2 have exhibited significant increases with a bi-phasic pattern too. 

However, the tumors have various responses of Δ[HbT], ΔTBF, and ΔTMRO2 

to carbogen inhalation (Fig 3.2 to 3.4), while tumor Δ[HbO2] always show consistent 
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increases when given carbogen intervention (Fig 3.2 to 3.4). Figure 3.2 shows the time 

course of averaged Δ[HbO2], Δ[HbT], computed ΔTBF and ΔTMRO2 from three 

tumors in group 2 (tumor #1~3) when the rats were subject to the gas intervention. In 

this case, there is a consistent increase of Δ[HbO2] and Δ[HbT]. It shows the increase of 
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Figure 3.1  Time course of averaged values of Δ[HbT] (light thick curve), 
Δ[HbO2] (dark thick curve), with computed ΔTBF (thin dotted curve) and 
ΔTMRO2 (thin dark curve), taken from six tumors with gas interventions of air-
oxygen. The units of Δ[HbT] and Δ[HbO2] are mM/DPF, and ΔTBF and 
ΔTMRO2 have arbitrary units. 
 

ΔTBF, which was estimated from Δ[HbT] by utilizing the Windkessel model. A similar 

increase was observed for the corresponding ΔTMRO2.  However, Δ[HbT] taken from 

tumor #4 from group 2 did not show much change, and neither did ΔTBF and ΔTMRO2 

from this tumor in response to carbogen inhalation (Figure 3.3).  Furthermore, Tumor 

#5 in group 2 shows a decreased Δ[HbT] induced by carbogen intervention, with 

reduced ΔTBF and ΔTMRO2 accordingly (Figure 3.4). 
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Figure 3.2  Time course of average values of Δ[HbT] (light thick curve), Δ[HbO2] 
(dark thick curve), with computed ΔTBF (thin dotted curve) and ΔTMRO2 (thin 
dark curve), from three tumors with gas interventions of air-carbogen. The units 
of Δ[HbT] and Δ[HbO2] are mM/DPF, and ΔTBF and ΔTMRO2 have arbitrary 
units. 
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Figure 3.3   Time course of Δ[HbT], Δ[HbO2], computed ΔTBF and ΔTMRO2 
from tumor 4 of group 2 with air-carbogen intervention.  
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Figure 3.4   Time course of Δ[HbT], Δ[HbO2], computed ΔTBF and ΔTMRO2 
from tumor 5 of group 2 with air-carbogen intervention. 

 

3.4 Discussion and conclusion 

In the present study, global tumor oxygenation was measured by NIRS during 

the administration of oxygen and carbogen. This technique enables us to measure 

relative changes in [HbO2] and [HbT], but not in flow changes. Hence, it is necessary to 

rely on a mathematical model that relates changes in blood flow to changes in blood 

volume (i.e., total hemoglobin concentration) in order to estimate flow changes from the 

NIRS data. Boas et al had utilized the Windkessel model to fit a flow-volume 

relationship and estimated the relative changes of cerebral blood flow during brain 

activation [85], with a relatively good fit to the experimental data. Following the same 

strategy, I estimated the hyperoxic gas induced tumor blood flow changes by fitting the 

Windkessel model to the measured Δ[HbT], with the modification of physiological 

meaning of tumor vasculature.  The bi-phasic feature of the computed blood flow is 
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consistent with the hypothesis that there exist two distinct regions within a tumor: 1) a 

well perfused region with a regular blood flow and 2) a poorly perfused region with 

slow blood flow. Song et al developed a model to calculate tumor oxygen consumption 

rate based on NIRS readings, but it requires to sacrifice rats to calculate the oxygen 

consumption rate [90].  

The computed blood flow of rat tumors (n=6) shows a consistent increase, 

which may be induced by oxygen inhalation. However, it seems that carbogen breathing 

leads to various responses in ΔTBF: three tumors show improved ΔTBF, one with no 

change, and one with a decrease in ΔBF.  Some evidence has indicated that, at least in 

some tumors, carbogen breathing may increase tumor blood flow and hence may lead to 

fluctuations in blood perfusion [91, 92].  In contrast, other studies have shown either a 

decrease or no change in blood flow during breathing of hyperoxic-hypercarbic gases 

[93, 94]. Our current results reveal all three possibilities, i.e., increase, no change or 

decrease of blood flow, during carbogen inhalation. Such variations may be due to 

tumor- or site-specific differences in the vasculature. Moreover, the computed ΔTMRO2 

reveals the similar trend as the ΔTBF during hyperoxic gas intervention. All of these 

results, nevertheless, need to be further verified by simultaneous measurements of PET 

and NIRS in tumors, for the future study. 

A major concern is tumor abnormal vasculature and perfusion, which are more 

complex than normal tissue. The flow-volume relationship in tumor may not be 

accurately represented simply by the Windkessel model, which has been used to 

describe the cerebral blood flow and volume relationship in brain activation [85, 89].  
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However, the bi-phasic feature of blood volume (i.e., total hemoglobin concentration) 

change during hyperoxic gas intervention provides a bridge to connect the 

computational model to our tumor data.  I believe that the hemodynamic parameters, 

such as Δ[HbO2], Δ[Hb] and Δ[HbT] directly measured from NIRS, ΔTBF and 

ΔTMRO2 indirectly estimated from NIRS, can provide valuable insight into the tumor 

compartment of such a complex system and allow us to explore dynamic signatures of 

tumors. All of these can, in turn, enhance/assist human cancer diagnosis and prognosis. 

Overall, NIRS is a noninvasive tool to monitor tumor oxygenation and may also serve 

as a mediator to estimate tumor perfusion and oxygen consumption rate with response 

to intervention in tumor tissue. 
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CHAPTER 4 

TUMOR VASCULAR AND TISSUE OXYGEN DYNAMICS 
SIMULTANEOUSLY MONITORED BY NIRS AND FLUORESCENCE OXYGEN 

SENSOR IN RATS UNDER HYPERBARIC OXYGEN EXPOSURE 
 

4.1 Introduction 

As mentioned in chapter 1 and 2, tumor hypoxia has proven to have a 

prognostic impact in cancers and is associated with poor response to radiotherapy [25, 

95]. Besides the normobaric inhalation, hyperbaric oxygenation was also employed to 

overcome tissue or tumor hypoxia. Several randomized studies investigating hyperbaric 

oxygenation as a radiosensitizer were performed 30-40 years ago [96, 97]. However, 

hyperbaric oxygenation was largely abandoned because of the hazard and complexity of 

irradiation under hyperbaric exposure. Recently, a few groups have developed and 

demonstrated a new strategy to combine hyperbaric oxygenation and radiotherapy, 

based on the finding that tumor oxygenation persisted even after hyperbaric oxygen 

intervention [98-101]. Therefore, accurate evaluation of tumor oxygenation in response 

to hyperbaric intervention could be crucial for determining the optimal time to perform 

radiotherapy.  

Steady-state diffuse reflectance spectroscopy (SSDRS) is an effective technique 

for determining the optical absorption and scattering coefficients of biological tissues 

and other turbid media [102-104]. It has been developed in recent years as a promising 

non-invasive technique to determine the concentration of tissue chromophores, such as 
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oxygenated and deoxygenated hemoglobin [105, 106]. However, SSDRS currently 

lacks spatial resolution, and thus, the utility of global measurements require validation, 

given the well-documented heterogeneity of tumor oxygenation. Oxygen microsensors 

are powerful tools to monitor oxygen quantitatively and interrogate tumor 

microenvironment with high resolution reliably [107]. FOXYTM fluorescence oxygen 

sensor can monitor regional oxygen tensions in multiple locations in tumors [59, 108, 

109]. Simultaneous monitoring by both techniques provides complementary 

information of tumor oxygenation, i.e. both vascular and tissue oxygenation, in 

response to hyperbaric oxygen intervention.  

I now applied two monitoring techniques simultaneously, i.e., steady-state 

diffuse reflectance spectroscopy to monitor tumor vascular oxygenation and a multi-

channel FOXYTM oxygen sensor to measure regional tumor oxygen tension when the 

rats were under a sequential hyperoxic gas intervention including hyperbaric oxygen. 

Furthermore, I measured the preservation of tumor oxygenation after hyperbaric oxygen 

exposure and compared it with the tumor oxygenation achieved with normobaric 

oxygen intervention. In this chapter, I investigated breast tumor oxygen dynamics in 

response to hyperbaric oxygenation and examined how long tumor oxygenation could 

persist after hyperbaric oxygenation.  

4.2 Materials and Methods 

4.2.1 Animal preparation and experimental setup 

Female Fischer 344 rats were used with subcutaneously growing mammary 

adenocarcinoma 13762NF (originally obtained from DCT, NIH) on the dorsum of the 
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thigh. When the tumors reached ~1 cm in diameter, the rats were anesthetized with 

ketamine hydrochloride (1.5ml; 100mg/ml; Aveco, Fort Dodge, IA) and xylazine by 

intraperitoneal injection. Tumor hair was trimmed for the ease of optical contact for 

transmitting NIR light and FOXYTM probe insertion. The rats were placed in the 

hyperbaric chamber on their sides, and probes of SSDRS and FOXYTM were fixed 

securely on the tumor. FOXYTM probes were threaded though 18 gauge needles which 

puncture tumor skin, and then inserted into different regions inside tumor. Tumor 

oxygenation parameters, Δ[HbO2] and pO2, were measured simultaneously by SSDRS 

and FOXYTM during respiratory challenge with hyperbaric oxygen (HBO) or carbogen 

(HBCB).  

During the experiments, the rats were placed inside the acrylic hyperbaric 

chamber. The chamber was flushed with air for 15 min, followed by normobaric 100% 

oxygen or carbogen for 15 min, and then the gas pressure was increased to 2 atm for 30 

min. The chamber pressure was then reduced to ambient, followed by a flushing with 

air or oxygen. Gas exchange (air to oxygen/carbogen) was accomplished at an initial 

flow rate of approximately 15 l/min. Compression and decompression (from 1 to 2 atm 

oxygen/carbogen, and 2 to 1 atm oxygen/carbogen) required approximately 2 min. A 

total of seventeen rats were used in the study: six rats (group 1) were subjected to 

respiratory challenge in a sequence of air-oxygen-hyperbaric oxygen-air, five rats 

(group 2) breathed air-carbogen-hyperbaric carbogen-air, six rats (group 3) breathed air-

oxygen-hyperbaric oxygen-oxygen-air.  
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4.2.2 Steady-state diffuse reflectance spectroscopy (SSDRS) for measuring changes in 
tumor vascular oxygenation (ΔHbO2) 
 

Broadband light diffuse reflectance spectrometer was used to acquire 

reflectance spectra from tumor tissue. Briefly, continuous wave (CW) light from a 20 W 

tungsten-halogen light source (HL-2000HP, ocean optics, FL) is coupled into a 2.6-mm 

core diameter fiber optic bundle, the distal end of which is placed in physical contact 

with the surface of the tumor. After being scattered in the tumor tissue, the transmitted 

light is collected by a 1-mm core diameter detection fiber, the end of which is coupled 

to a hand-held spectrometer (USB2000, Ocean optics, FL). The broadband light diffuse 

spectrometer provides reflectance spectra from 400 to 900 nm.  

According to the modified Beer-Lambert law, as given in Equations (4.1) and 

(4.2), changes of oxy- and deoxy-hemoglobin concentration, Δ[HbO2] and Δ[Hb], can 

be derived from the measured amplitudes at two wavelengths (750nm and 830nm), by 

using extinction coefficients of oxy- and deoxy-hemoglobin published by Cope [18].  
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where Ab is the baseline amplitude, At is the transient amplitude during the intervention, 

and d is the direct source-detector separation. DPF (differential path-length factor) is a 
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tissue-dependent parameter and defined as the ratio between the optical path length and 

the physical separation between the source and detector. 

4.2.3 FOXYTM oxygen sensor for measuring oxygen tension of tumors (pO2) 

FOXYTM fluorescence optical quenching system is a multi-channel oxygen 

sensor (Ocean Optics Inc, Tampa, FL). Each channel is composed of a LED light 

source, a spectrometer and a Y shape bifurcated optical fiber with the common end 

connected to FOXYTM AL-300 probes (tip diameter 410 μm). Prior to data recording, 

tips of AL-300 probes were inserted via 18 gauge needles, and gently move through the 

tumor to sample extracellular region of the tumors, as more details described by Vincent 

[110]. Light from a pulsed blue LED (475 nm) light source was coupled into one branch 

of a bifurcated optical fiber probe and propagated to the probe tip. The distal end of the 

probe is coated with a thin layer of a hydrophobic sol gel material, in which oxygen-

sensing ruthenium complex is effectively trapped. Illumination of the ruthenium 

complex causes fluorescence at ~600 nm. If the excited ruthenium complex encounters 

oxygen molecule, the excess energy is transferred to the oxygen molecule, thus 

quenching the fluorescence signal. The degree of quenching correlates with the oxygen 

concentration, pO2.  

4.3 Results 

The reading of FOXYTM oxygen sensor is consistent with the partial pressure of 

oxygen, not ambient pressure. As showed in figure 4.1, the corresponding pO2 readings 

measured from oxygen sensor change in proportional to the actual pO2 value when the 

gas (5% O2 + 95% N2) in the chamber was pressurized to 1, 1.2, 1.4, 1.6, 1.8 and 2 atm. 
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Typical time profiles of Δ[HbO2], pO2 in response to respiratory challenge are shown 

for a representative 13762NF breast tumor (2.5 cm3) in figure 4.2. This tumor showed a 

rapid response to 1 atm oxygen intervention with a significant increase in Δ[HbO2]. pO2 

readings from three regions indicated tumor heterogeneous responses with respect to 

normobaric oxygen inhalation. One region had distinct improvement in pO2, while the 

other two regions had less improvement in pO2. After oxygen was pressurized to 2 atm, 

Δ[HbO2] had a further increase, while pO2 readings in all three regions showed 

significant improvement under hyperbaric oxygen exposure. Returning to normobaric 

oxygen from hyperbaric oxygen caused a gradual decline for both Δ[HbO2] and pO2. 

Three pO2 readings reached to stable levels in different rates, but all faster than 

Δ[HbO2]. When switching gas from oxygen back to air, both Δ[HbO2] and pO2 value 

have further decrease with similar rates.  

Tumor oxygen tension has significant improvement in response to normobaric 

hyperoxic gas intervention (p<0.05) for all 17 tumors. Hyperbaric oxygen/carbogen 

produced further significant increase (p<0.05) in pO2 in comparison with normobaric 

oxygen/carbogen (table 4.1). For tumors in group 1, 15 min after the hyperbaric gas was 

switched back to air, pO2 was still significantly greater (p<0.05) than that in baseline 

air. For tumors in group 2, 20 min after the hyperbaric gas was switched back to air, 

pO2 was significantly greater than that in baseline air (p<0.05). pO2 of 10 min post 

second normobaric oxygen/carbogen administration has a decrease, but the value is not 

significantly greater than pO2 achieved with first normobaric oxygen/carbogen before 

hyperbaric oxygen/carbogen (p>0.08). Continuing breathing normobaric oxygen after 
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hyperbaric oxygen could not sustain the high tumor oxygen tension achieved with 

hyperbaric oxygen. Indeed, pO2 of tumors in group 3 after 10 min normobaric oxygen 

inhalation (second normobaric oxygen after hyperbaric oxygen intervention) has a value  
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Figure 4.1 (a) pO2 readings measured from three channels, master channel (blue), 
slave1 channel (pink) and slave 3 (yellow) of FOXYTM oxygen sensor  and (b) the 
relationship between expected pO2 readings and actual pO2 readings measured 
from oxygen sensor, when the gas (5% O2 + 95% N2) in the chamber was 
pressurized to 1, 1.2, 1.4, 1.6, 1.8 and 2 atm. The actual pO2 readings are averaged 
from pO2 readings of three channels. 
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Figure 4.2 Time course of Δ[HbO2] and pO2 in response to respiratory challenge 
for a representative tumor, simultaneously measured by SSDRS (thicker and 
lighter curve) and FOXYTM (thinner and darker curves). O2 (N) represents 
normobaric oxygen inhalation, O2 (H) represents hyperbaric oxygen inhalation. 
The symbol “*” represents the time needed for decompression. 

 

similar to the maximal value of pO2 achieved with 15 min normobaric oxygen 

inhalation (the one before hyperbaric intervention) (p=0.5).  

Figure 4.3 is pooled data showing the relationship between pO2 in baseline air 

and relative change achieved with normobaric/hyperbaric oxygen intervention. ΔpO2 in 

HBO is significantly greater than those in NBO. There was a strong correlation 

(R2=0.78) between maximal change of tumor oxygen tension achieved with hyperbaric 

oxygen/carbogen intervention and that achieved with normobaric oxygen/carbogen 

intervention in 17 tumors (Figure 4.4a). By examining point by point in Figure 4.4a, 

there is 26% pO2 reading with significant increase (ΔpO2 > 5 mmHg) under hyperbaric 

hyperoxic exposure but few change (ΔpO2 < 5 mmHg) under normobaric intervention. 

In other words, 26% regions sampled by FOXYTM probes have significant improvement  
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Table 4.1 Variation of oxygen tension (pO2) in individual rat mammary 13762NF 
adenocarcinomas in response to gas intervention. pO2 value in baseline air is 
significantly less than that achieved in normobaric oxygen/carbogen, hyperbaric 
oxygen/carbogen, 10 or 15 min after hyperbaric oxygen/carbogen for rats in three 
groups.  

 
Group No Baseline(air) NBO HBO 10 min after HBO 15 min after HBO 20 min after HBO

1 6 11.69 + 2.6 17.5 + 4.0* 58.9 + 21.3* 21.48 + 4.6* 16.89 + 3.1* 14.26 + 2.4
2 5 7.42 + 1.5 17.54 + 3.8** 105.6 + 25.7* 21.21 + 6.3* 14.39 + 3.3* 12.36 + 2.3*
3 6 13.17+ 2.2 45.15 + 13.2** 162.4 + 44.2* 44.81 + 13.3* 41.7 + 12.8* 41.07 + 12.4*  

* p<0.05 
** p<0.005 

 

in pO2 during hyperbaric oxygen/carbogen intervention, whereas no significant increase 

achieved during normobaric oxygen/carbogen intervention. The maximal Δ[HbO2] 

achieved with normobaric hyperoxic gas was also correlated with that under hyperbaric 

hyperoxic gas exposure (R2=0.65, figure 4.4b).  
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Figure 4.3  pO2 values in baseline air versus relative change in pO2 achieved 
during normobaric oxygen (  ) and hyperbaric oxygen ( ) intervention in 17 
tumors. 
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There is correlation (R2=0.52) between change of pO2 and maximal Δ[HbO2] with 

respect to normobaric oxygen/carbogen for 17 tumors (Figure 4.5), while there is no 

correlation (R2=0.15) between change of pO2 and maximal Δ[HbO2] with respect to 

hyperbaric hyperoxic gas intervention (Figure 4.6).  
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Figure 4.4 Correlation between maximal change of (a) pO2 and (b) Δ[HbO2] 
during normobaric and hyperbaric oxygen/carbogen inhalation for tumors with 
oxygen ( ) or carbogen ( ) intervention. The unit for Δ[HbO2] is mM/DPF.  
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Figure 4.5 Correlation between change of pO2 and maximal Δ[HbO2] with respect 
to normobaric oxygen/carbogen intervention for 17 tumors. The unit for Δ[HbO2] 
is mM/DPF.  
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Figure 4.6 Relationship between maximal change in averaged pO2 and maximal 
Δ[HbO2] with respect to normobaric oxygen/carbogen interventions for 17 
tumors. The unit for Δ[HbO2] is mM/DPF.  

 
 

4.4 Discussion and Conclusion 

In the present study, global average Δ[HbO2] was measured by SSDRS, and regional 

pO2 were obtained simultaneously by a multi-channel FOXYTM fluorescence optical 

quenching system, in response to hyperbaric oxygen/carbogen intervention. I used 

 54



  

transmission mode NIRS in order to interrogate deep tumor tissue. Two oxygen- 

sensitive indicators showed similar dynamic changes in response to gas interventions. 

The simultaneous measurements demonstrate that the two techniques, i.e., SSDRS and 

FOXY, are consistent and complementary with one another for tumor oximetry. Both 

systems are relatively inexpensive and provide real-time measurements. The results 

indicate that oxygenation parameters measured from both techniques have significant 

and consistent elevation in tumor oxygenation during both normobaric and hyperbaric 

oxygen/carbogen interventions in this tumor type. As expected, Δ[HbO2] increased 

much faster than pO2 in all tumors, indicating that change in tumor vascular 

oxygenation precedes tumor tissue oxygenation. The current data also showed that 

Δ[HbO2] and ΔpO2 in response to normobaric oxygen/carobogen intervention are 

correlated with each other (Figure 4.5), which is consistent with results in MRI-NIRS 

study (Figure 2.9). Therefore, it implied that NIRS reading may be used to predict the 

tumor tissue in response to therapeutic gas intervention. Both observations are 

consistent with our previous studies in the same tumor type measured simultaneously by 

NIRS and 19F MRI [111], as well as by NIRS and fiber-optic probes [24]. However, 

Δ[HbO2] and ΔpO2 in response to hyperbaric hyperoxic gas intervention are not 

significantly correlated. Hence, it demonstrates that the further improvement of pO2 

during hyperbaric gas intervention is contributed to the increased amount of dissolved 

oxygen molecule in plasma, rather than oxygen molecule transported by hemoglobin.  

Previous studies have demonstrated that hyperbaric hyperoxic gas intervention 

improved tumor oxygen tension in mammary adenocarcinomas (R3230Ac), while 
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normobaric oxygen and carbogen did not change tumor oxygenation significantly [112]. 

In my current tumor model, both normobaric and hyperbaric oxygen/carbogen improve 

tumor oxygenation (Table 4.1). Moreover, hyperbaric oxygen/carbogen results in much 

more significant improvement in tumor oxygenation than normobaric oxygen/carbogen. 

It is clinically important for the oxygen tension of those tumor regions, which could be 

significantly improved by hyperbaric oxygen/carbogen, but not by normobaric 

oxygen/carbogen.  

Preservation of pO2 after hyperbaric oxygen in tumors has been recently studied 

by several groups [100, 113]. Their results indicated that tumor oxygen decreased 

gradually and remained at a high level tens of minutes after HBO exposure, while NBO 

group showed no significant change after NBO exposure. It was also observed that an 

improvement in tumor tissue oxygenation achieved by hyperbaric oxygenation may 

persist over 10-20 minutes even after ending hyperbaric oxygenation intervention. 

However, a major concern is whether the persistence of tumor oxygenation some time 

after ending HBO can still achieve greater values than those with normobaric oxygen 

intervention. Indeed, I found that the tumor oxygenation of 10 min post HBO was not 

significantly higher than oxygenation achieved with normobaric oxygen prior to HBO. 

The result may suggest that having irradiation after HBO exposure may not be superior 

to performing radiotherapy during normobaric oxygen intervention.  

In summary, by studying tumor vascular oxygenation concomitantly with 

changes in tumor oxygen tension, I found several correlations for both modalities under 

sequences of normobaric and hyperbaric hyperoxic gas intervention. This study also 
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demonstrates the feasibility of conducting simultaneous SSDRS and FOXYTM oxygen 

sensor under hyperbaric oxygen exposure. I believe both tumor vascular and tissue 

oxygenation can provide valuable insights into tumor pathophysiology and response to 

intervention. 
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CHAPTER 5 

TUMOR VASCULAR OXYGENATION MONITERED BY NIRS IN RATS 
WITH HYPERBARIC OXYGEN INTERVENTION IN COMBINATION WITH 

DOXORUBICIN TREATMENT 
 

5.1 Introduction 

Doxorubicin (DOX) is one of the most widely used broad-spectrum anticancer 

agents [114]. However, its clinical utility is limited, because this agent produces a 

chronic and dose-related cardiomyopathy as its principal side effect. Therefore, it is 

desirable to achieve better chemotherapeutic effect with lower dosage of the agent. It is 

well accepted that hypoxic tumor is resistant to radiotherapy and some chemotherapy 

agent [27, 115-117]. To overcome hypoxia, a variety of approaches have focused on 

improve oxygen delivery via oxygen-enriched gases or blood substitutes [25, 96, 118-

120]. Hyperbaric oxygen was believed to improve tissue oxygenation greater than 

normabric oxygen because it increased oxygen tension and oxygen delivery to tissue 

independent of hemoglobin[121]. HBO, as a chemotherapy adjuvant in tumor treatment 

rather than stand alone treatment, is believed to increases cellular uptake of some 

chemotherapy agents and the susceptibility of cells to these agents. It has been 

demonstrated that HBO can increase the susceptibility of malignant cells to destruction 

with taxol [21], doxorubicin [20, 21] and 5-FU [22, 122]. 

The influence of tumor oxygenation on treatment outcome has stimulated 

various techniques to monitor or estimate tumor oxygenation. These include 
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microelectrodes, optical reflectance, electron paramagnetic resonance (EPR), magnetic 

resonance imaging (MRI) and nuclear medicine approaches, as reviewed previously 

[10, 73]. As each approach has their own strength, some are highly invasive. Since its 

introduction in 1970s[123], Near Infrared Spectroscopy has been increasingly applied to 

study tissue oxygenation status non-invasively. Near infrared light can easily penetrate 

biological tissue, and allow for detection of specific light-absorbing chromophores in 

human in vivo, such as oxygenated and deoxygenated hemoglobin, water and lipid [16, 

32]. it has been used extensively for quantitative measurements of cerebral oxygenation 

[33, 34] and blood oxygenation in muscles in vivo [35], and more recently, tumor 

vascular oxygenation with respect to interventions [16, 24, 36, 124]. NIRS currently 

lack of spatial resolution, and thus, the utility of global measurement require validation, 

given the well-documented heterogeneity of tumor. In this regard, Xia et al [124] 

compared the spatially averaged measurement of relative tumor oxygen saturation (SO2) 

using NIRS with the local pO2 measured by MRI. The sensitivity and specificity 

analysis suggests that NIRS may identify clinically relevant hypoxia, even when its 

spatial extent is below the resolution limit of the NIRS technique. Kim et al 

demonstrated that NIRS may be used as an effective tool to monitor tumor 

hemodynamic change induced by some vascular disrupting agent [125, 126]. 

These studies were designed to investigate 1) whether HBO could enhance the 

therapeutic efficiency of malignancy when used as a chemotherapeutic adjuvant of 

doxorubicin in mammary carcinomas of rat model, and 2) the feasibility of NIRS to 
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monitor tumor hemodynamic changes resulting from the therapeutic effect of DOX on 

vasculature.  

5.2 Materials and Methods 

5.2.1 Animal and Tumor models 

Healthy female Fischer 344 rats aged 5 to 6 months were obtained from Harlan 

Sprague-Dawley (Indianapolis, IN). They were housed for at least a week to acclimatize 

and for monitoring of health before inclusion in the study. Mammary carcinomas 

13762NF were implanted in the dorsum of female Fischer 344 rats weighing ~200g.  

Tumor volume was estimated by the formula of 6/pi *(LxWxH), Tumor diameter was 

measured in orthogonal axes (L,W, H). Tumor size and body weight were monitored 

every other day after therapeutic interventions. All animal protocols were approved by 

Institutional Animal Care and Use Committee at the University of Texas Southwestern 

Medical Center and University of Texas at Arlington. 

5.2.2 Drug preparation and dose 

Doxorubicin Hydrochloride was purchased from Sigma Aldrich, Inc. It was 

made into a solution by dissolving with saline. A single dose of DOX (2mg/kg body 

weight) was administrated by tail vein. The dose of doxorubicin given was the usual 

chemotherapeutic dose, which would not cause cardio-toxicity [20]. 

5.2.3 Experimental procedure 

Following tumor establishment (~1 cm diameter), rats were randomly assigned 

to one of three groups according to different therapeutic strategies: a) DOX (n=5), b) 

HBO + DOX (n=5). C) control group (n=2) with saline injection. Rats were 
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anesthetized with the mixture of ketamine hydrochloride (0.15 ml; 100mg/ml; Aveco, 

Fort Dodge, IA ) and xylazine via i.p. After tumor hair was shaved to allow better 

optical contact for NIR light transmission, the rat was placed on its side in the 

hyperbaric chamber. Probes of SSDRS were fixed securely on the tumor of rat, and then 

SSDRS monitored tumor vascular oxygenation while the rat was subjected to 

therapeutic interventions.  

DOX group was given 0.4 mg/ml doxorubicin solution intravenously after the 

respiratory intervention of air -O2 - air, and then were exposed to air – O2 - air after 

DOX injection. HBO + DOX group was exposed to gas intervention in a sequence of 

air-O2 - HBO (30 min) prior to intravenously administration of 0.4 mg/ml doxorubicin 

solution, and then exposed to air - O2 – air. Control group was subjected to the 

respiratory intervention of air -O2 - air, saline solution intravenous injection and then 

were exposed to air – O2 – air. To control the timing of DOX injection, an IV butterfly 

catheter was inserted into rat tail vein and fixed securely with tape before the rat was 

put into the chamber. The syringe filled with DOX solution was connected to the 

catheter with heparin only before DOX injection, in order to avoid the possible 

precipitation caused by the incompatibility of DOX and heparin [127].   

5.2.4 Spectrometer for monitoring the disturbance of DOX on the absorption of tissue          
phantom 
 

Because the reddish color of doxorubicin, it is reasonable to consider the bolus 

injection of doxorubicin may change tissue absorption. A UV/VIS spectrometer 

Lambda 20 (PerkinElmer Inc., Waltham, MA) was used to detect the absorption change 

resulting from the addition of DOX into tissue phantom, in order to verify the acute 
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effect of DOX bolus injection on tissue absorption. A tissue phantom is composed of 

100 μl sheep blood mixed with phosphate buffer solution with total volume of 3.5 ml 

and total hemoglobin concentration of 7.1 g/L, which is in the range of total hemoglobin 

concentration in tissue [128]. The Hb concentration of tissue phantom was measured by 

Co-oximeter (Instrumentation Lab, Ramsey, MN). Since animal’s total blood volume is 

10% of its body weight, total blood volume = 0.2 Kg x 10% = 20 ml, with the known 

body weight of ~ 0.2 Kg of rats. 0.17 ml DOX solution with the concentration of 0.4 

mg/ml was added into the tissue phantom. Accordingly, the volume ratio of DOX to 

tissue phantom is proportional to the ratio of 1 ml 0.4 mg/ml DOX to 20 ml total blood 

volume in rats. According to the Lambert Beer Law, the absorption in 750nm and 

830nm are  
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where A750 (0) and A750 (1) represent the absorption at 750 nm in tissue phantom 

without DOX and with DOX, respectively. A830 (0) and A830 (1) represent the 

absorption at 830 nm in tissue phantom without DOX and with DOX, respectively.  
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5.2.5 Steady-state diffuse reflectance spectroscopy (SSDRS) for measuring changes in 
tumor vascular oxygenation (ΔHbO2) 
 

A broadband diffuse reflectance spectrometer was used to acquire reflectance 

spectra from tumor tissue. Briefly, continuous wave (CW) light from a 20 W tungsten-

halogen light source (HL-2000HP, ocean optics, FL) is coupled into a 2.6-mm core 

diameter fiber optic bundle, the distal end of which is placed in physical contact with 

the surface of the tumor. After being scattered in the tumor tissue, the transmitted light 

is collected by a 1-mm core diameter detection fiber, the end of which is coupled to a 

hand-held spectrometer (USB2000, Ocean optics, FL). The broadband light diffuse 

spectrometer provides reflectance spectra from 400 to 900 nm.  

According to the modified Beer-Lambert law, changes of oxy- and deoxy-

hemoglobin concentration, Δ[HbO2] and Δ[Hb], can be derived from the measured 

amplitudes at two wavelengths (750nm and 830nm), by using extinction coefficients of 

oxy- and deoxy-Hb published by Cope [18], as given in Equations. (5.5) and (5.6) 
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where Ab is the baseline amplitude, At is the transient amplitude during the 

intervention, and d is the direct source-detector separation. DPF (differential path-
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length factor) is a tissue-dependent parameter and defined as the ratio between the 

optical path length and the physical separation between the source and detector. 

5.3 Results 

5.3.1 Disturbance of DOX on the absorption of tissue phantom 

There is absorption difference between tissue phantom with and without DOX, 

as shown in Figure 5.1. However, the differences are relatively small. Indeed, the 

relative changes of absorption in wavelength of 750nm and 830nm are 
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A
AA −=4.85% and =4.80%, respectively. In order to 

investigate the disturbance of DOX on calculating oxygen saturation, absorption 

spectrum profiles between 700 and 900 nm were normalized by absorption values at the 

wavelength of 700 nm. The normalized spectra cover the wavelengths we utilized for  
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Figure 5.1 Absorption spectra of tissue phantoms with (yellow curve) or without 
170 μl DOX (blue curve). The unit for absorption is arbitrary unit. 
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Figure 5.2 Normalized absorption spectra of tissue phantoms with (yellow curve) 
or without 170 μl DOX (blue curve) in the wavelength range of 700 ~ 900 nm.  

 

calculating hemoglobin concentration. As shown in figure 5.2, profiles of normalized 

absorption spectrum in NIR range appeared to be overlaid.  

5.3.2 Changes in Tumor volume and body weight during chemotherapy 

Tumor volume and body weight were monitored before and after DOX 

treatment to examine the tumor response. Changes in tumor volume and body weight 

were normalized by the values at day 0 (before DOX administration).  

Tumors in the control group grow significantly faster than tumors with 

treatment in the other groups (p<0.05), as shown in Figure 5.3a. Tumors with combined 

treatment of HBO and DOX grow significantly slower than those with DOX treatment 

except for the first two days after treatment (p<0.05). Basically, there is no significant 

difference for tumor volume in HBO + DOX and DOX groups on the 2nd day after 

treatment. However, significant differences are observed starting from 5th day after 

treatment between the DOX treated and control group (p< 0.05). Regarding body 
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weight loss, figure 5.3b indicated that rats in DOX group and DOX + HBO group had 

significant and continuous body weight loss after day 0. Rats in control group gained 

weight at day 2, and started to lose weight after day 4, and then kept constant body 

weight thereafter.  
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Figure 5.3  Normalized (a) tumor volume and b) body weight in rats with saline 
injection ( ● ), DOX treatment ( □ ) and HBO + DOX treatment ( ∆ ).  
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5.3.3 Vascular hemodynamic changes of rats in DOX group 
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Figure 5.4   Time profile of Δ[HbO2] of tumors (1~4) in DOX group when the rat 
was under gas intervention. The unit for Δ[HbO2] is mM/DPF.  Δ[HbO2] of the 
5th rat was discarded because of misplaced gas mask during the experiment due to 
the movement of the rat. 
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Δ[HbO2] of rats in DOX group showed increases with values in a range of 0.07 

~ 0.12 (mM/DPF), when the gas switched from air to oxygen before DOX injection. 

When the gas was switched from air to oxygen after DOX administration, the maximal 

amplitude of Δ[HbO2] increased with values in a range of  0.02 ~ 0.04 (mM/DPF), 

which is significantly less than the increase achieved with O2 inhalation before DOX 

administration, as shown in figure 5.4. I also noticed the signal changes during DOX 

i.v. injection.  

5.3.4 Vascular hemodynamic changes of rats in DOX +HBO group 

It shows a stable baseline in Δ[HbO2] when rats were inhaling air. Δ[HbO2] 

increase immediately in the first few minutes and more gradually afterwards, as shown 

in figure 5.5. When the rats were exposed to hyperbaric oxygen, Δ[HbO2] has a further 

increase until reaching a stabilized value. DOX i.v. injection immediately after HBO 

caused some fluctuation of signal, but stabilized when the injection is finished. Δ[HbO2] 

has a stable baseline but with values greater than air inhalation before HBO when the 

rats were breathing air after HBO. Similar to DOX group, the maximal amplitude of 

Δ[HbO2] achieved with O2 inhalation prior to the DOX administration is significantly 

greater than that achieved with O2 inhalation after DOX administration. 
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Figure 5.5  Typical time profile of Δ[HbO2] of tumors in DOX + HBO group 
(n=5) when the rat was under gas intervention.  
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5.3.5 Vascular hemodynamic changes of rats in control group 

Δ[HbO2] have stable baseline values when rats were breathing air, as shown in 

figure 5.6.  Δ[HbO2] increased when the gas was switching to oxygen, and decreased 

when the gas was switched back to air, as expected. Different from Δ[HbO2] in DOX 

treated group, the change of amplitude in Δ[HbO2] when the gas switched from air to 

oxygen after saline injection is similar to the change due to gas intervention before 

injection in both  rats. 
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Figure 5.6   Time profile of Δ[HbO2] of tumors in control group (n=2) when rats 
were subjected to gas intervention.  
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5.4 Discussion and Conclusion 

In my study, I randomized breast tumors into three groups: group with DOX 

injection, group with DOX injection following HBO exposure at 2 atm, control group 

with saline injection. The result showed that tumors in HBO + DOX group grow 

significantly slower than those with DOX alone. HBO enhanced chemotherapeutic 

response of mammary carcinoma NF13762 to DOX in vivo reflected by slowing down 

the tumor growth after treatment. 

Resistance to chemotherapy is common in hypoxic tumors. HBO may help 

overcome chemotherapy resistance by improving both tumor perfusion and cellular 

sensitivity. Improving tumor oxygenation and vascularization may increase drug 

delivery. This has been shown experimentally and in nude mice with human epithelial 

ovarian cancer treated with cisplatin [9, 129]. Reactive oxygen species (ROS), or free 

radicals are by-product of aerobic respiration and cellular metabolism and induced by 

oxidative stress during hypoxia (oxygen deficiency), reperfusion or hyperoxia (excess 

oxygen). ROS, at low levels, assist tumor growth but become toxic at high levels. This 

can be explained by the “threshold effect” whereby ROS reach a level beyond which the 

antioxidant capacity is inundated, resulting in irreversible damage and apoptosis [130-

132]. One of the mechanisms of action of doxorubicin is production of ROS. By 

increasing ROS level, HBO push ROS levels past the threshold level, and thus 

enhanced the ROS-localized effects of doxorubicin [133, 134]. Another mechanism of 

HBO is to push cell to enter a proliferate stage, thus sensitizing them to radiotherapy 

and some chemotherapy by improving oxygenation. It has been showed that HBO 
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enhanced the chemotherapeutic effects of doxorubicin in an experimental model of 

pulmonary sarcoma [20]. HBO stimulated proliferation of an MCA-2 metastatic lung 

tumor cell line and induced cells to enter the replicating cycle compared to cells left at 

ambient pressure [20]. Other studies found that HBO increased the ratio of prostate 

cancer cells in vitro accumulating in G2/M phases from the G0 arrest phase [135]. 

Generally speaking, HBO therapy in combination with chemotherapy may be justified 

by the following: 1) improved oxygenation improves drug delivery to hypoxic regions 

in the tumor; 2) increasing intratumoral ROS levels beyond the threshold may induce 

tumor destruction; 3) improved oxygenation may also cause cell to enter a proliferate 

stage, thus sensitizing them to radiotherapy and some chemotherapy; 4) HBO may 

remove hypoxia stimulus that drives angiogenesis.  

Even though the DOX dosage is reported to cause minimal cardiotoxicity, the 

result showed that changes in amplitudes of Δ[HbO2] before DOX administration were 

much greater than the change after treatment in rats of DOX group and DOX + HBO 

group. It is likely that the amplitude difference results from the known cardiotoxicity 

reaction, the major side effect of DOX.  It has been suggested that cardiac dysfunction 

induced by DOX resulted from the imbalances of the circulatory system such as 

decreases in blood pressure or the direct effects on vascular wall [136]. During the 

course of i.v. injection of DOX, the vasculature was exposed to high levels of DOX, 

and in vitro studies have suggested that DOX acutely induces vascular smooth muscle 

to release Ca2+ from its intracellular storage site and causes direct vasoconstrictor [137] 

and vasodilator effects [138]. Furthermore, the combination of doxorubicin and HBO 
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would also be expected to enhance the agent’s cardiotoxicity because of the toxicity to 

cardiomyocytes of HBO. Therefore, the clinical addition of HBO to doxorubicin may 

not change the risk-benefit ratio of the agent. NIRS, in turn, may provide a novel 

approach to monitor the cardiotoxicity of treatment, which may leads to an optimized 

therapeutic plan to minimize the side effect of treatment. I also noticed the signal 

fluctuation in Δ[HbO2] during DOX injection in DOX group. DOX solution is orange-

red, so it is likely that DOX bolus injection would cause the absorption change of tumor 

tissue in NIR range. I measured and compared the spectra of tissue phantoms before and 

after adding DOX, to examine the disturbance of DOX injection on the signal of 

Δ[HbO2]. There were absorption differences when comparing both absorption spectra 

(Figure 5.1). However, the normalized spectra appeared to be overlaid (Figure 5.2). 

Therefore, it implied that DOX would affect total hemoglobin concentration, rather than 

oxygen saturation.  

In summary, HBO enhanced the therapeutic action of doxorubicin in my tumor 

model, probably by multiple physiological mechanisms. The present study reveals that 

DOX may be used in conjunction with HBO to obtain the same effect as higher 

doxorubicin doses. Meanwhile, NIRS may work as an attractive approach to monitor 

the cardiotoxicity of treatment.  
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CHAPTER 6 

NONINVASIVE MONITORING OF ESTROGEN EFFECTS AGAINST 
ISCHEMIC STROKE IN RATS BY NEAR INFRARED SPECTROSCOPY 

 

6.1 Introduction 

Stroke ranks as the third leading cause of death and the leading cause of 

disability in the United States [139]. There are two main types of stroke: ischemic 

stroke and hemorrhagic stroke, which account for about 83 percent and 17 percent of all 

cases, respectively. Ischemic stroke results from an obstruction of cerebral arteries, 

typically by blood clots. The blocking of the artery leads to acute reduction of perfusion 

pressure, which could induce dilation of arteries and veins on the surface of the brain 

[140]. Consequently, vasospasm occurs after cerebral ischemia [141]. Vasospasm is 

defined as inappropriate constriction or insufficient dilatation in the microcirculation 

and has been well described in the heart and brain. The recognition of vasospasm is 

essential both for the understanding and the treatment of heart attack and stroke.  

In stroke, vasospasm has been extensively studied in subarachnoid hemorrhage 

(SAH), but to a less extent in ischemic stroke.[142, 143] Cerebral vasospasm has been 

proved to be the leading cause of death and disability after subarachnoid hemorrhage 

[144]. For ischemic stroke, some researchers also found arterioles near a vascular area 

frequently showed vasospastic appearance after 4-5 hours occlusion, which possibly 

caused prolonged hypo-perfusion even if reperfusion was achieved [143]. Therefore, 
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Anti-vasospasm drugs have become one of the major therapeutic targets for the 

treatment of both SAH and ischemic stroke. Accordingly, accurate evaluation of 

cerebral vascular hemodynamics in response to anti-vasospasm therapy should provide 

a better understanding of cerebral vasculature response to therapy, potentially allowing 

therapy to be tailored to individual characteristics.  

Given the importance of cerebral hemodynamics, various techniques have been 

developed to observe vasospasm including xenon-enhanced computed tomography 

[145], corrosion cast technique [146], angiography [147] and Transcranial Doppler 

sonography [144, 148]. While each approach has unique strengths, some are highly 

invasive. In the last 15 years, Near Infrared Spectroscopy (NIRS) has been developed as 

a non-invasive optical method to measure cerebral hemodynamics, and it has been used 

to detect cerebral hypoxia and changes in cerebral blood volume [149-153]. Following 

the same principle, I hypothesized that NIRS can be utilized to detect cerebral 

vasospasm and monitor cerebral hemodynamic responses to anti-vasospasm therapy.  

This chapter reports my experimental investigation for my hypothesis based on animal 

studies.  

Therapy targeting microvascular vasospasm is a promising approach to prevent 

myocardial infarctions [154]. Selective administration of a vasodilation drug, such as 

calcium antagonist, into vasospastic arteries in ischemic stroke would be effective in 

achieving a good clinical outcome [143]. It has been demonstrated that estrogens are 

potent neuro-protective agents and decrease focal and global ischemia-induced lesion 

size by as much as 50% and has been used to protect against reperfusion injury and 
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perhaps also to positively influence hemorrhagic risks by stabilizing energy metabolism 

in vascular endothelium [155-157]. Using the ovariectomized rats as a model, I 

investigated whether the acute estrogen depletion could induce microvascular 

dysfunction, such as vasospasm after ischemic stroke and that estrogen therapy could 

inhibit vasospasm in turn. An understanding of the events affected by estrogen during 

occlusion would allow us to define the therapeutic window for application of estrogens 

in stroke. In the present study, I explored, for the first time, the temporal effects of 17β-

estradiol (E2) in focal cerebral ischemic event by NIRS. To characterize the rhythmic 

fluctuations of vasospasm during cerebral ischemia, I also performed the Fourier power 

spectral analysis of NIRS readings (hemoglobin concentration) in the control (without 

estrogen pretreatment) and the investigated (with estrogen pretreatment) stroke rat 

groups to validate my hypothesis, as reported in the following sections. 

6.2 Materials and Methods 

6.2.1 Animal preparation 

Female Sprague-Dawley rats (250g; Charles River, Wilmington, MA) were 

acclimatized for 3 days before surgery. Two weeks before the focal ischemia was 

induced, all rats were bilaterally ovariectomized to eliminate endogenous estrogens. 

There were two groups of rats used in the experiments: ovariectomized rats alone 

(OVX; n=5) and ovariectomized rats with estrogen pretreatment (OVX+E2; n=4). One 

rat in OVX + E2 group has died during surgery. OVX group received focal ischemia 

surgery only, while OVX+E2 group was administrated a single dose of 17β-estradiol 

dissolved in corn oil (100 μg/kg) 2 hours before focal ischemia surgery. The rat hair 
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was trimmed for the ease of optical fiber contact before the surgery of middle cerebral 

artery occlusion (MCAO). All animal procedures were approved by the University of 

North Texas Health Science Center Animal Care and Use Committee.  

6.2.2 Ischemic stroke model and experimental setup 

Ischemic stroke was induced by MCAO as described elsewhere [158]. Briefly, 

rats were anesthetized with ketamine (60 mg/kg) and xylazine (10 mg/kg) by 

intraperitoneal injection. The left femoral artery was canalized and connected to a blood 

pressure monitor for mean arterial blood pressure monitoring. The left middle cerebral  
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Figure 6.1 Demonstration of the location of a monofilament suture that was 
placed through one internal carotid artery to create middle cerebral artery 
occlusion.   

 

artery (MCA) was occluded by a 3-0 monofilament suture introduced via the internal 

carotid artery, as shown in figure 6.1.  
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During surgery, the rat was placed in a small animal surgical platform and its 

body temperature was monitored, by a rectal probe, and maintained at between 36.5 and 

37oC with a heating lamp. Once the surgery of MCAO was complete, the rat was 

transferred immediately to another platform with a surgical frame to hold the animal 

head for the NIRS monitoring. The NIR light source was positioned firmly but with 

minimal pressure on the center of the animal head. There were two detectors, one was 

placed on the top of the ischemic hemisphere (the investigated side), and the other was 

on the non-ischemic hemisphere (the control side). NIRS system started to record 

hemodynamic data as soon as the NIRS probes were positioned on rat head. Therefore, 

there was a few minutes lapsed before NIRS system start recording data after occlusion. 

One hour after MCAO, the suture was withdrawn smoothly for reperfusion without 

perturbing the NIRS setup, and the NIRS system was continued to record the data. 

6.2.3 Near infrared spectroscopy monitoring 

A multi-channel, continuous wave NIRS system was used to monitor vascular 

oxygenation dynamics. Briefly, the light source of NIR system, emitting light at 750 

nm, 805 nm and 830 nm sequentially, illuminated the rat head on the center of the head. 

The transmitted light was detected by two photo detectors. The NIR signals were 

amplified and digitized by an Analog-to-Digital Converter (ADC), followed by real-

time display and data recording in a laptop computer. 

According to the modified Beer-Lambert law, concentration changes in 

oxygenated and deoxygenated hemoglobin, Δ[HbO2] and Δ[Hb], can be derived from 

the measured amplitudes transmitted at the two wavelengths (750nm and 830nm)[18]:  
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where Ab and At are the NIR amplitudes during the occlusion and reperfusion periods, 

respectively, d is the direct source-detector separation, and DPF (differential path-

length factor) is a tissue-dependent parameter and defined as the ratio between the 

optical path length and the physical separation between the source and detector. DPF is 

a variable, depending on tissue types and wavelengths, and typical values of DPF range 

from 3.59 0.32 in the adult arm to 5.93± ± 0.42 in the adult brain [159]. However, a 

typical DPF value for a rat brain is unknown due to its limited size. In the study, since I 

are more interested in hemo-dynamic changes in the rat brain during ischemic stroke 

and reperfusion, DPF was included in the unit of [HbO2] and [Hb], which still allow 

features of cerebral oxygen dynamics to be characterized. After Δ[HbO2] and Δ[Hb] are 

calculated, Δ[HbT] is the summation of Δ[HbO2] and Δ[Hb]. 

6.2.4 Fourier Analysis 

The values of Δ[HbO2], Δ[Hb], and Δ[HbT] during the entire experimental 

periods were calculated using equations (6.1) and (6.2). The fluctuation frequencies 

contained in the Δ[HbO2] profiles were obtained by Fourier power spectral analysis 

using Matlab software (the mathworks, Inc, Natick, MA). The frequency analysis 
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covered the temporal period from 10 to 59 min after the MCAO, i.e., during the course 

of the ischemic stroke right before reperfusion. The sampling rate of multi-channel 

NIRS was 1 Hz, so it was much higher than the fluctuation frequencies in Δ[HbO2]. 

Thus, the frequency characteristics of the instrumentation had no impact on the Fourier 

analysis.  

One way to view and compare the power spectral analysis is to examine the 

frequencies at which the power peaks are located. This technique was recently used to 

compare power spectra of blood flow in the optic nerve head [160]. The Fourier power 

spectra represent the magnitudes and frequencies of hemodynamic fluctuations during 

MCAO and reperfusion and inspect the total power over a given frequency range.  

Since Δ[HbO2] signals are only relative changes, I normalized the power spectra by the 

value at 0 Hz. Because of the difference in peak powers between the two animal groups 

(OVX versus OVX+E2), the range chosen for power spectral analysis was 0.0025~0.01 

Hz. The total power of Δ[HbO2] frequency spectrum was quantified by integrating all 

the powers within a specific frequency range of 0.0025-0.01 Hz. The total cumulative 

powers were compared between two groups, and the Student t-test was used to 

determine a significant decrease in fluctuation power in OVX+E2 group, compared with 

OVX group.  

6.3 Results 

6.3.1 Dynamic response of hemoglobin concentration measured by NIRS  

I observed rhythmic fluctuations in Δ[HbO2] and Δ[HbT] when the rats were 

under occlusions, as shown in Figure 6.2a, a temporal profile of Δ[HbO2] and Δ[HbT] 
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of cerebral ischemic side in one representative rat of OVX group. However, there is no 

fluctuation observed in Δ[HbO2] and Δ[HbT] in non-ischemic side of the same rat 

(Figure 6.2b). Figure 6.3 presents the temporal profiles of Δ[HbO2] and Δ[HbT] in 

cerebral ischemic side of one representative rat in OVX+E2 group. No fluctuations 

were observed in both profiles of Δ[HbO2] and Δ[HbT] in the ischemic side of rats in 

OVX + E2 group (Figure 6.3), neither in the corresponding control side. 

Δ[HbO2] of the ischemic side shows slight decrease when OVX rats were under 

occlusion. In contrast, I observed a slight increase in Δ[HbO2] of the ischemic side 

when OVX + E2 rats were under occlusion. Δ[HbO2] of the ischemic side in both 

groups of rats increased immediately once the reperfusion started. The value of 

Δ[HbO2] was recorded at multiple time points (10, 30, 60, 70, 90 min), averaged over 

rats in OVX group (n=5) and OVX + E2 group (n=4) respectively, and normalized at 

the time (=60 min) when the reperfusion occurred for the ease of comparison, as shown 

in figure 6.4.  

As I expected, Δ[HbT] in the ischemic side of both groups showed a gradual 

decrease in response to occlusion. Immediately after reperfusion, Δ[HbT] of both 

ischemic and non-ischemic side in OVX group decrease in the first few minute after 

reperfusion and generally recovered afterwards (Figure 6.2a and 6.2b). In comparison, I 

observed an immediate increase of Δ[HbT] of ischemic side in OVX + E2 group in the 

fist few minutes and then more gradual increase thereafter, as shown in figure 6.3.  
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Figure 6.2 Temporal profiles of Δ[HbO2] (black curve) and Δ[HbT] (pink curve) 
measured on (a) the ischemic side and (b) non-ischemic side of the rat during 
MCA occlusion and reperfusion from a representative rat in OVX group.  
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Figure 6.3 Temporal profiles of Δ[HbO2] (black curve), and Δ[HbT] (pink curve) 
measured on the ischemic hemisphere during ischemia and reperfusion from a 
representative rat in OVX + E2 group.  
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Figure 6.4  Δ[HbO2] at multiple time points (10 min, 30min, 60min, 70min, 
90min), averaged over  OVX (n=5) and OVX+E2 (n=4) groups respectively,  and 
normalized at 60 min for the ease of comparison between two groups. Every data 
point is presented as mean ±  SD. MCA occlusion starts at time of 0 min, while 
the reperfusion is introduced at time of 60 min. 
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6.3.2 Fourier analysis of hemoglobin concentration fluctuations 

To examine the fluctuation displayed in Δ[HbO2] of the ischemic side of the 

stroke rat head, I computed Δ[HbO2] power spectra, or periodograms, during the period 

of MCAO from both ischemic and control sides of OVX group rats. Figure 6.5 shows 

an example of Δ[HbO2] periodogram from the representative rat of OVX group. It is 

observed from figure 6.5(a) that multiple power peaks occur in the frequency range 

between 0.0025 and 0.01 Hz from the data taken on the ischemic side, while no 

significant peaks in the corresponding frequency range taken from the control side 

(Figure 6.5b).   

In order to examine the effects of estrogen pretreatment on the occluded 

cerebral vasculature of OVX rats, similar frequency analysis was also performed on 

Δ[HbO2] and Δ[HbT] of both OVX and OVX + E2 groups. By calculating total 

cumulative powers between 0.0025 and 0.01 Hz based on the Δ[HbO2] temporal 

profiles from all the rats, I found that the total mean power in OVX+E2 group is 

significantly lower than that in OVX group (p<0.05), as shown in Figure 6.6. However, 

the total cumulative power of Δ[HbT] in OVX+E2 group is less, but not statistically less 

than that from OVX group (p>0.05).   
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  (a) 

(b) 

 

Figure 6.5.  Corresponding periodograms calculated from the Δ[HbO2] profiles (as 
given in figure 6.2) on the (a) ischemic side and (b) non-ischemic side. A 
significant total power increase in the frequency range between 0.0025 to 0.01 Hz 
was observed in the ischemic side compared to the non-ischemic side. 
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Figure 6.6 Power spectral analysis of Δ[HbO2] profiles, taken during the ischemic 
stroke. It shows a significant decrease (p<0.05) in total power within the 
frequency range of 0.0025-0.01 Hz in OVX + E2 group (n=4), compared with the 
OVX group (n=5).  

 

6.4 Discussion and conclusion 

This study adopts NIRS in the reflection mode (optodes placed on the same side 

of the head close to each other). Despite unresolved spatial and quantitative concerns 

surrounding NIRS, relative changes in the concentrations of chromophores still could 

provide a useful clinical index [161]. Our own experiences show that NIRS provides a 

sensitive indicator to detect changes in the tissue vascular oxygenation state and 

hemodynamics of the brain in response to therapeutic intervention and therapy [124, 

162]. In the present study, the main question addressed are whether changes in the 

concentration of hemoglobin can be used as an indicator as the cerebral vascular 

function during MCAO and thus to be used to monitor the therapeutic effect of 

vasodilation agent to treat cerebral vascular dysfunctions. 
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I monitored the temporal changes of cerebral vascular hemoglobin 

concentration (Δ[HbO2] and Δ[Hb]) in response to temporary middle cerebral artery 

occlusion in ovariectomized rats, when the rats had no pretreatment (Figure 6.2) or 

estrogen pretreatment (Figure 6.3).  I observed the slow rhythmic variations with 

frequencies in Δ[HbO2] and Δ[HbT] of OVX rats in response to occlusion. The Fourier 

analysis indicated that the rhythmic variation rest principally in the frequency range 

0.0025 - 0.01 Hz. In comparison, there are no such variations in Δ[HbO2] and Δ[HbT] 

of the corresponding control side without occlusion. One reason for the signal 

fluctuation might be aliasing of heart or respiratory motion. It has been postulated, 

however, that the sampling rate of 1 Hz should exclude cardiac (5 Hz) and respiratory 

motion aliasing (2 Hz) in activation studies [163]. Low frequency hemodynamic 

oscillation may reveal autoregulatory mechanisms of the brain vasculature [164-166]. 

However, the rhythmic fluctuation in the present study is more than 10 times slower 

than the signals caused by regular cerebral vasomotion, which contains a range of 

frequencies characteristically peaking around 0.1Hz and not a peculiarity of species and 

anesthetic state [163]. Similar fluctuations slower than regular vasomotion were also 

observed in MR signals of children who were undergoing routine clinical MRI under 

thiopental anesthesia [167]. It was postulated that such fluctuations occurred during the 

absence of autoregulation [167, 168]. Therefore, the rhythmic fluctuations are likely to 

indicate cerebral vasospasm, a microvascular dysfunction induced by vascular ischemia 

during MCAO.  
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Cerebral autoregualtion is thought to result from intrinsic myogenic and 

metabolic factors but is also known to be modified by extrinsic factors such as hormone 

conditions [169]. Estrogen, as a potent neuro-protective compound in a variety of 

animal and cell culture models, play important roles in the autoregulatory mechanisms 

of the cerebral vasculature [158, 170]. Loss of estrogen in ovariectomized rats can 

affect the normal cerebral autoregulation, thus it is likely to have abnormal vascular 

responses, such as cerebral vasospasm, to happen when cerebral vascular pressure 

changes abruptly due to occlusion, as shown in figure 2a. Selective administration of a 

vasodilation drug into vasoplastic arteries in ischemic stroke would be an effective way 

to achieve a good clinical outcome. In the current animal model with estrogen 

pretreatment, there is no vasospasm occurred during occlusion in OVX + E2 rats, as 

shown in Figure 6.3. Furthermore, the temporal profiles of Δ[HbO2] and Δ[HbT] during 

occlusion were analyzed by Fourier spectrum to characterize the estrogen effects on 

ischemic cerebral vasculatures. The corresponding spectra were compared between the 

OVX rats and OVX + E2 rats. The frequency analysis of Δ[HbO2] indicated a 

significant decrease in fluctuation within the frequency range between 0.0025 to 0.01 

Hz in OVX + E2 rats in comparison with the OVX rats ((Figure 6.5). Therefore, I could 

postulate that 17β-estradiol partially restore the vessel function to similar levels as non-

ischemic vessels. Some recent studies also demonstrated the similar therapeutic effects 

of 17β-estradiol on the vessel function [171]. Certainly, a better understanding of the 

mechanisms underlying the beneficial effects of estrogen on the vasculature is required 

to optimize possible therapeutic application. By using the ischemic stroke rat model in 
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conjunction with estrogen pretreatment, this study has provided strong experimental 

support for my hypothesis that NIRS can be utilized to detect cerebral vasospasm and to 

monitor cerebral hemodynamic responses to anti-vasospasm therapy. 

Estrogen has been also shown to be a vasorelaxant [172]. During Occlusion, 

there is a gradual decrease in Δ[HbT] in both ischemic side and non-ischemica side of 

two groups, which indicates the decrease of the total blood volume due to the occlusion. 

Meanwhile, Δ[HbO2] shows a slight decrease in the ischemic side of OVX group, which 

implies the depletion of oxygen molecule binding with hemoglobin due to the 

occlusion. In contrast, Δ[HbO2] have a slight increase in the ischemic side of OVX + E2 

group in response to occlusion. Both Δ[HbO2] and Δ[HbT] temporal profiles in 

ischemic side of OVX + E2 group have similar trends as those in non-ischemic side of 

OVX group in response to occlusion and reperfusion, which may indicate Estrogen 

reduces the risk of cerebral ischemia/reperfusion injury by its vasoactive effects. It has 

been demonstrated that estrogen enhance cerebral blood flow during global ischemia 

and early reperfusion in an ischemia/reperfusion model [172, 173]. 

In summary, this study demonstrates that NIRS detects the cerebral 

hemodynamic changes in response to middle cerebral artery occlusion and after 

reperfusion in ovariectomized rats. A significant component of signal fluctuation in a 

low-frequency range was identified in Δ[HbO2] temporal profiles from the 

ovariectomized rats without estrogen pretreatment. Comparatively, those fluctuations 

disappeared in those rats with the pretreatment. While the underlying mechanism of 

estrogen therapeutic effects on microvascular dysfunction requires further investigation, 
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the present study clearly demonstrates a new application of NIRS, i.e., to detect cerebral 

vasospasm and to monitor cerebral responses to anti-vasospasm therapy. The 

methodology may become a useful monitoring tool in animal studies for pharmaceutical 

development to treat dysfunctional microvasculature and vasospasm induced by 

cerebral ischemia. 
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

 

7.1 Summary 

The objectives of the study are to 1) validate NIRS measurement by other 

approaches including MRI and FOXYTM fluorescence oxygen sensor; 2) examine the 

preservation of tumor oxygenation after the administration of hyperbaric oxygen; 3) 

investigate whether HBO, when combined with DOX, can produce better therapeutic 

efficiency than DOX alone. 4) demonstrate NIRS is an attractive tool to monitor tumor 

vasculature response to therapeutic intervention or cerebral vascular oxygen dynamics 

during and after stroke.  

  To accomplish the goals, 1) 19F MRI was applied to monitor tumor tissue 

oxygen tension (pO2) images, while NIRS was used to measure global tumor vascular 

oxygenation dynamics simultaneously when the rats were exposed to hyperoxic gas 

intervention. Multiple correlations were examined between the rate and magnitudes of 

vascular and tissue oxygen response. 2) two techniques, FOXY fluorescence oxygen 

sensor and NIRS, were applied simultaneously to monitor tumor tissue and vascular 

oxygenation during and post hyperbaric oxygen administration. 3) Tumor size and body 

weight were monitored and compared between rats treated with combined therapy and 

chemotherapy alone. 4) multi-channel NIRS was used to monitor the cerebral vascular 
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oxygenation during and after MCAO, and characterize the therapeutic effects of 

estrogen on dysfunctional vasculature induced by MCAO. 

The present study demonstrated that 1) NIRS and MRI and FOXYTM oxygen 

sensor are complimentary approaches to monitor tumor oxygenation. 2) Tumor tissue 

oxygenation achieved by hyperbaric oxygenation persists over 10-20 minutes even after 

terminating hyperbaric oxygenation intervention. 3) Several correlations were existed 

for both modalities under sequences of hyperoxic gas intervention with hyperbaric 

oxygen exposure. Correlation of tumor vascular oxygenation and tumor tissue pO2 

determined by those techniques simultaneously could give us a better understanding on 

the patho-physiology of tumor and response to therapeutic interventions. 4) HBO 

enhanced the therapeutic action of doxorubicin in my tumor model, probably by 

multiple physiological mechanisms. DOX could be used in conjunction with HBO to 

achieve the same effect as higher doxorubicin doses. NIRS may work as an attractive 

approach to monitor the cardiotoxicity of treatment. 5) NIRS can detect cerebral 

vasospasm and monitor cerebral responses to anti-vasospasm therapy. The methodology 

presented in the dissertation may become a useful monitoring tool in animal studies for 

pharmaceutical development to treat dysfunctional microvasculature and vasospasm 

induced by cerebral ischemia. 

7.2 Future Work 

As mentioned in chapter 3, ΔTBF and ΔTMRO2 were calculated from NIRS 

readings based on the model. The current results revealed all three possibilities, i.e., 

increase, no change or decrease of blood flow, during carbogen inhalation.  Such 
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variations may be due to tumor- or site-specific differences in the vasculature. 

Moreover, the estimated ΔTMRO2 reveals the similar trend as the ΔTBF during 

hyperoxic gas intervention. All of these results, nevertheless, need to be further verified 

by simultaneous PET/NIRS or Laser Doppler Imager/NIRS measurements in tumors. 

As described in chapter 2 and 4, I monitored the tumor vascular and tissue 

oxygen dynamics in response to therapeutic interventions (normobaric oxygen or 

hyperbaric oxygen) by simultaneous NIRS/MRI or NIRS/FOXY measurement. Given 

the tumor heterogeneity, NIR imaging system could be introduced to the future study 

since it could provide images of changes in vascular oxygenation and blood volume in 

response to therapeutic interventions.  

The present study showed that combined therapy of DOX with HBO produced 

better therapeutic effect than DOX alone, by comparing the tumor growth rate of tumors 

in DOX + HBO group with those in DOX groups. Apart from the overall tumor volume, 

other parameters, such as tumor distribution and occurrence of distal metastases, could 

be monitored in the future study. In addition, the DOX dosage in the present study 

needs to be reconsidered since it only cause the tumor regression tumor rather than the 

tumor remission. Despite DOX is one of the most widely used broad-spectrum 

anticancer agents, the cardio-toxicity DOX limits its application. Back to 80s, variety of 

drug delivery methods has been applied to doxorubicin, in order to increase therapeutic 

efficacy and decrease toxicity of the agent. Magnetically responsive albumin 

microspheres containing doxorubicin and magnetite (Fe3O4) were selectively targeted to 

Yoshida sarcoma tumors in rats by utilizing an extracorporeal magnet [174]. Their 
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results indicated that all the rats treated with microspheres containing DOX exhibited 

total remission and no death or metastases occurred, while the control group data has 

significant increase of tumor size and widespread metastases. Moreover, liposome-

encapsulated doxorubicin has been reported to provides ~30% increase in life span in an 

intracranial rat brain tumor model compared with free DOX [175]. Therefore, 

doxorubicin encapsulated in magnetic microsphere or remote-loaded, sterically 

stabilized liposomes, could be administrated to rats immediately following HBO 

intervention in the future study. In addition, the distribution of DOX inside the tumor 

body can be traced by fluorescence imager because of the autofluorescence feature of 

DOX.  

In chapter 6, NIRS was utilized to monitor the vasospasm induced by MACO in 

ovariectomized rats. In the future study, simultaneous measurement by NIR imaging 

system and flowmeter could be introduced to provide more information for localized 

cerebral vascular oxygenation and blood flow rate, so as to assist us to find a better 

therapeutic treatment.  
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